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H ollow nanospheres are of interest because of their
tunable structural features, including shell thickness, interior
cavity size, and chemical compositions. In particular, metallic
hollow nanospheres have drawn much attention because of
their high surface area, low density, material economy, cost
reduction, and in some cases surface permeability compared
with solid nanospheres. These unique properties lead to a
diverse range of reported biomedical,"? catalytic,®! and
optical™ applications.

The synthesis of metallic hollow nanospheres is limited
mainly to two approaches. One is the deposition of metal onto
solid nanospheres of silica,*” latex,®*) metal,* %% and other
materials, "% with subsequent removal of the templating
core, typically by replacement reactions!”*' or corro-
sion.*11 The other approach is the co-assembly®?? of
metallic nanoparticles with organic molecules into hollow
nanospheres. A disadvantage of these approaches is that the
hollow nanospheres are mainly composed of discrete nano-
particles, making them relatively unstable and apparently
precluding the possibility of making hollow nanospheres
larger than 100 nm in diameter with thin 2-3-nm shells.

Herein, we report a new method for making hollow
metallic nanospheres using templating liposomes containing
photocatalyst molecules. Platinum is used to demonstrate this
concept in light of its catalytic activity in many applica-
tions.>?Y This synthetic approach gives novel porous plati-
num nanocages with 2-nm shell thickness and diameters up to
200 nm. These cages are assembled from joined dendritic
nanosheets instead of individual nanoparticles. Synthetic
control over their structure was achieved by simply varying
the concentration of platinum complex. The dendritic char-
acter of the constituent nanosheets makes the hollow spheres
highly porous.

Scheme 1 shows the proposed synthesis method that leads
to the hollow platinum nanocages. The unilamellar liposomes
containing hydrophobic Sn' octaethylporphyrin (SnOEP) in
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Scheme 1. Diagram of steps in the synthesis of spherical platinum
nanocages. A) cross-section view of a liposome (cholesterol molecules
are left out for simplicity); B) a liposome containing SnOEP molecules
within its bilayer; C) a liposome with Pt seed particles grown photo-
catalytically in the vicinity of SnOEP molecules; D) a liposome with
joined Pt dendritic nanosheets after autocatalytic growth of the original
seeds.

the liposomal bilayer (Scheme 1B) were prepared by a
process of solvent evaporation, hydration, and extrusion.?!
The UV/Vis spectrum of SnOEP in the liposomal bilayer (see
Supporting Information Figure S1) shows that the porphyrin
molecules are monodisperse. Photocatalytic reduction of Pt
complex produces metal seed particles upon irradiation of the
liposomes containing the SnOEP with white light; the Pt
nanoparticles, which are seeds for the dendritic Pt nanosheets,
are rapidly generated according to the simplified Equa-
tions (1)—(3) where ascorbic acid (AA) is used as the electron
donor (ED) and Pt*" is from aged aqueous platinum salt
(K,PtCL).

SnOEP + hv — SnOEP* (1)
SnOEP* + ED — [SnOEP] " + ED,, 2)
2[SnOEP]™ + P** — 2SnOEP + Pt’ 3)

AA and a prevalent hydrolyzed form of the Pt salt
(Pt(H,0),Cl,) are both uncharged at pH 3, and thus electron
transport between the SnOEP inside the bilayer and these
compounds is likely. Presumably the Pt seed particles grow in
the vicinity of SnOEP molecules as indicated in Scheme 1C;
we have previously presented evidence that the Pt seeds
reside within the liposomal bilayer.””! When the seed particles
reach a certain size they become catalytic and begin to grow
by catalytic oxidation of ascorbic acid and reduction of Pt
complex at their surfaces,™ " forming dendritic nanosheets
as indicated in Scheme 1D (also see Figure 1c,d). The
dendritic growth continues until the Pt complex is exhausted,
thus the size of the Pt dendrites is determined by the total Pt
complex available and the number of seeds produced.

The key to making the nanocages is to incorporate a large
number of SnOEP molecules into each liposome to ensure
that the neighboring nascent seed particles are close enough
for the dendrites to grow together when the appropriate
amount of platinum complex is provided. In this way, many
small circular dendritic sheets grow until they link with
neighboring nanosheets to form the rigid platinum structures.
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The network of joined nanosheets replicate the spherical
shapes of the templating liposomes (Scheme 1D; see also
Figure 1a,b) even after the surfactant has been washed away.
We have reported on a series of nanoscale Pt dendrites in the
form of discrete flat sheets and large convoluted continuous
sheets using liposomal aggregates with and without SnOEP as
templates.”>?] For these platinum nanomaterials, a low
concentration of SnOEP (or no SnOEP) gives a small
number of widely separated seed particles. Depending on
the amount of Pt, these conditions result in discrete large
circular nanosheets or foam-like materials in which large
continuous convoluted dendritic Pt sheets spread over the
interfaces of multiple aggregated liposomes.

