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bridge using two nanoparticle films (3 cm® geometric surface area, ~500 nm
thick) immersed in aqueous 1.0 M LiClOy4 solution in a two terminal arrange-
ment. Impedance spectra were measured from 0.1 Hz to 10 kHz and capaci-
tance values were calculated as described previously [18].

Actuator Formation: Typically 250 uL of a 0.1 M solution of cystamine
hydrochloride in water was added to 25 mL of a gold nanoparticle solution
(25x10* M Au). The average diameter of the gold nanoparticles was
approximately 16 nm (as measured by TEM). The cystamine hydrochloride
induces rapid aggregation of the gold nanoparticles and the aggregates are
filtered under vacuum onto a nanoporous polycarbonate track-etch mem-
brane (PCTE) (Isopore, Millipore Corp., 10 um thick, 200 nm nominal pore
size). Film thickness was varied by changing the amount of nanoparticle solu-
tion used. For example, 25 mL of gold nanoparticle solution forms a 400 nm
thick film of area 5 cm?.

Actuation Experiments: Actuator strips of the nanoparticle film—PCTE com-
posite material measuring 20 mm by 2 mm were placed in a 1.0 N KCI solution
with a Pt/Pt-black counter and a standard calomel electrode (SCE) reference
electrode. Electrical contact was made to the actuator strip via a press contact
with a small clamp whose face had been lined with Pt foil, connected via a wire
as the working electrode of the potentiostat. Area of the press contact was
approximately 5 mm by 2 mm. Both triangular wave (100 mVs™) and square
wave pulse potentials were applied using a Princeton Applied Research EG&G
263 potentiostat. The applied potential was in the range +0.6 V. The bending
response of the actuator under test was captured as digital video and analyzed
manually in terms of deflection 0 (Fig. 1a) as a function of time.
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Fabrication of the MgC,Co; Ternary Phase
Encapsulated in Carbon Nanoflasks**

By Rohit K. Rana, Xiao N. Xu, Yosef Yeshurun,
and Aharon Gedanken*

The demonstration that magnetic nanoparticles can be en-
capsulated into protective carbon shells has initiated intensive
research effort owing to the potential applications that these
occluded materials could have in various fields.'! These appli-
cations include a variety of uses such as magnetic data storage,
magnetic toners in xerography, magnetic inks, ferrofluids, and
contrast agents for magnetic resonance imaging.!! The wrap-
ping graphitic shell not only protects the core material from
oxidation but also acts as a solid lubricant that can enable the
high speed scan of a magnetic tape.

There have been various approaches to inserting magnetic
and other materials into the graphitic shell. Among the var-
ious techniques conventional and modified arc-discharge pro-
cesses are the usual methods for the synthesis of carbon-en-
capsulated metals or carbides. The most detailed studies in
this area have been carried out by Saito et al.2! Seraphin et
al.,P®! and Ruoff et al.¥! A substantial work concentrating
mainly on the encapsulation of magnetic materials has also
been carried out by Majetich and co-workers.”! It has been
found that different metals can have a profoundly different
effect on the final shape, structure, and composition of the
material produced in the arc-evaporation method. However,
in all the cases filled nanoparticles are more commonly ob-
served than filled nanotubes. Apart from the carbon-arc
method, there have been other alternative methods such as
pyrolysis,[6] the template technique,m and wet chemical meth-
ods!® to insert metal or other interesting materials into carbon
nanotubes or nanocages. So far the materials that could be en-
capsulated inside carbon nanotubes or nanocages have been
restricted to pure metal or binary systems such as alloys and
carbides. Here we report for the first time the formation of a
ternary phase of MgC,Co; occluded inside carbon nanoflasks.
It is worth mentioning that the nickel analogue of MgC,Cos is
both superconducting and ferromagnetic with a critical tem-
perature of 8 K (7).

Nanoflasks belong to the carbon nanotube family and can
be described as having an ovoid or bulbous base to which a
narrower tubular part is attached.'®'? Such nanostructures
are prepared by thermally decomposing metal carbonyls in

[*] Prof. A. Gedanken, Dr. R. K. Rana
Department of Chemistry, Bar-Ilan University
Ramat-Gan 52900 (Israel)

E-mail: gedanken@mail.biu.ac.il

Dr. X. N. Xu, Prof. Y. Yeshurun
Department of Physics, Bar-Ilan University
Ramat-Gan 52900 (Israel)

[**] We thank the Israeli Ministry of Science, Culture and Sports for support-
ing this research via an Infrastructure grant. R.K.R thanks the Bar-Ilan
Research Authority for his postdoctoral fellowship. A.G. thanks the Ger-
man Ministry of Science through the Deutsche-Israel program, DIP, for
its support.

