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1. Introduction and Brief Historical Remarks
1. Introduction and Brief Historical Remarks
Around 10 years ago the term mesocrystal (i.e., mesoscopically structured crystalline
Around 10 years ago the term mesocrystal (i.e., mesoscopically structured crystalline materials)
materials) was proposed to define superstructures of nanocrystals with a common crystallographic
was proposed to define superstructures of nanocrystals with a common crystallographic orientation
orientation [1–4]. The term mesocrystal had already been used before in earlier reports, but usually
[1–4]. The term mesocrystal had already been used before in earlier reports, but usually in reference
in reference to crystalline materials of mesoscopic size or of mesoporous structure [5–9]. Although
to crystalline materials of mesoscopic size or of mesoporous structure [5–9]. Although it might seem
it might seem from Figure 1 that mesocrystals are a quite recent development and discovery, the
from Figure 1 that mesocrystals are a quite recent development and discovery, the structures which
structures which are nowadays referred to as mesocrystals were already known for quite a long time.
are nowadays referred to as mesocrystals were already known for quite a long time.
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Historically, the interest in such materials has always been associated with the description
of defected structures and formation mechanisms of natural minerals and their synthetic
analoguesCrystals
[10–12].
As an example, Figure 2a,b illustrates the particle mediated crystal
growth
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corals [37–40] or egg shells [41]. This demonstrates that the hybrid architecture of mesocrystals
obviously has some evolutionary advantages. Furthermore, it is also important to mention, that the
area of application has been explored and many successful examples for improved performance by
mesocrystals compared to existing technology have been reported, especially in the highly competitive
area of energy storage materials [42–45]. On the other hand, very little is still known about mesocrystal
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formation processes, which are, however, fundamental for the understanding of how a mesocrystal
structure can be synthesized and how the synthesis can be controlled. The reasons can be found
in the limited analytical capabilities, as mesocrystal formation occurs over several time and length
scales. Starting with nanoparticle formation on the length scale of a few nm, up to the size of
the final mesocrystal in the range of tens or hundreds of micrometers or even bigger, this range
covers about 5 orders of magnitude, which is certainly a challenge for each analytical technique,
especially considering that the analysis should preferably be performed in a solution. Looking at
the involved timescales, the range is even larger. Primary particle formation takes place on the
sub-ms time scale [46,47] and the final mesocrystal formation and structural ripening occurs on
the time scale of hours or even days. Therefore, the time scale range of interest in mesocrystal
formation is extremely broad, spanning up to 8 orders of magnitude (10−3 –105 s). Thus, it becomes
clear that only a combination of several analytical techniques, which work at different length and
time scales, is able to reveal the structure of mesocrystals and their mechanism of formation. Suitable
analytical techniques are Transmission Electron Microscopy (TEM), Scanning Electron Microscopy
(SEM), Environmental Scanning Electron Microscopy (ESEM), Light Microscopy (LM), Atomic-Force
Microscopy (AFM), Small-Angle X-ray Scattering (SAXS), Wide-Angle X-ray Scattering (WAXS), Small
Angle Neutron Scattering (SANS), Dynamic Light Scattering (DLS), Analytic Ultra-Centrifugation
(AUC) and Asymmetrical Flow Field-Flow Fractionation (AF4) to identify the different species at the
different size and time scales (for a more detailed description of these techniques, see chapter 9 in
Ref. [4]).

