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1 Introduction

ABSTRACT

Construction of macro-materials with highly oriented microstructures and
well-connected interfaces between building blocks is significant for a variety
of applications. However, it is still challenging to confine the desired structures.
Thus, well-defined building blocks would be crucial to address this issue.
Herein, we present a facile process based on 1.8 nm Pd nanoclusters (NCs) to
achieve centimeter-size assemblages with aligned honeycomb structures, where
the diameter of a single tubular moiety is ~ 4 pm. Layered and disordered porous
assemblages were also obtained by modulating the temperature in this system.
The reconciled interactions between the NCs were crucial to the assemblages.
As a comparison, 14 nm Pd nanoparticles formed only aggregates. This work
highlights the approach of confining the size of the building blocks in order to
better control the assembly process and improve the stability of the structures.

with highly oriented micro- and meso- pores is still a
challenge. This is because large nanocrystals would

The construction of macro-materials with well-aligned
microstructures is of profound importance to maximize
the advantages offered by nanomaterials. However, it
is essentially difficult to confine the desired structures.
Macro-materials with highly oriented micro- and meso-
pores are significant for numerous applications in
various research areas including biomimetics [1-3],
virus selection [4], compressible materials [5-7],
particles filtration [8], catalysis [9-11]. While uniform
nanocrystals are used as building blocks for super-
crystals [12, 13], the construction of macro-structures
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weaken the interactions due to their ultrahigh weight,
while the rigidity of the nanocrystals would limit
the diversification of the assembly [14-16]. In recent
years, the fabrication of aligned macro-materials has
undergone rapid development in terms of synthetic
techniques [1, 17, 18], solidification principles [19-22],
functional realizations [23, 24], and even fabrication
of complex composites [5-7]. Consequently, it is an
essential and primary task to tap into the potential
of these well-defined building blocks.

Recent studies have revealed that the size of the
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nanocrystals has a great impact on their properties as
well as the interactions between them. Numerous novel
phenomena based on the properties of nanocrystals
and their interactions have been discovered, such as
macromolecule-like viscosity in ultrathin nanowires
[25, 26]; similarly, sub-nanometer In,S; nanobelts
have been observed to curl into uniform rolls and
assemble into micro-size superlattice structures [27].
One-dimensional (1D) and two-dimensional (2D)
sub-nanometer inorganic nanocrystals behave like
polymers with flexible morphologies. Zero-dimensional
(OD) nanoclusters can be regarded as a special class
of molecules, and the energy needed to transform
their morphology is almost of the same order as that
of weak interactions. The weight of these molecules
clearly does not weaken the interface [14]. Therefore,
inorganic nanocrystals in the sub-nanometer scale
would interact with each other almost in the same energy
scale via interfaces. Additionally, a large inorganic
component could easily overwhelm the interactions
between the interfaces, resulting in instabilities such
as aggregations. Based on the above, we believe that
it is possible to construct well-aligned porous materials
in the macro-scale based on ultra-small nanocrystals,
by sophisticated control of the interactions between
them.

Herein, we demonstrate a highly oriented honeycomb
assemblage based on 1.8 nm Pd NCs (PNA1), via an
accessible directional freeze casting process in com-
bination with sol-gel synthesis, spanning multiple
length scales from 0D sub-nanometer dots to 3D
centimeter-size macroscopic structures. Meanwhile,
the walls of the structures are 2D micrometer-size
films. Other assemblages with layered and disordered
porous morphologies were achieved by modulating
the freezing conditions. The size effect in this system
was studied in detail. There are two approaches that
can be considered for the fabrication of assemblies,
(i) building blocks with ultra-high speed that escape
from the ice solidification front and assemble into
the desired structures, (ii) the similarity in energy
scale between ultra-small building blocks and their
interactions. Finally, the fabricated assemblages were
applied as heterogeneous catalysts for the reduction
of p-nitrophenol and as hydrogen storage materials.
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2 Experimental

