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Palladium Nanotubes with Tailored Wall
Morphologies

By Martin Steinhart, Zhihong Jia, Andreas K. Schaper,
Ralf B. Wehrspohn,* Ulrich Gosele, and
Joachim H. Wendorff

Nanotubes have an outstanding potential to transport or
store gases and fluids for fuel cells, energy conversion, cataly-
sis, and drug release.' %) Nanotube walls with an internal fine
structure and thus a high specific interface area should
strongly enhance the reactivity as well as the capability for ad-
sorption. Furthermore, the efficiency of transport processes
within and across the nanotube walls should be improved. We
report on a simple method to generate nanotubes with con-
trollable wall morphology or porosity in the nanometer range.
It consists of three steps: the formation of multi-component
nanotubes; demixing to generate coexisting phases within the
tube walls; and the controlled ripening of the phase morphol-
ogy. Depending on the selected components, their concentra-
tions, and the ripening stage, nanotubes with characteristic
wall morphologies were obtained. Selective removal of one
component yields residual nanotubes with a specific nano-
roughness and a controllable porosity. This fundamental con-
cept should be applicable to a broad range of materials. We
will demonstrate this exemplarily by means of structured pal-
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ladium nanotubes, since palladium nanoparticles are of con-
siderable interest for catalysis,[1 7141 sensor technology,[lsl and
hydrogen storage.!"®!

Decomposition in thin films on smooth substrates has been
investigated extensively.[”] Spinodal demixing induced either
by a thermal quench or by the evaporation of a solvent gener-
ates a co-continuous phase morphology with a characteristic
length. Simultaneously, ripening occurs to reduce the initially
large internal interface area. The phase morphology is
strongly affected by substrate/film and film/air interfaces, as
well as by confinement effects.'®?? Several groups have used
thin films structured by phase separation for devices such as
transistors, ! light emitting diodes,* or photodiodes.[25] It
would be advantageous if nanotubes with such well-defined
morphologies could be obtained in a controlled way. How-
ever, to date, the range of wall morphologies accessible by
preparation methods such as self-assembly!'*! and the use of
templates!®'% is limited to core—shell structures via consecu-
tive synthetic steps.*'”) Our approach is based on wetting po-
rous matrices that exhibit high surface energies with multi-
component melts or solutions containing polymers.[Z(’] A me-
soscopic film of the wetting liquid covers the pore walls rapid-
ly, since polymers adsorb avidly on high energy surfaces.”’l A
kinetically stable stationary state is generated when all ad-
sorption sites on the pore wall are occupied. Solidification of
the wetting liquid at this stage results in the preservation of
nanotubes. Decomposition can be induced by solvent evapo-
ration during wetting or by thermal quenching. Ripening oc-
curs after the onset of phase separation, as long as the solvent
concentration is sufficiently high to prevent solidification, or
if the system is annealed at temperatures where at least one
component is liquid. Freezing of the ripening process can be
achieved by cooling below the glass temperature of a poly-
meric component, by the onset of crystallization, by crosslink-
ing, or by the selective removal of one component. Wall
morphologies ranging from a molecular-disperse distribution
of the components to co-continuous networks or matrix-dis-
persed particles should be accessible.