Biominerals

Nanoparticle Self-Assemblies

100 nm

Minerals

Biomimetic Materials

Figure 3. Schematic illustration of mesocrystals in biominerals, abiogenic minerals, biomimetic
composite materials and nanoparticle self-assemblies with their structural features and physical
properties. Images corresponding to biominerals: magnetite based magnetotactic bacteria are reprinted
with permission from Thomas et al. (Ref. [48]), American Chemical Society; calcite based see urchin
spine is reprinted from Seto et al. (Ref. [35]) and reprinted with permission of the National Academy
of Sciences USA; calcite based red coral are reprinted from Floquet and Vielzeuf (Ref. [40]) with
permission of ACS Publications. Abiogenic minerals: magnetite framboids from the Tagish Lake
meteorite are reproduced from Ref. [49] with permission of Macmillan Publishers Limited. Colloidal
self-assemblies: 2D and 3D self-assemblies of magnetite nanoparticles stabilized by oleic acid adopted
from Brunner et al. Ref. [50] with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Biomimetic materials: fluoroapatite-gelatine nanocomposites are reproduced from Ref. [51] with
kind permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim and from Ref. [52] with
permission of Springer Science and Business Media Springer-Verlag Berlin; calcite spicules are reprinted
from Natalio et al. (Ref. [53]) with permission from AAAS.
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Like a single crystal, a mesocrystal might show sharp Bragg peaks in the wide angle diffraction
pattern (in contrast to the ring-like pattern for a powder), but the important difference is that a
mesocrystal consists of individual nanoparticles. This is sometimes difficult to demonstrate using
only the diffraction techniques (e.g., X-ray or electron diffraction) if, in the most general case, the
mesocrystal building units are not monodispersed and are not arranged in an ordered superlattice
array. These so-called type II mesocrystals do not show a small angle pattern with sharp diffraction
peaks, which is typical of the so-called type I mesocrystals, consisting of monodisperse building
units arranged in an array with long-range order (i.e., colloidal crystals). In such cases, the presence
of individual nanocrystal building blocks needs to be proven by another method, e.g., electron
microscopy. The difference between type I and type II mesocrystals is, therefore, the presence of
nanoparticle building blocks arranged in a long-range ordered superlattice (type I), which can be
evidenced by small angle diffraction techniques (e.g., SAXS, electron diffraction, etc.) (Figure 4). It may
also be that the nanoparticle orientations are ordered, but they are not identical, so that a texture-like
wide angle diffraction pattern results. In such cases, it is very essential to determine all crystallographic
orientations which contribute to the mesocrystalline structure, as well as to define the structural
principles (and/or rules) controlling and determining this specific orientational order of building
blocks in the mesocrystal. Such interesting examples have already been described for several synthetic
and natural systems including nanoparticles self-assemblies [50,61,62] and biominerals (i.e., red
corals [38,40]). Therefore, the proof of crystalline order using the wide angle diffraction pattern together
with evidence that the material consists of individual building blocks are necessary requirements
to classify a solid state material as mesocrystal. The difficulties and challenges to perform in situ
analysis during the formation of mesocrystals are still the main reason why mesocrystal formation
mechanisms are largely unknown (since it is often concluded from the end product of the formation
process, and at best, dependent on how samples were analyzed). Great potential to solve this problem
is shown by recently developed in situ techniques—especially high-resolution synchrotron-based
small/wide-angle X-ray scattering (SAXS/WAXS) (including in situ time-resolved grazing incidence
small-angle X-ray scattering (GISAXS) and grazing incidence wide-angle X-ray scattering (GIWAXS)),
as well as in situ TEM with a liquid cell. DeYoreo and colleagues have successfully observed an
oriented attachment mechanism of iron oxide nanoparticles in high resolution TEM mode yielding
so far unsurpassed insight into a nonclassical crystallization reaction [63–65]. Using the combination
of SAXS/WAXS techniques, Wang with colleagues have already solved a number of structures of
nanoparticle self-assemblies (with mesocrystalline order) [66–69]. A similar approach was introduced
earlier by applying the combination of different electron microscopy techniques [50,61,62]. Bergström
with co-workers examined and revealed the mechanisms of iron oxide nanoparticle self-assemblies by
means of in situ GISAXS [70–75], while recently the group of W.A. Tisdale performed simultaneous
in situ SAXS/WAXS measurements, revealing the kinetic rate of the self-assembly process of PbS
nanoparticles; they also tracked the structural evolution of assemblies (including translational and
orientational order of nanoparticles) during the formation of a mesocrystal (Figure 5) [76].
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The examined aggregates are built up by rhombic dodecahedrally shaped magnetite
The examined aggregates are built up by rhombic dodecahedrally shaped magnetite nanoparticles
nanoparticles (110–680 nm) arranged in an face-centered cubic (fcc) superlattice (Figure 7a,b). Since,
(110–680 nm) arranged in an face-centered cubic (fcc) superlattice (Figure 7a,b). Since, the
the rhombic dodecahedron is a space-filling polyhedron of the fcc lattice, it is quite obvious that all
rhombic dodecahedron is a space-filling polyhedron of the fcc lattice, it is quite obvious that all
nanocrystals should have the same orientation within the fcc superlattice (Figure 7a,b). Moreover, the
nanocrystals should have the same orientation within the fcc superlattice (Figure 7a,b). Moreover, the
crystallographic orientation of magnetite should be coaxial with orientation of the fcc suparlattice.
crystallographic orientation of magnetite should be coaxial with orientation of the fcc suparlattice.
Therefore, these materials can be classified as mesocrystals Type I. Furthermore, by means of electron
Therefore, these materials can be classified as mesocrystals Type I. Furthermore, by means of electron
holography it was demonstrated that the magnetite particles have a flux closure magnetic vortex
holography it was demonstrated that the magnetite particles have a flux closure magnetic vortex
structure (Figure 7c,d). Based on this observation, the authors proposed that this quite unique
structure (Figure 7c,d). Based on this observation, the authors proposed that this quite unique magnetic
magnetic configuration found in these nanoparticles allows the formation of colloidal crystals
configuration found in these nanoparticles allows the formation of colloidal crystals (mesocrystals),
(mesocrystals), just before exhaustion of water from a local system within a hydrous asteroid.
just before exhaustion of water from a local system within a hydrous asteroid.
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Fabrication Routes
Routes
Figure
schematically illustrates
illustratesseven
sevenscenarios
scenariosofofdifferent
different
mesocrystal
formation
pathways:
Figure 88 schematically
mesocrystal
formation
pathways:
(a)
(a)
alignment
by organic
matrix;
(b) alignment
by physical
(c) crystalline
epitaxial
alignment
by organic
matrix;
(b) alignment
by physical
forces;forces;
(c) crystalline
bridges,bridges,
epitaxial
growth
growth
and secondary
nucleation;
(d) alignment
spatial constraints;
(e) by
alignment
oriented
and secondary
nucleation;
(d) alignment
by spatialby
constraints;
(e) alignment
orientedby
attachment;
attachment;
(f)
alignment
by
face
selective
molecules
and
(g)
topotactic
(epitaxial)
solid
phase
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in our recent
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Therefore,
Therefore, in this review we will give some examples of the formation of mesocrystals by topotactic
(epitaxial) solid state transformation (Figures 8g and 9) and we will also briefly introduce techniques
which can be applied for the fabrication of mesocrystals by nanopartical self-assembly (Figure 10).