To obtain highly oriented assemblages, we first pre-
pared a homogeneous suspension of 1.8 nm Pd NCs
as the raw material, followed by a directional freeze
casting process (Fig. 1(a)), in combination with sol-gel
synthesis. The water-soluble Pd NCs were synthesized
by a solvothermal method (for details, see the Electronic
Supplementary Material (ESM)). The transmission
electron microscopy (TEM) image (Fig. 1(b)) and high-
resolution TEM (HRTEM) image (inset in Fig. 1(b))
revealed the uniform and monodispersed Pd NCs
with a diameter of 1.8 nm. The bulk sample (Fig. S1(a)
in the ESM) was obtained after purifying and drying
the synthesized Pd NCs. We considered that the
ultra-small size of the Pd NCs weakened the rigidity of
the inorganic structures and simultaneously streng-
thened the interactions, leading to a cross-linked
structure instead of separate powders. Further studies

Figure 1 (a) Schematic representation of the synthesis of PNAI.
(b) TEM image of the Pd NCs. (c) A digital photograph of PNAI.
(d) and (e) SEM images of PNAI1, (f) and (g) SEM images for
side views of the open tubes and PNAI, respectively. (h) SETM
image of PNA1. The inset in (b) shows the HRTEM image and a
model of the Pd NCs.
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revealed that gels (Fig. S1(b) in the ESM) were obtained
upon soaking the bulk in proper amount of water.
These Pd NC gels were found to be extraordinarily
effective for the synthesis of highly oriented structures,
after a liquid nitrogen bath for 5 min followed by
sublimation of the ice by freeze drying (Fig. 1(a)).

3 Results and discussion

A photograph (Fig.1(c)) and scanning electron
microscopy (SEM) images (Figs. 1(d)-1(h)) displayed
various aspects of PNA1. The assemblage resembled
a container and maintained the cylindrical shape
of the gel with a tiny shrinkage. Figure 1(d) shows
a magnified view of the orientation of the pores;
the walls of PNA1 were longer than hundreds of
micrometers. These “channels” were all in the direction
from the surface to the center of the assemblage
(Fig. S1(c) in the ESM), which was along the ice growth
route. An obvious step formed by pressing during
the sample preparation for SEM and some bends
revealed the flexibility of PNAI. Figure 1(e) clearly
displays the honeycomb structure with regularly ranked
pores, which were ~ 4 um in diameter on average.
Most of them were hexagons, and the thickness of the
walls was about 60-80 nm (Fig. S2(a) in the ESM).
Figures 1(f) and 1(g) show the side views of the open
tubes and PNA1 respectively, revealing the parallel
alignment of “channels” in a large area. As shown
in Fig. 1(h), a different viewing angle of PNA1 was
offered by scanning TEM (STEM). The walls of PNA1
were observed to be smooth with a small bunch of
fragments, which correspond to the parts that did not
assemble.

Other macroscale assemblages were also obtained
by adjusting the freezing conditions. Macroscale
layered assemblages based on Pd NCs (PNA2) were
achieved by freezing the gel on a steel plate inserted
on the surface of the liquid nitrogen for 10 min, which
prevented direct contact, and thus slowed down the
freezing speed. A schematic representation of this
directional freeze casting process is provided in Fig. 2(a).

A slow freezing procedure for about 8h in a
refrigerator at ~ -4 °C yielded a macroscale disordered
porous assemblage based on Pd NCs (PNA3).
Figures 2(b)-2(d) and Figs. 2(e)-2(g) exhibit the
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Figure 2 (a) Synthetic scheme of PNA2. (b) A photograph of
PNA2. (c) and (d) SEM images of PNA2. (e) A photograph of
PNA3. (f) and (g) SEM images of PNA3.

snapshots and SEM images of the PNA2 and PNA3
samples, respectively. PNA2 reveals an aligned structure
with parallel layers, where the layer surface was
very large, extending for hundreds of micrometers.
The gaps between the layers were about tens of
micrometers, and the thickness of each layer was less
than 100 nm (Fig. S2(b) in the ESM). The pores in
PNA3 exhibited a wide size distribution. Visually, the
oriented structures of PNA1 and PNA2 were brown,
while PNA3 was black. We conjectured that the
ordered structure and micrometer thickness of the
walls resulted in certain optical effects that were not
present in the disordered structures, leading to the
color change.