A reaction system containing aged platinum complex
(1 mm), SnOEP (7.9 um), and 170-nm average-diameter lip-
osomes composed of 1 mm total lipid concentration, when
irradiated, gives the hollow Pt nanocages. The average
number of SnOEP molecules in a liposome of 160 nm
diameter is calculated to be approximately 2400, based on
the average cross-sectional areas of 0.39 nm® for choles-
terol® and 0.65nm? for 1,2-dioctadecanoyl-sn-glycero-3-
phosphocholine (DSPC)?” and the known concentrations of
SnOEP (7.9 um), DSPC (0.5 mm), and cholesterol (0.5 mm).
After irradiation of the reaction mixture with white light for
30 min, a black precipitate forms at the bottom of the reaction
vessel leaving a colorless and transparent supernatant, which
indicates that the reduction is complete (see Experimental
Section and Supporting Information).

Figure 1a,b shows transmission electron microscope
(TEM) images of the nanostructures formed under the
above conditions. Hollow nanospheres with diameters in the
range from 60 to 200 nm, consistent with the size distribution

Figure 1. a), b) TEM images of hollow platinum nanocages at different
magnifications. ¢) TEM and d) HAADF scanning TEM image of den-
dritic nanosheets, which join together upon liposomes to form hollow
cages. The [111] direction in the crystal and the spacing of the (111)
planes (0.224 nm) is indicated in (d).
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of the templating liposomes, are observed (see Supporting
Information Figure S2). Energy-dispersive X-ray spectrosco-
py (EDX) confirms that the nanospheres are composed of
platinum (Supporting Information Figure S3). The selected-
area electron diffraction (SAED) pattern shows that they are
polycrystalline (Supporting Information Figure S4). Under
these conditions, the coverage of Pt on the liposomes is
incomplete, but sufficient to render intact porous spheres
(Figure 1a,b). The yield of the hollow nanospheres is
estimated to be 70% based on Pt content in the TEM
images. The remaining Pt is in the form of discrete dendritic
nanosheets (Figure 1¢) with an average diameter of (12.9 +
2.3) nm and a thickness of 2 nm as determined previously for
the dendritic sheets templated on liposomes.” The small Pt
dendrites may come partly from liposomes that get relatively
small numbers of SnOEP molecules or that receive less light
exposure. They may also originate from dendrites that simply
fail to link to neighboring dendrites and become dislodged
when the surfactant is washed away in preparing the TEM
grid. The loose dendrites might also come from broken
nanocages, although few large pieces of the nanocages are
seen in the TEM images.

Figure 1d shows a high-angle annular dark-field
(HAADF) scanning TEM image of a small Pt dendritic
nanosheet. The entire dendrite is one single crystal of
platinum as are the others that we have examined. These
dendritic nanosheets may grow much larger (> 150 nm) while
retaining their single-crystalline nature.””

Note that the shell thickness appears to be 5 to 10 nm in
TEM images (Figure 1b), while the individual nanosheets are
2 nm thick. The apparent thickness of the shell is mostly due
to the tilting of dendrites from their exact edge-on geometry
as they curve around the spheres, but some piercing of the
outer surface of the bilayer by globular dendrites®?” and the
low contrast of the images may also contribute to the
apparent thickness.

The hollow nanocages agglomerate together to form
superstructures, showing some foam-like distortion at the
interfaces from the ideal spherical structures. The agglomer-
ation is probably caused by the continuous variation of the
solution conditions while the reaction is running, which causes
aggregation of liposomes.""!

Scanning electron microscope (SEM) images of the
spherical nanocages are shown in Figure 2a,b, revealing the
hollow interior of several broken cages (Figure 2 a). It appears
that some of the interiors of the nanospheres may be
interconnected through large openings between adjacent
cages (Figure 2b), providing porosity at a larger scale. The
shell thickness of approximately 2 nm, expected from the
thickness of the Pt nanosheets,”>?" is verified by measuring
the edges of the broken cages (Supporting Information
Figure S5). The high-contrast HAADF scanning TEMP!*]
images confirms the 2-nm thick walls when measured by the
width of the bright line formed by the edge of the sphere in
Figure 2c,d. Considering that the outer diameter of the
liposomes is up to 200 nm, the ratio of outer diameter and
shell thickness is as large as 100:1.

The scanning TEM image of broken cages in Supporting
Information Figure S6 more clearly show that the cages are
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Figure 2. Hollow platinum nanocages: a), b) SEM images at different
magnifications; c) and d) HAADF scanning TEM images at different
magnifications.

composed of interconnected small dendritic nanosheets. The
arms of the nanosheets forming the cages are also barely
discernable in Figure 2d. The strong connectivity of dendrites
that have grown together in the cages might be expected to
provide higher structural stability than for spheres composed
of discrete nanoparticles, and indeed the cages do survive
under ambient conditions for at least a year, mild sonication,
and cleaning by using water, ethanol, and chloroform.