To prepare palladium nanotubes, we wetted ordered, po-
rous alumina®! with solutions containing poly(p,L-lactide)
(PDLLA) and palladium(1) acetate (Pd(OAc),) in a ratio of
1:1, under ambient conditions. Solid PDLLA/Pd(OAc), nano-
tubes were obtained after the solvent (dichloromethane or
chloroform) was evaporated. Phase separation took place
when the solvent concentration fell below a certain threshold.
Annealing at 200°C led to the thermal degradation of
Pd(OAc), within a few tens of seconds and Pd" was reduced
to Pd’. The formation of polycrystalline face-centered cubic
(fcc) palladium was confirmed by selected-area electron dif-
fraction (SAED). Figure 1a shows a transmission electron mi-
croscopy (TEM) image of an ultrathin section of porous alu-
mina (pore diameter D, =55 nm, pore depth £, =50 um) after
wetting and annealing for 5 min at 200 °C. The pore walls are
covered by a PDLLA/Pd layer with a thickness of about
10 nm that does not exhibit a pronounced internal morphol-
ogy. Some palladium nanoparticles, a few nanometers in size,
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Fig. 1. TEM images of PDLLA/Pd and Pd nanotubes obtained by wetting
porous alumina: D, =55 nm (except (c), where D,=70 nm) and £,=50 um.
a) Ultrathin section of a wetted template after annealing for 5 min at 200 °C.
The alumina pore walls are covered with thin PDLLA/Pd layers that look like
stained polymer films. b) The same sample, but annealed for 24 h at 200 °C. The
tube walls covering the pore walls contain a monolayer of palladium nanoparti-
cles. ¢) Pd nanotube, prepared by annealing of PDLLA/Pd composite tubes
within the template for 24 h, after removing PDLLA and the template. d) Pd
nanotube, prepared by annealing PDLLA/Pd composite tubes within the tem-
plate for 48 h, after removing PDLLA and the template. ¢) High-resolution
TEM image showing details of the wall of the Pd nanotube shown in Figure 2d.

are visible, but the majority of palladium atoms are still dis-
persed within the tube walls, corresponding to an early ripen-
ing stage. No tubular palladium structures were preserved
after removing the PDLLA and the template. Annealing the
sample for 24 h at 200 °C, resulted in tube walls containing a
monolayer of palladium particles ranging in size from 5 to
10 nm (Fig. 1b). They form a network that is stable even with-
out support (Fig. 1c). With increasing ripening time, the wall
morphology became significantly coarser. After 48 h anneal-
ing, the palladium crystallites extended 20-50 nm (Fig. 1d).
The residual palladium nanotubes have a length of several mi-
crometers. The tube walls exhibit a polycrystalline nature, as
determined by high-resolution TEM investigations (Fig. 1e).
The shape of the template pores not only determines the
shape of the nanotubes, but it also affects their internal mor-
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phology. We expected two effects if D, and ¢, were increased
to 400 nm and 100 wm, respectively. Firstly, the curvature of
the nanotube walls should reduce the growth rate of the palla-
dium nanocrystallites. In a thin film without curvature, the
crystal facets exhibiting the highest growth rate will be orient-
ed normal to the film plane to maximize the growth rate in
the directions where the system is infinite. However, in a
curved geometry, they are displaced if the crystallites adopt
the curvature. Crystal facets with a lower growth rate must
thus contribute to the growth process too. This effect should
be less pronounced if the curvature is reduced by increasing
D;. Actually, the growth rate was significantly higher for
D,=400 nm than for D, =55 nm. Walls containing intercon-
nected palladium crystallites extending 20-50 nm were al-
ready obtained by annealing for 6 h at 200°C (Fig. 2a). The
removal of PDLLA and the template yields residual palla-
dium nanotubes with lengths of some tens of micrometers
(Fig. 2b) and wall thicknesses of about 10 nm (Fig. 2c).

El

Fig. 2. Pd nanotubes obtained by wetting porous alumina, D,=400 nm and
1, =100 um, after annealing for 6 h at 200 °C and removing PDLLA and the
template. a) TEM image of an individual palladium nanotube showing wall
detail. b) Scanning electron microscopy (SEM) image of an array of aligned pal-
ladium nanotubes. ¢) SEM image of a cross-section of an individual nanotube.