To further investigate the structures of the assemblages
(Fig. 3 and Figs. 57-510 in the ESM), mercury intrusion
porosimetry was carried out to analyze the porosity
and the pore size distribution. The bulk Pd NCs
without assembly showed almost no porosity which
conformed to intuitive observation. The PNA1, PNA?2,
and PNA3 samples had porous structures with
porosity values of 77.4%, 65.4%, and 88.3%. The total
pore volumes were 7.25, 6.07, and 8.23 mL/g for PNA1,
PNA2, and PNA3, respectively. Moreover, the major
peaks in the pore size distribution were seen at 2.08,
13.95, and 73.04 um for PNA1, PNA2, and PNA3,
respectively, which matched well with the structures.
Deformation of the pores sometimes occurred in PNA1
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Figure 3 (a) Pressure—pore volume curve in the intrusion stage of
mercury intrusion porosimetry. (b) Pore size distribution curves
of PNA1, PNA2, PNA3 and the bulk counterpart.

and PNA2 (Figs. S3(a) and S3(b) in the ESM) due to
exogenous impact, which made the results smaller
than the SEM observations. The pore size distribution
of PNA3 was broad, indicating the disorder of the
pores.

Freezing conditions were critical for shaping the
microstructures, which was accomplished by shaping
the ice crystals at the nucleation stage and controlling
the growth speed of the ice crystals [22]. The homo-
geneous nucleation of ice occurred at the initial stage
near the cold surface, (circle surface of container for
PNA1 and PNA3, bottom of container for PNA2),
where the gels were placed for freeze casting. Then
ice crystals grew along the freezing direction and in
random directions. For PNA1, the freezing temperature
was very low and the temperature gradient was very
large. Thus, the growth of ice crystals in the freezing
direction was much greater than in the randomly
oriented directions, leading to the eventual formation
of ice columns. While the temperature gradient for
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PNA2 was smaller than for PNA1, it was still large
enough to ensure that the primary growth occurred
in the freezing direction. Pseudo lamellar growth along
the radial direction also occurred, leading to layered
ice crystals. In the case of PNAS3, the temperature was
much higher, with no obvious temperature gradient.
The growth of ice crystals continued for a long time,
resulting in a final structure with no clear orientation.
In addition, hexagonal ice is the most common structure
of the 15 known crystalline phases of ice [28]. The
temperature gradient along the a axis, perpendicular
to the ¢ axis, was kinetically favorable, which agreed
with the results that hexagonal tubes were obtained
in PNA1 and layered films in PNA2.

The size of the Pd nanocrystals was crucial for
obtaining highly oriented assemblages. The 1.8 nm Pd
NCs could get close to each other and finally formed
1D chains when introducing a little amount of poor
solvent into reaction system. Upon the addition of
water after a few minutes, the bulk Pd NCs separated
to form films on the surface (Figs. 4(c) and 4(d)),
pointing towards the strong interactions between
the Pd NCs. The effect of the building block size
was further investigated by carrying out contrastive
experiments with PVP-coated Pd nanoparticles (NPs,
average diameter of 14 nm, Fig. S4(a) in the ESM). The
structures achieved were compared to those obtained
for different sizes of Pd nanocrystals. The SEM images
(Figs. 4(e) and 4(f)) revealed several micro spheres and
some films without oriented structures formed by the
freeze casting of Pd NPs. In the schemes representing
the ice solidification front in both cases, the black
arrows revealed the direction of ice growth. Learning
from other similar systems [23, 28], we attempted to
explain the growth mechanism observed herein. For
Pd NCs or NPs close to the ice solidification front, the
most important forces, repulsive force F, and attractive
drag force F,, are given by the equations below

F =nDAc| & )
: d
2

F - 3m;;D @)

Where d is the diameter of building blocks (1.8 nm
for Pd NCs, 14 nm for Pd NPs, Fig. 54 in the ESM), D is
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Figure 4 (a) and (b) 1D assembly of Pd NCs. (c) and (d) The
bulk Pd NCs can separate to form films on surface of water.
(e) and (f) SEM images of PNA1 and freezing Pd nanoparticles
about 14 nm in size, both insets are a schematic representation of
the ice solidification front.

the distance between the ice front and the Pd NCs
or NPs, g, is the average intermolecular distance, n
refers to a constant between 1 and 4 (2 for Pd NCs, 4
for Pd NPs), Ao refers to the balance of the surface
forces at the boundary of the ice/particle/solution. v
refers to the ice growth velocity, and 7 is the viscosity
of the suspension.