As demonstrated in Figure 3, simply varying the concen-
tration of the Pt complex while holding the SnOEP concen-
tration and light intensity constant controls the structure
obtained in the reaction. At low concentrations of Pt complex

Figure 3. TEM images of platinum nanostructures obtained at various
concentration of platinum complex: a) 0.25 mm; b) 5 mm; ¢) and
d) 10 mm. (b) is a dark-field image.
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(0.25 mm), nanoparticles were found in circular groups of the
same sizes as the liposomes (Figure 3a), indicating that there
was insufficient Pt for growth of even small dendrites. This
result is consistent with the suggested formation of Pt seed
particles (Scheme 1c¢). At high concentrations of Pt complex
(5 mm), platinum nanocages obtained still have an inner shell
thickness of 2 nm, but a furry exterior (Figure 3b) and larger
diameter dendritic sheets were observed (Supporting Infor-
mation Figure S7). Many of the nanosheets show evidence of
globular dendrite growth ( Supporting Information Fig-
ure S7), but most of the dendritic sheets do not show
thickening in good agreement with the proposed confined
growth within the liposomal bilayers.”™ At the higher
concentration of Pt complex (10 mm), the liposomes appa-
rently can not effectively confine the growth of the dendrites
and we observe considerable additional globular dendritic
growth out from the outer surfaces, especially at interfaces
between liposomes (Figure 3¢,d).

If there is a one-to-one correspondence between a
porphyrin molecule and the seed (and thus Pt dendrite) that
it produces and, in addition, if the seed particle remains at the
location of the porphyrin molecule, then the Pt nanoparticles
could be grown and used as nanotags to reveal the location of
the Sn-porphyrin in the membrane. The techniques used in
this case to produce nanospheres might also be generalized to
porphyrin-labeled molecules (e.g., lipids, drug molecules,
proteins, or other biological structures) for growing nano-
meter-sized tags, which can be imaged using electron micro-
scopy to give a high resolution picture of the spatial
distribution of the porphyrin-labeled species.

The nanocages offer the opportunity to determine the
number of Pt seed particles produced per porphyrin molecule.
Since the number of porphyrins per liposome can be
calculated, the seed:porphyrin ratio can be determined in
two ways—either by counting the number of seed particles in
a liposome of known size (e.g., a circle of seeds in Figure 3a)
or by determining the average size of the dendrites required
for them to link together with others to preserve the spherical
structure (estimated by determining the average size from a
field of nanosheets as in Figure 1c). Explicitly, the number of
porphyrin molecules in the 80-nm diameter liposome of
Figure 3a is calculated to be 600, and therefore the 80-nm
liposome should ideally contain 600 Pt nanoparticles. Count-
ing the particles using a conservative estimate of the spot
density in the image that represents a particle leads to
approximately 400 particles; an estimate using a more liberal
low-density limit gives about 2000 particles. We find then that
the observed number of seeds is within the range of the
number of porphyrin molecules in the liposome, and thus the
seed:porphyrin ratio obtained by this method is near 1:1
within the large uncertainty in counting introduced by the
level of electron density that is deemed to represent a particle.

Another estimate of the seed:porphyrin ratio is given by
the average diameter of dendrites required for them to link
together to form the nanocages. For the concentrations of
lipid and porphyrin used herein, the average liposomal
surface area associated with each porphyrin molecule is
33nm?® Thus, the average distance between neighboring
porphyrin molecules (for idealized hexagonal packing) is
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6.2 nm. Therefore, we expect the average diameter of the
dendrites to be at least 7 nm for them to join well enough to
form a connection. This value is close to the observed average
diameter of the dendrites that form the nanocages shown in
Figure 1 ((12.3+2.3) nm), again indicating close to one
dendrite (or seed) per porphyrin.

The metal nanocages described herein may be suitable for
many applications (e.g., as catalysts and electrocatalysts) for
which platinum is required to be in an open, low-density, high
surface area form. Additional synthetic control over the
nanocages can be realized by variation of parameters, such as
light exposure, porphyrin concentration, and the size of the
templating liposomes. Further, nanocages composed of other
metals and alloys can be made.

Experimental Section

SnOEP-containing unilamellar liposomes with a composition of 1:1
DSPC:cholesterol mole ratio were prepared by an extrusion proce-
dure similar to that described previously.” In the synthesis, 1 mL of
the liposomes ([DSPC]=0.5mwm, [cholesterol]=0.5mm, [AA]=
150 mM, [SnOEP]=7.9 pm) was mixed with 1 mL of the aged Pt
salt solutions (0.5, 2, 10, 20 mm) in a glass vial. The Pt nanocages were
produced in the reactions using 2 and 10 mM Pt complex solutions.
TEM (200 keV JEOL 2010), HRTEM, HAADF STEM (200 keV
JEOL 2010F), EDX, SAED, and SEM (30 keV S-5200) images of the
nanostructures were obtained. Additional experimental details are
provided in the Supporting Information.
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