Secondly, the initial morphology of the nanotubes prior to
annealing was affected by the pore depth. The solvent was
first depleted at the pore bottom, and subsequently at the
pore opening, since the pores of all the alumina templates
used here were blind holes. The ripening period becomes
longer with decreasing distance from the pore opening. In-
creasing f, from 50 to 100 um extended the ripening period
for the nanotube segments adjacent to the pore opening such
that their walls contained interconnected palladium crystal-
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lites with a broad size distribution after solidification and re-
duction of Pd". They have no direct contact with the pore
wall, indicating the existence of a PDLLA wetting layer on
the alumina surface (Fig. 3a). This is consistent with the fact
that inorganic materials such as palladium exhibit much high-
er surface energies than organic polymers.pg] The intercon-

Fig. 3. Initial morphologies of PDLLA/Pd and the residual Pd nanotubes gener-
ated by solvent evaporation after wetting the porous alumina: D, =400 nm and
t,=100 um. a) TEM image of an ultrathin section of a template wetted with a
PDLLA/Pd layer. The area shown here was in the vicinity of the pore opening.
There is no direct contact between the palladium particles and the alumina pore
wall, indicating the existence of a PDLLA wetting layer. b) TEM image of a Pd
nanotube segment (after removing PDLLA and the template) that was in the
vicinity of the template pore’s opening. The tube opening on the left was
located at the pore opening.

nected palladium crystallites formed stable tubular structures
with lengths of approximately 4 um without support, whereas
the crystallite size decreased and the tubular structure col-
lapsed at larger distances from the pore opening (Fig. 3b). Ri-
pening gradients within individual nanotubes thus occur if ¢,
is sufficiently large.

The morphologies of the nanotubes were generated by spi-
nodal decomposition and controlled ripening. If PDLLA was
in the liquid state, palladium atoms diffused avidly, whereas
below its glass transition temperature the structure formation
was frozen. This was confirmed by an analysis of the morphol-
ogies of PDLLA/Pd composite films (thickness 250 nm) that
were annealed at 200 °C, for 0, 6, and 24 h. We took Fourier
transforms of scanning electron micrographs of the residual
palladium films after removing PDLLA, and obtained pro-
nounced halos. A short-range order that is typical for a spino-
dal demixing was initially generated by the decomposition of
the PDLLA/Pd(OAc), solution used for spin-coating, and this
was preserved after reducing the palladium. Statistical analy-
sis of the film morphologies provided characteristic distribu-
tions of the spinodal wavelengths. With increasing annealing
time, the morphology of the films coarsened significantly. The
most frequent wavelength was initially of the order of 60 nm
(Fig. 4a). After 6 and 24 h, the most frequent spinodal wave-
length increased to approximately 130 and 230 nm, respec-
tively (Fig. 4b).

We have demonstrated that the controlled adjustment of
the parameters that determine demixing and ripening pro-
vides nanotubes with tailored wall morphologies. As an exam-
ple, we adjusted the size of palladium domains in PDLLA/Pd
nanotubes, ranging from a molecular-dispersed distribution to
a continuous network of anisotropic nanocrystallites.
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Fig. 4. Morphologies of PDLLA/Pd composite films (thickness 250 nm) pre-
pared by spin-coating a PDLLA/Pd(OAc), solution. The SEM images show
residual palladium films annealed for a) 0 and b) 24 h at 200 °C prior to the
removal of PDLLA. The corresponding halos (insets) were obtained by taking
Fourier transforms of the micrographs (normalized to the correlation length).

Experimental

We used palladium(1r) acetate purchased from Aldrich (cat. no. 205869) and
PDLLA Resomer R 208 from Bohringer Ingelheim. 1.2 to 2.5 wt.-% of 1:1 mix-
tures of both compounds were dissolved in freshly distilled CH,Cl, or CHCl;.
The dark red solutions were dropped onto the templates using a syringe, under
ambient conditions. To remove PDLLA from the composite tubes selectively
by pyrolysis, the samples were annealed for 90 min in a vacuum at 350 °C. To re-
move the template selectively, it was immersed into 40 wt.-% aqueous KOH at
room temperature. The palladium tubes were obtained as a black powder,
which was washed with water and ethanol several times to remove the KOH.
For all SEM experiments, a JEOL JSM 6300F scanning electron microscope
was used. To prepare the nanotubes as a powder, the samples were suspended
in ethanol by applying ultrasound. Then, the suspension was dropped onto con-
ductive substrates, such as silicon wafers. For the TEM investigations, we
dropped the suspensions onto copper grids coated with a thin carbon film. We
used a JEM 3010 TEM operating at an accelerating voltage of 300 kV.
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Selected Polymorphs of CaCO; Through Epitaxy
with Inorganic Substrates Aligned with an Electric
Field**

By Il Won Kim, Richard E. Robertson,* and Robert Zand

Mineral-containing biological materials have attracted great
interest because their well-defined structures produce excep-
tionally intriguing optical, magnetic, and mechanical proper-
ties. Such optical properties are illustrated in a photorespon-
sive species by the coordinated crystals of calcite. The crystals
form microlenses that guide and focus light on nerve bun-
dles.