Figure 8. Simplified schematic illustration of main formation pathways of mesocrystals. (a) Alignment
by organic matrix, (b) alignment by physical forces, (c) crystalline bridges, epitaxial growth and
secondary nucleation, (d) alignment by spatial constraints, (e) alignment by oriented attachment (f)
alignment by face selective molecules and (g) topotactic (epitaxial) solid phase transformation.
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parent phase” [80]. In other words, if the initial material is single crystalline (or mesocrystalline) the
transformation induces the formation of a new phase in a specific crystallographic orientation. If the
phase transformation starts in different parts of the initial crystal (or mesocrystal), then the resulting
material will have a highly dominated mosaic structure (which might or might not transform to a
single crystal at the later stages) and thus be classified as mesocrystals. Several remarkable examples
of mesocrystal synthesis using this pathway have already been reported. Examples include the
formation of anatase (TiO2) from NH4TiOF3 [81,82], LiCoO2 from Co2(OH)3Cl, LiCoO2 from
Co2(OH)3Cl, LiMn2O4, Li2MnO3, and LiMnO2–Li2MnO3 from MnCO3 [83–85] etc. Very recently, SrTiO3
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solution (Figure 9c), in comparison with conventional disordered systems.
The topotactic transformation in solids is well known and has been quite extensively studied for
many classes of solid state materials. Based on the IUPAC (International Union of Pure and Applied
Chemistry) definition, in this type of transformation “the crystal lattice of the product phase shows
one or more crystallographically equivalent, orientational relationships to the crystal lattice of the
parent phase” [80]. In other words, if the initial material is single crystalline (or mesocrystalline) the
transformation induces the formation of a new phase in a specific crystallographic orientation. If the
phase transformation starts in different parts of the initial crystal (or mesocrystal), then the resulting
material will have a highly dominated mosaic structure (which might or might not transform to a
single crystal at the later stages) and thus be classified as mesocrystals. Several remarkable examples
of mesocrystal synthesis using this pathway have already been reported. Examples include the
formation of anatase (TiO2) from NH4TiOF3 [81,82], LiCoO2 from Co2(OH)3Cl, LiCoO2 from
Co2(OH)3Cl, LiMn2O4, Li2MnO3, and LiMnO2–Li2MnO3 from MnCO3 [83–85] etc. Very recently, SrTiO3
mesocrystals with enhanced photocatalytic activity were produced by topotactic epitaxial
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The topotactic transformation in solids is well known and has been quite extensively studied for
many classes of solid state materials. Based on the IUPAC (International Union of Pure and Applied
Chemistry) definition, in this type of transformation “the crystal lattice of the product phase shows
one or more crystallographically equivalent, orientational relationships to the crystal lattice of the
parent phase” [80]. In other words, if the initial material is single crystalline (or mesocrystalline)
the transformation induces the formation of a new phase in a specific crystallographic orientation.
If the phase transformation starts in different parts of the initial crystal (or mesocrystal), then the
Figure
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the formation of anatase (TiO2 ) from NH4 TiOF3 [81,82], LiCoO2 from Co2 (OH)3 Cl, LiCoO2 from
anisotropic electron transport from the inside to the outside. (d) Field emission SEM image of typical
Co2 (OH)
3 Cl, LiMn2 O4 , Li2 MnO3 , and LiMnO2 –Li2 MnO3 from MnCO3 [83–85], etc. Very recently,
SrTiO3 mesocrystals, (e) zoomed image inside the red frame marked in (d). (f) TEM image and
corresponding ED patterns of SrTiO3 mesocrystals. (g) High resolution TEM image of the area marked
with the red-square in (f). Figures are adapted from Ref. [86] with permission of the Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

