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We utilized a novel strategy, hierarchical structuring, to
enhance the catalytic activity of coordination polymers.
Hierarchical Prussian white crystals with hollow structures
and kinked surfaces were synthesized by using self-
aggregation and etching strategy. The hierarchical
structure enhanced the catalytic activity of Prussian white
in degradation of methylene blue than the non-hierarchical
Prussian white crystals significantly.

Coordination polymers, including metal-organic frameworks
(MOFs) or porous coordination polymers (PCPs), are hybrid
inorganic-organic materials formed by self-assembly of metal ions
(or clusters) and ligands." Their adjustable structures and
compositions drive them to show great promise in wide applications,
such as gas storage, separation and sensing? Especially,
coordination polymers have been recognized as potential catalysts in
heterogeneous catalysis owing to the adjustable metallic and organic
components, and the flexible porous structure.® For example, MOFs
containing catalytically active metal ions or clusters, functional
organic linkers, or loading with active catalysts have been fabricated
and used in heterogeneous catalysis.* However, in order to obtain
catalysts with excellent property, most of the related research
focused on the exploration of new coordination polymers with new
compositions and crystal structures, or introducing excellent nano-
catalysts into their intrinsic pores.

It is well-known that nano-/microstructures of catalysts are
important factors in influencing the catalytic activity. Nano-
/microstructured catalysts generally have higher specific surface area
and more active sites, which are needed for enhancing the activity of
catalysts.” Therefore, it is interesting to investigate the performance
of coordination polymers with controlled nano-/microstructures in
catalysis. However, little attention has been paid on the influence of
nano-/microstructures of coordination polymers.

To design optimized nano-/microstructures of coordination
polymers in catalysis, previous study has been referred.® Extensive
study on noble metals and metal oxides catalysts suggested that
hollow structures and kinked surfaces worked very well in
improving the performance of catalysts.® The hollow structures offer
high surface-to-volume ratio, thus enlarge the exposed surface of
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catalysts.® The kinked surfaces provide more active sites compared
to smooth surfaces.®®! Therefore, materials with hierarchical
structure, which can combine both hollow structures and kinked
surfaces, can be expected as a good choice for catalysis.

To synthesize coordination polymers with hierarchical structures,
controlled crystallization is critical but challenging. Owing to the
lack of knowledge about crystallization habit of coordination
polymers, the morphology-controlled synthesis is not as successful
as noble metals and metal oxides.” It has been illustrated that the
hierarchical structuring of nano-/microstructured coordination
polymers mainly relied on utilization of non-classical crystallization
process.® Well-control on self-assembly of preformed clusters or
nanoparticles as well as further treatment, such as etching or aging,*
8 could lead to coordination polymers with well-defined nano-
/microstructures. As a proof of concept, we employed the non-
classical crystallization and external etching strategy to fabricate
coordination polymer with hierarchical structure composed by
hollow structure and kinked surface both. Here, Prussian white (PW)
was selected as a typical coordination polymer, which was formed
by assembly of Fe ions and CN bridges.” The shape-dependent
catalytic performance of PW was investigated. The hierarchical
structure did enhance the catalytic activity of PW for decomposition
of methylene blue (MB).

In a typical synthesis, hierarchical PW crystals were prepared by
solvothermal treatment of potassium ferrocyanide and benzoic acid
in the mixture of water/ethanol (please see the details in ESIt). X-
ray diffraction (XRD) profile (Fig. S1) demonstrates that the
obtained products are PW with high purity. All of these peaks can be
assigned to monoclinic lattice (JCPDS 51-1896).° Fourier transform
infrared spectroscopy (FTIR) (Fig. S2) and Mdssbauer spectroscopy
(Fig. S3) were used to further confirm the composition of the
products. The strong absorption peaks at 2037 cm™ and 2073 cm’
are characteristic CN stretching absorption bands of PW.'" The
absorption band at around 594 cm™ is due to the structure of Fe'-
CN-Fe" linkage.'' The Méssbauer spectrum of the product contains
a singlet absorption peak (the isomer shift is -0.1 mm/s) and a
doublet absorption peak (the isomer shift is 1.11 mm/s and the
quadrupole splitting is 1.52 mm/s), which are attributed to the low
spin Fe"' and the high spin Fe', respectively.” The stability of PW in
air was confirmed by the XRD profile and Mdssbauer spectrum of
the product exposed in air for four months (Fig. S4 and Fig. S5).
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Both the XRD pattern and the Mdssbauer spectrum were the same as
the fresh PW sample, suggesting that the PW crystals obtained in
this work were quite stable.