Fascinating magnetic properties are represented in magne-
totactic bacteria by iron-rich magnetic crystals. The crystals
constitute magnetosomes that enable alignment and naviga-
tion along the Earth’s geomagnetic field lines.”! Superior
mechanical properties are exemplified in mollusks by the
highly organized crystals of aragonite. The crystals assemble
in nacreous layers that show remarkable toughness, 3000
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times more than that of geological aragonite, even with a very
high content of brittle inorganic crystals (ca. 99 %).** These
phenomena are closely related to the orientation and poly-
morphism of the mineral crystals, which are controlled by
nucleation.?*>®! The control of orientation by nucleation is
relatively well established. Monolayer studies show one-di-
mensional orientation induced by stereochemical match
between substrate and growing crystals.[5'7] The degree of ori-
entation increases with epitaxy.[g] In contrast, the control of
polymorphism by nucleation is not well understood, and ara-
gonite formation among the three CaCOj3 polymorphs (arago-
nite, calcite, and vaterite) has been especially elusive. Arago-
nite is thermodynamically less stable than calcite, and its
formation in biological materials is made under kinetically un-
favorable conditions.”! To elucidate the mechanism of this
perplexing phenomenon, several in vitro studies have been at-
tempted with limited success. Aragonite formation is demon-
strated with macromolecules extracted from the nacre of mol-
lusks, but the selection mechanism is unclear because of the
complexity of the system.[g] Monolayer studies suggest the
importance of geometric correspondence, but the lack of ex-
clusive aragonite formation and the difficulty of systematic
studies make the analysis of these systems inconclusive.!'*!!

In the present study, aragonite was grown under calcite-fa-
vorable conditions on aragonite-type inorganic substrates that
could be oriented by aligning them in a polymer resin by an
electric field. The lattice parameters of the substrates were
systematically varied to study the effect of epitaxial strain on
polymorphism. The critical epitaxial strain for aragonite to
grow was found to be in the range 5-7 %.

The inorganic crystal substrates used in the present study
were SrCOs3, PbCO3, and BaCOs;. These have the same ortho-
rhombic Pnma structure as aragonite. The lattice parameters
of the crystals expand as the size of cations increases: CaCOj;
< SrCO5 < PbCO;3 < BaCO3.[12] The crystals were synthesized
by heating aqueous solutions of SrCl,, PbCl,, or BaCl, and
urea.!’! Needle-shaped SrCO; and BaCOj; crystals with as-
pect ratios in the range 10-20 were collected. PbCO3 crystals
initially formed as thin plates, though later they formed
mainly as elongated needles.

The crystallographic orientations of the carbonate crystals
were identified by two methods: X-ray diffraction (XRD) in
the 26-0 mode and morphological analysis. First, XRD sam-
ples were prepared by mechanically shearing the crystals in
vacuum grease to align the long axes of the crystals parallel to
the X-ray stage. Since the (00/) peaks disappeared and the
(hk0) peaks were intensified compared to those for randomly
oriented crystals, the long axes were determined to be parallel
to the c-axis.”* The (002) peak of PbCO; did not completely
disappear because of the presence of the thin plates. The long
axis of the platelet crystals is within the ab-plane as explained
in the following morphological analysis.

Crystal morphology was observed with scanning electron
microscopy (SEM) after Au/Pd coating. SrCO; and BaCO;
needles have similar pseudo-hexagonal cross sections, which
are common for twins of aragonite-type crystals."! The char-
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