DOT: 10.1002/adma.200304690 Adv. Mater. 2003, 15, No. 11, June 5



ADVANCED

the presence of magnesium granules that has a surface cover-
ing of magnesium hydroxide."!! The carbon nanoflasks are
generally obtained with encapsulated metallic cobalt present
at their bulbous base. Here we describe a simple modification
of the nanoflask synthesis procedure that lead to the forma-
tion of a ternary phase instead of cobalt encapsulated inside
the nanoflask.

In Figure 1, the transmission electron microscopy images il-
lustrate the characteristic flask-shaped feature of the carbon
nanoflask, and visible at its base is the core filled with
MgC,Cos. In the as-synthesized sample only a few carbon
nanoflasks could be seen, as they were mostly covered by the
catalytic particles (Fig. 1a). These impurities however, could
be removed by HCI treatment after which the nanoflasks
were clearly seen, as illustrated in the Figures 1b—d. In each
nanoflask a sharp distinction between the occluded particle
and the outer covering could be seen, suggesting that the par-
ticle is completely enclosed within the carbon shell. This was
also confirmed by the fact that the MgC,Cos particles could
still be seen even after acid treatment of the sample
(Figs. 1b,c). The sizes of the globular part of the nanoflask
ranged from 100-900 nm and consisted of multiwalled gra-
phitic shell, while the tubular parts extended up to a few mi-
crometers. The outer diameter of the tubular part was found
to be non-uniform throughout the length with a gradual de-
crease in the diameter from neck to tail. The percentage of
nanoflasks of all the observed structures is approximately
20 %. However, as the nanoflasks are the only structures that
carry the magnetic materials, it is possible that the nanoflask
content can be enhanced by a magnetic separation technique,
as has previously been demonstrated.!'?!

Along with the filled nanoflasks, a few empty ones were
also detected only in the acid-treated sample (Fig. 1d). The
empty core might be a result of HCI reaction with the alloy
particles. However, the filled nanoflasks indicate that com-
plete coverage by the graphitic cage may effectively shield the
inner materials from reacting with the acid. A similar phe-
nomenon was also observed for the encapsulated cobalt ana-
logue.[lo’”] In some cases filling of the tubular part was also
observed as shown in Figure 1c.

In order to obtain compositional and structural information
on individual nanoflasks, selected area energy dispersive anal-
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ysis of X-rays (SAEDAX) and electron diffraction (ED) anal-
yses were performed on various selected parts, such as the
globular base, neck, and tubular tail of the nanoflask. The
SAEDAX scan from the globular part is shown in Figure 2a.
It revealed that the acid-treated sample has a content of Mg
and cobalt in an atomic ratio of 1:3.1, corresponding to the
perovskite composition. However, finding the exact amount
of carbon in the perovskite was difficult because the carbon
content (Table 1) corresponds to the total amount of carbon
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Fig. 2. The selected area EDAX of a) the globular base and b) the tail of the
carbon nanoflask shown in Figure 3.
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Fig. 1. Representative TEM images of the sample a) be-
fore acid-treatment and b-d) after acid-treatment.
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Table 1. Elemental composition of the globular part of the nanoflask as calcu-
lated from SAEDAX analyses.

Element Atomic percentage [%]
C 411
Mg 14.1
Co 44.7

present both in the encapsulated material and the surrounding
graphene layers. On the other hand, the SAEDAX scan from
the neck and tail parts of the nanoflask showed that the com-
position of both the parts are similar with carbon as the only
detected element (Fig. 2b). The SAED pattern of the globular
part is shown in Figure 3b, depicting the presence of both
spots and rings. The brightest innermost ring corresponded to

a) b)
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Fig. 3. a) TEM image of a carbon nanoflask and b) the corresponding SAED
pattern obtained from the globular base of the carbon nanoflask.

the 002 reflection of hexagonal graphite. The sharp spots
could be indexed by considering the MgC sCojs structure. The
appearance of clear spots indicates that the encapsulated
material is highly crystalline. A comparison of the interlayer
distance measured by ED with the known values is presented
in Table 2.