The morphology of the obtained hierarchical PW was examined
by electron microscopy. Field emission scanning electron
microscope (FESEM) image shows the typical morphology of the
PW crystals (Fig. 1a). The holes and step-like surfaces are observed
on each of the six faces, suggesting that the crystals are of
hierarchical structures with hollow structure and kinked surfaces. A
low magnification FESEM image (Fig. S6) clearly reveals high yield
of the hierarchical PW crystals. The X-shape morphology in a
transmission electron microscopy (TEM) picture (Fig. 1b) taken
from a crystal confirms the existence of cavities and step-like
surfaces as well, which further verifies that the hierarchical structure
is the combination of hollow structure and kinked surfaces.

procedure. (b) TEM, (c) and (d) High magnification FESEM
images of a single hierarchical PW crystals. (inset: selected area
electron diffraction (SAED) pattern taken from the edge
section).

The hierarchical PW crystals are of relatively ordered
crystallographic orientation as suggested by SAED pattern taken
from a single crystal. The periodic diffraction spots are shown in the
inset of Fig. 1b, indicating a single-crystal-like electron diffraction
behavior. To further investigate the kinked surfaces, a part of the
crystal was shown in Fig. 1c and Fig 1d. It can be observed that the
kinked surfaces are composed by nanocrystals with quasi-ordered
orientation. In addition, significant defects, such as gaps between
different steps and gaps among the same steps, are observed. In
combination of the single-crystal-like electron diffraction behavior
as well as the rough surfaces, the hierarchical PW crystals belong to
mesocrystals. Mesocrystals are one kind of superstructures formed
by self-assembly of nanocrystals in ordered ways, often showing
single-crystal-like electron diffraction behavior.'” They are usually
obtained by non-classical crystallization route, for example, bottom-
up self-assembly. This unique crystallization style could make them
have rough surfaces with large amount of exposed sites, and thus
high catalytic activity."?

The crystallization of PW highly depends on the supersaturation
of PW before and /or during the nucleation and/or growth process of
PW. High supersaturation degree was proved to be essential for the
formation of hierarchical mesocrystals.14 In our case, the formation
of PW mesocrystals is strongly influenced by the reaction conditions,
such as the concentration of reagents and the polarity of solvents.
For instance, when we decreased the concentration of potassium
ferrocyanide, the product of [Fe(CN)¢]* and Fe?" decreased,® °
leading to reduction of the supersaturation degree of PW, thus only
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convex cuboids (Fig. S7) were the dominant products. When water
was partially replaced by ethanol, the polarity of the solvent was
decreased, hindering the dissociation of H" from benzoic acid.'"
Then, the decomposition of potassium ferrocyanide was slow down,
inducing a lower surpersaturation degree of PW, and resulting in
cuboids (Fig. S8). This result is in agreement with the formation of
the calcite mesocrystals with similar structure.'® Therefore, we can
see the generation of the hierarchical PW mesocrystals is quite
similar to other biomineral systems.

To illustrate the formation mechanism of the hierarchical PW
mesocrystals, time-dependent experiments were carried. FESEM
images of the products collected at an early reaction stages were
shown in Fig. S9. Products at 30 min are spherical particles with
sizes ranging from 200 nm to 800 nm (Fig. S9a). The surface of
these spherical particles is very rough (Fig. S9b), indicating that
these particles were probably formed by self-assembly of smaller
nanoparticles. When the reaction time was prolonged to 1h, the sizes
of particles increased, varying from 500 nm to 1.5 um (Fig. S9c).
Furthermore, the spherical particles formed at 30 min have been
transformed into aggregations of particles. These aggregations are of
rough interior and smooth exterior surfaces, which can be
demonstrated by some broken aggregations (inset in Fig. S9¢). This
observation reveals that these aggregations probably come from the
single spheres formed at 30 min. Magnified FESEM image (Fig. S9d)
indicates that the particles do not have holes and kinked surfaces at
this stage. With the further increase of the reaction time (2 h),
cavities and kinked surfaces were created in most of the particles
(Fig. S9e and Fig. S9f). As the reaction time was prolonged to 3 h,
more hierarchical particles with significant step-like structures and
holes (Fig. S9g and Fig. SOh) were obtained. At this time, some
irregular nanoparticles similar to those particles found in the resulted
products as indicated by circle (Fig. 1d) were also seen on the
hierarchical surface of the PW crystals (Fig. SOh). It is highly
possible that the nanoparticles were once the parts of some stairs,
and departed from the stairs. The fusion of nanoparticles might also
take place, because the steps in this stage and the following periods
were very large and smooth.