For a typical particle system, when the particle size
is decreased, F, will increase a greater rate than F,.
For 1.8 nm Pd NCs, F, will lead their movement to
escape from the ice solidification front. However, F,
was greater than F, for the 14 nm Pd NPs and both
the values were quite small. Therefore, the Pd NPs
were engulfed by ice to form aggregates, which were
microspheres in this case.
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Further efforts were made to elucidate the assembly
of Pd NCs into honeycomb structures that are highly
oriented over a large scale and area. This was closely
allied to the solidification front velocity for the trapping
of Pd nanocrystals, which is given by the following
equation [28]

=L{_L_ )

| D, pl)} )

where A is the Hamaker constant, and Por Ps s and p,
are the densities of the Pd NCs, solid, and liquid phases.
17, D, and d are same as those in Egs. (1) and (2).

The mathematical treatment of Eq. (3) (for details,
see the ESM) revealed that the rate of increase of v,
will be greater upon the decrease of d in the nanoscale
range, which can be considered as the size effect.

Therefore, the Pd NCs would need to have a high
speed of v_, in order to escape from the ice solidifi-
cation front and assemble quickly between the ice
columns. In addition, the Pd NCs were uniform and
monodisperse to ensure the formation of homogeneous
aligned pores over a large area.

To investigate the properties and applications of
the Pd NC based assemblages, we carried out room
temperature reduction of p-nitrophenol by NaBH,,
catalyzed by the assemblages (NaBH,:p-nitrophenol
with a molar ratio of 1:1). First, we prepared a piece
of hydrophobic treated (for details, see the ESM) PNA1
(h-PNA1, 3.69 mg in this case), fixed it on tweezers,
stirred the solution gently, and then took out solution
samples every 20 s for testing (10 s for the first point).
Figure 5(a) showed the absorbance spectra from
250-500 nm. The decrease of peak intensity at 400 nm
and a slightly increase at ~ 320 nm indicated the
conversion of p-nitrophenol to p-aminophenol over
time. The rate constant for the catalyst was about 0.13
min/mg for h-PNA1, which confirmed the catalytic
activity of the materials. We could perform the h-PNA1
(6.70 mg in this case) to the catalytic reaction as a
trigger, putting it in or taking it out from catalytic
system could realize the switch of the reaction. Thus,
the results revealed that the assemblage showed
good performance [24, 29, 30].

Palladium is one of the earliest known hydrogen
storage materials [31, 32], though it was uneconomical
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Figure 5 UV-vis spectroscopy monitoring the conversion of
p-nitrophenol to p-aminophenol catalyzed by PNAL. (a) The
decline of the absorbance spectrum over time as the conversion
takes place. The top right inset was the catalytic activity shown
as the peak absorbance at 400 nm plotted versus time. (b) Step
line as a switch during catalytic process by putting in/taking out
PNAL1 to control on/off. The inset was the absorbance spectrum
over time corresponding to step line.

to use bulk Pd directly. In our case, the Pd NCs were
1.8nm in size and highly dispersed in oriented
structures. We believed that gas phase catalysis based
on hydrogen can be carried out in uniform micrometer
sized channels in the future. Temperature programmed
desorption (TPD) tests were performed to analyze
hydrogen desorption from the assemblages in the
range 50-250 °C (Fig. S11 in the ESM). The results
indicated that a commensurable amount of hydrogen
in relation to Pd could be desorbed in a stable state in
the assemblages, while PNA1 and PNA2 could desorb
hydrogen at a steady rate, which are promising for
applications.

4 Conclusion

To conclude, we introduced a highly oriented macro-
scale honeycomb assemblage based on 1.8 nm Pd NCs.
Other assemblages including layered and disordered
porous structures were achieved in this system by
modulation of the freezing conditions. The size of the
building blocks was the key factor for the assembly;
we did not obtain ordered assemblages when the
1.8 nm Pd NCs were replaced by 14 nm Pd NPs. The
size effect was also manifested in the high escaping
speed of the Pd NCs from the ice solidification front
to realize multiple assemblies. The energy scale of the
building blocks was tailored to keep the assemblage
stable. The assemblages based on Pd NCs were found
to be effective heterogeneous catalysts for the reduction
of p-nitrophenol and as hydrogen storage materials.
We believe that the highly oriented assemblages could
find application in biomimetics and catalysis.
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