Table 2. Summary of SAED data recorded from the globular part of the nano-
flask.

Measured “d” Known “d” Assignment
(#£0.05 A) [A][a] (hkl)
2.66 2.70 110
2.17 220 111
1.40 1.35 220
1.20 1.15 311
1.14 1.10 222

[a] The interplanar distance “d” values are from the MgC,sCos; JCPDS file
29-0487.

The X-ray diffraction (XRD) patterns of the sample before
and after acid-treatment are shown in Figure 4. The results
clearly show the formation of an MgC,Co; phase. The XRD
peaks due to MgCCos; were indexed based on the available
data for one of the compositions (MgCysCos; JCPDS file:
29-0487), which has a face-centered cubic (fcc) crystal lattice.
It is interesting to note that although the fcc phase does not

928 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4. X-ray diffractograms of a) the as-synthesized sample and b) the sample
after acid treatment.

exist in the Mg—Co phase diagram, the presence of carbon
stabilizes the MgC,Cos phase in the fcc structure.!™™! Apart
from MgC,Coz the XRD patterns also contain peaks due to
graphite and magnesium oxide. The absence of metallic cobalt
both in the as-synthesized and acid-treated samples indicates
that the cobalt has been completely used in forming the tern-
ary phase of MgC,Cos. As shown in Figure 4b, after acid-
treatment the (002) graphitic peak became more prominent
with the disappearance of dominant MgO peaks. From the
graphitic (002) peak the average interlayer spacing was calcu-
lated to be 3.4 A, corresponding to a turbostratic type of
structural arrangement. In accordance with the transmission
electron microscopy (TEM) observations, the MgC,Cos peaks
were found even after acid treatment, indicating that the
particles are well covered by graphene layers. From CHN
analysis the as-synthesized sample was found to have a carbon
content of 11.3 wt.-%. After treatment with HCI the amount
of material recovered from the products was 10.7 wt.-% and it
had a carbon content of 78.5 wt.-%.

In order to understand the mechanism involved in the for-
mation of a ternary phase the results have to be compared
with those of the cobalt encapsulated analogue. There is a
close morphological similarity between MgC,Cos; and Co en-
capsulated in carbon nanoflasks, thus indicating a similar kind
of growth mechanism might be operative in both the cases.
However, the important point to be noted here is the forma-
tion of MgC,Cos instead of only cobalt, despite the fact that,
apart from the temperature at which the reactions were car-
ried out, the preparation methods are very similar. Cobalt en-
capsulation in carbon nanoflasks was achieved at 900°C,
while the formation of MgC,Cos took place at 1000 °C. This
clearly indicates that a strong interaction between Mg and co-
balt leads to the formation of an alloy along with carbon only
above 900 °C. From various analyses it had previously been
demonstrated that the presence of Mg is very important for
the fabrication of the unique shape of the nanoflasks.'!l Ac-
cording to the proposed mechanism!™!! Mg first partially cov-
ers the cobalt particles generated from the thermal decompo-
sition of Co(CO);NO. Then the CO disproportionation
reaction over the exposed part of the metal initiates the

http://www.advmat.de Adv. Mater. 2003, 15, No. 11, June 5



ADVANCED

formation of carbon nanoflask. This was confirmed by the
presence of magnesium only in the globular part but not in
the tubular part. It was also observed that the magnesium not
only helps shape the carbon nanoflasks, it also promotes the
CO disproportionation reaction.!'!

Therefore it is possible that the initially adsorbed Mg
further reacts with cobalt and the generated carbon at 1000 °C
forming the ternary phase of MgC,Cos. Crucial to nanoflask
formation is the amount of Mg that is used in the reaction
mixture. When a mixture of Mg and MgO having 20 wt.-%
Mg is used instead of “Mg(OH), coated Mg granules” it re-
sults in the formation of carbon nanotubes rather than nano-
flasks." In the present case the amount of Mg is 85 wt.-%,
part of which initially reacts with Mg(OH), to generate the
MgO support having electron-rich defect centers that can pro-
mote the CO disproportionation reaction over the cobalt cata-
lyst.'""!4] The remaining Mg is then involved in covering the
cobalt particles in such a way that it helps nucleate nanoflask
formation.'"! The appearance of a flask-like feature is due to
the bigger size of the cobalt particle compared to the diameter
of the nanotube that grows from it.