According to the above analysis, the formation mechanism of the
hierarchical PW crystals was proposed (Fig. 2). At first, large
amounts of nanoparticles were formed rapidly due to high
supersaturation degree at the initial stage (Fig. 2a). Nanoparticles are
easily aggregated owing to the high surface energy (Fig. 2b).12b’ 17
Subsequently, the spherical particles were fused together into
aggregations with cubic corners covering their surface (Fig. 2c¢).
Along with the prolonging of reaction duration, external etching
occurred while growth continued (Fig. 2d). Because the particles-
based non-classical crystallization dominated the growth process,
defects existed between the aggregated nanoparticles. The defects
were easily to be etched by H' disassociated from benzoic acid,
leading to step-like detachment of nanoparticles.® ¢ 3 818 Rina]ly,
hierarchical crystals could be formed.
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Fig. 2 Schematic illustration of the formation process of
hierarchical PW crystals.

The hierarchical PW crystals combine the hollow structure and
kinked surface together, which motivates us to investigate their
catalytic performance. Nowadays, the ever-growing contamination
of water has attracted a great deal of attention. Advanced oxidation
processes'? based on reactive oxygen species generated by Fenton
catalysts have been widely used to remove the toxic organic
compounds in water. Fenton-like heterogeneous catalysts based on
iron-based compounds®® are among the most attractive catalysts, due
to their high stability and the facility to separate them. As a reduced
form of Prussian blue (PB), PW has strong reducibility and had been
explored in electrochemical catalysis for proton reduction’' and
sensing of oxidants.”” Therefore, PW is a suitable electron donor and
holds great potential in application as Fenton-like catalysts.

The hierarchical PW crystals were exploited as Fenton-like
catalyst for the degradation of MB. MB was selected as a model
target because it is one of the most commonly used dyes in various
industries and had been widely used as probe compound for the
advanced oxidation process. For comparison, cubic PW crystals
without hierarchical structure (Fig. S10) were used. Almost no MB
(only about 4%) was degraded in the absence of PW (Fig. S11),
which demonstrated that PW was indispensable for degradation of
MB. Surprisingly, the degradation of MB was largely enhanced by
using hierarchical PW crystals as catalysts, as shown in Fig. 3a and
Fig. 3b. Compared to cubic PW crystals (less than 24 % MB was
decolorized after 5 min), more than three times of MB (73.9 %) was
decolorized at 5 min for hierarchical PW crystals. Moreover, all of
the MB was removed in the presence of hierarchical PW crystals
after 25 min while only less than 43 % MB was degraded by cubic
PW crystals. The possible reasons for the high performance of
hierarchical PW can be described as two points. Firstly, the
hierarchical architecture can provide more active surface, such as
steps, kinks, corners and edges, causing rapid degradation of MB at
the initial stage.’® * Secondly, the nanoscale size of its building
blocks and hollow structure enlarge the specific surface area of the
hierarchical PW crystals, and facilitate the mass exchange and
catalysis process.®™ . According to N, gas sorption analysis, the
Brunauer-Emmett-Teller (BET) surface area of the hierarchical PW
crystals (12.0 m%/g) is as twice as cubic PW crystals (6.0 m%/g).
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Fig. 3 (a) The time-dependent degradation curves of MB
catalysed by hierarchical PW and cubic PW. (b) Comparison of
catalytic activity of hierarchical PW and cubic PW in degrading
MB. (c¢) The cyclic performance of hierarchical PW for the
decolorization of MB.
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To check the structure stability of the hierarchical PW crystals as
catalyst, XRD and SEM measurements of the hierarchical PW
crystals during one catalysis cycle were carried out. As shown in Fig.
S12a, the composition of the samples underwent PW-(PW/PB)-PW
transformation, indicating PW was partly oxidized into PB (JPCDS
73-0687) during the catalytic reaction and the PB was reduced back
to PW after the activation process. In addition, the size, morphology
and hierarchical structure of the samples (Fig. S12b and Fig. S12c)
are all well-maintained, indicating the hierarchical structure is robust.
In consideration of these aspects, its cyclic property was checked. As
shown in Fig. 3c, the hierarchical PW crystals show excellent
reusable ability, without any loss of activity after four cycles.

Conclusions

In conclusion, PW with hierarchical structures were synthesized
by a
crystallization and etching took place to realize the integration

one-pot  solvothermal reaction. Non-classical
of hollow structures and kinked surfaces. By taking together the
advantages of the hollow structure and kinked surfaces, we
found that the performance of PW in catalysis could be
enhanced significantly. The as-prepared hierarchical PW is
believed to be a potential candidate as a practical catalyst for
water purification. Such results offer a way to realize
coordination polymers with hierarchical structures, encourage
the

heterogeneous catalysts, and open a new way to elevate the

application of coordination polymers as superior
performance of coordination polymers through hierarchical
structuring.
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