Further studies were carried out to investigate the magnetic
behavior of the occluded particles in the carbon nanoflasks.
The magnetic measurements were performed at room temper-
ature using a vibrating sample magnetometer with an applied
field of —-1.6 T<H<1.6 T. Figure 5 shows the room-tempera-
ture hysteresis loop for the acid-treated sample. There is a
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Fig. 5. Plot of magnetization vs. applied field measured for the acid-treated
sample.

continuous rise in the magnetization at high magnetic fields,
indicating a superparamagnetic type of behavior. Generally,
superparamagnetism is seen in the case of nanoparticles of a
size below the single domain size of the corresponding materi-
al.™! The presence of hysteresis having a coercivity of 124 G
is probably due to a large distribution of particle sizes, as seen
from the TEM analyses. The initial susceptibility is sensitive
to the presence of larger particles,'> which exhibit a ferro-
magnetic behavior. The cobalt-containing nanoflasks, on the
other hand, showed a paramagnetic behavior due to the pres-
ence of cobalt in the fcc phase.m] However, since the mag-
netic properties of the pure MgC,Co; compounds are not yet
known, further investigation of the magnetic properties and
comparison with that of the bulk compound are necessary in
order to understand the correlation between nanostructure
and magnetism in these chemically synthesized materials.

Adv. Mater. 2003, 15, No. 11, June 5 http://www.advmat.de
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In conclusion, a direct catalytic process carried out at
1000 °C resulted in the formation of encapsulated MgC,Cojz in
carbon nanoflasks, in which the magnetic MgC,Cojs particles
are well protected by the surrounding graphitic layers. The
above phenomenon provides a deeper insight into the mecha-
nism of nanoflask formation, where the role of Mg is found to
be crucial to the generation of such a unique shape and struc-
ture. The results offer a means to modify the process for the
encapsulation of other novel materials, and further explora-
tion of their properties.

Experimental

Synthesis: In a typical preparation, 400 mg of Mg-EtOH powder (prepared
by treating fresh Mg powder (Merck) with a mixture of ethanol and water at
room temperature (RT) for 48 h and then drying under vacuum) was inserted
into a 2 mL closed cell, which was assembled from stainless steel Swagelok
parts. Then 700 mg of cobalt tricarbonyl nitrosyl (STREM) was slowly added
into the cell by syringe. All the materials were loaded into the cell in an inert at-
mosphere of nitrogen (glove box). The filled cell was tightly closed and heated
in a furnace to 1000 °C at a heating rate of 20 °Cmin™". The reaction was contin-
ued for 3 h, after which the cell was cooled down to room temperature. The as-
synthesized black product obtained from the cell was then treated with a 30 %
dilute HCl solution in order to remove the catalytic particles. The resulting pur-
ified material was centrifuged, repeatedly washed with de-ionized water and
ethanol, and then vacuum dried.

Characterization: The X-ray diffraction patterns of the products were re-
corded using a Bruker AXS D8 advance powder X-ray diffractometer (using
CuKa A=1.5418 A radiation). The TEM images were obtained with a JEOL-
JEM 100SX microscope, working at a 100 kV accelerating voltage. Samples for
TEM were prepared by dispersing the powdered sample in ethanol by sonica-
tion and then drop-drying on a copper grid (400 mesh, electron microscopy
sciences) coated with carbon film. Selected area electron diffraction (SAED)
and selected area energy dispersive spectral (SAEDAX) analyses were carried
out with the respective analyzers attached to a Philips CM-120 TEM instru-
ment. Elemental analysis was done using an Eager 200 CHN analyzer.
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Soluble Microcapsules Assembled Stepwise from
Weak Polyelectrolytes Using Acid-Decomposable
Cores**

By Changyou Gao,* Helmuth Méhwald, and Jiacong Shen

Hollow capsules are of both scientific and technological in-
terest because of their potential applications as new colloidal
structures in areas such as medicine, drug delivery, artificial
cells or viruses, and catalysis.l'! Layer-by-layer (LBL) assem-
bly of oppositely charged polyelectrolytes’®! onto removable
colloidal particles has been used to create novel hollow nano-
and microcapsules.”! This fabrication technique allows control
of the capsule size and shape, the capsule wall thickness, and
the capsule wall composition. Microcapsules with customized
physicochemical properties can be obtained by incorporating
one or more functional components such as nanoparticles,
biomacromolecules, lipids, photosensitive dyes, inorganic crys-
tals, and multivalent ions onto the capsule wall or into the
capsule interior.!*!

The typical hollow capsules produced so far are composed
of poly(styrenesulfonate sodium salt) (PSS)/poly(allylamine
hydrochloride) (PAH), PSS/poly(diallyldimethyl ammonium
chloride) (PDADMAC), or PSS/chitosan. Weakly crosslinked
melamine formaldehyde (MF) colloidal particles or red blood
cells have often been employed as sacrificial templates. After
the desired number of layers has been deposited, the MF
cores or the red blood cells are routinely decomposed in a so-
lution of low pH (<1.6) or deproteinizer, respectively.**”!
These harsh conditions may destroy the multilayers if the
association between the negatively and positively charged
species is not strong enough. Hence, at least one strong poly-
electrolyte in the oppositely charged pairs is generally em-
ployed to obtain capsules with high integrity.

Much effort has been devoted to the nanoscale encapsula-
tion of drugs, minerals, dyes, proteins, enzymes, and genes.["!
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However, entities with large geometric size and/or rigid struc-
ture such as nanoparticles and macromolecules of ultrahigh
molecular weight are difficult to incorporate unless one takes
specific measures to open the capsules. To create microcap-
sules with controllable permeability, attention has been paid
to microcapsules of weak polyelectrolytes, where the charge
density on the capsule wall can be readily controlled by ad-
justing the pH values of the bulk solutions. With this class of
systems, exemplified by poly(acrylic acid) (PAA) and PAH,
pH-modulated permeability can be expected as a result of
conformation alteration of the macromolecular chains.!”
Moreover, it has been reported that pores in the range of hun-
dreds of nanometers on PAA/PAH multilayers assembled at
some pH values have been created as a result of phase separa-
tion induced by pH change or salt exposure.”a’g] Due to the
weak bonding, dissolution of the formed capsules at mild pH
conditions is also possible. Therefore, one obtains greater con-
trol over the physical state of the assembled capsules, such as
pH-tuned opening or closure, surface texture, and solubility.

In this communication we describe the successful fabrica-
tion of weak polyelectrolyte microcapsules by consecutive
adsorption of PAA and PAH onto MF colloidal particles, fol-
lowed by decomposition of MF cores in 0.1 M HCI solution.
Given the fast core decomposition rate, the technical problem
of shell dissolution was solved by precise control of the time
of treatment in acid solution. The resulting microcapsules are
readily soluble at low pH. Microcapsules with porous wall tex-
ture were achieved by depositing PAA and PAH stepwise
onto fluorescein diacetate (FDA) crystals at pH3.5 and 7.5,
respectively, followed by treatment at pH 2.5 and then dissolu-
tion of FDA by acetone.

To monitor the process of film formation, i.e., charge rever-
sal at each step, by electrophoresis, MF particles with a diame-
ter of 500 nm were alternately coated with PAA (molecular
weight M, 5100) and PAH in 0.5 M NaCl solution (without
adjusting pH Values).[g] After adsorption for 10 min, three
washings were carried out to remove excess polyelectrolytes.
Figure 1 summarizes the {-potential recorded upon layer
deposition for PAA/PAH pairs. The ¢-potential alternates be-
tween positive and negative values, indicating the successful
recharging of the particles coated with the adsorbed polyelec-
trolyte multilayers upon each layer deposition.

Acid-decomposable MF particles with an average size of
3.7 um were employed as templates to prepare PAA/PAH
hollow microcapsules. All coatings and washings were con-
tinuously conducted in 0.2 M NaCl solution with polyelectro-
lyte concentration of 2 mg/mL, where the natural pH values
for PAA (M, 20000) solution and PAH solution are 7.7 and
4.7, respectively.'” A lower salt concentration would be fa-
vorable to obtain denser multilayers on the colloidal particle
surface. Moreover, by using PAA with larger molecular
weight, a shell structure more stable against acid dissolution
during the core removal procedure is expected, owing to the
higher chance of entanglement between molecular chains.

After five bilayers of PAA/PAH had been deposited, the
coated particles were treated with 0.1 M HCI solution. How-
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