building blocks in the final product are quite difficult to control) the synthesis of mesocrystals by selfassembly of nanoparticles with pre-selected composition, size and shape allows us to obtain materials
with defined structure and properties [22,25,33,34,50,59,87–90]. Figure 10 illustrates different
assembly techniques which can be applied to generate mesocrystals with highly ordered structures
(including
Crystals 2017, both
7, 207 translational and orientational orders of nanoparticles). Depending on the selected
10 of 17
method, the formation of 2D and 3D mesocrystals can occur directly in solution (Figure 10b,h), on a
substrate surface (Figure 10a,b,c,g) or at a phase interface (Figure 10e,f). Furthermore, an external
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In comparison to topotactic solid phase transformations (in which size and distribution of the
3. Future Outlook in Mesocrystal Research and Developments.
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The major future developments will be twofold. New mesocrystal applications will be investigated
and already existing applications improved. At the same time, though, developments in analytical
techniques namely in-situ techniques like AFM, TEM and High Resolution (HR)-TEM or other
in-situ microscopic and diffraction techniques, namely SAXS/WAXS, Grazing-Incidence Small-Angle
Scattering (GISAXS)/ Grazing-Incidence Wide-Angle Scattering (GIWAXS), will allow for the
observation of the mechanisms of mesocrystal formation, and understanding of their structuration
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principles, in much more detail than it was possible before. Introduction of new methodological
approaches of characterization and interpretation of mesocrystal structures, as well as defining
structuration principles, will certainly allow for a deeper mechanistic understanding and the
development of a theoretical description and understanding of mesocrystal formation and structure.
Such theory is highly desired, since it would allow the prediction of the experimental outcome upon
changes of experimental variables. Currently, a large part of optimization of mesocrystal formation
reactions is done by trial and error so that a theoretical framework would largely catalyze optimization
of mesocrystal formation reactions. This is particularly of importance if one thinks of the industrial
application of mesocrystal systems, which is as of yet out of reach, since many mesocrystals are formed
under hydrothermal conditions with long ripening times, or at room temperature in organic solvents
by very slow evaporation, or in-diffusion of a non-solvent under quiescent conditions. What is needed
are fast and easily controllable self-assembly mechanisms, which ideally work at room temperature.
These are still missing and although Nature has shown the way of mesocrystal synthesis under
such conditions, the formation strategy of mesocrystalline Biominerals is by no way fast enough for
industrial demands. Therefore, either specialized and very selective and cheap organic additives need
to be designed, which drive mesocrystal formation—ideally for many different systems—or a different
strategy has to be designed working with many different tanks allowing for long ripening times.
To answer the question of where future applications are expected, it is helpful to take a look
where mesocrystals are currently applied. One application area of current interest is the application
of mesocrystals as electrodes in Li-ion batteries [45]. The mesocrystalline electrodes can provide the
stability of microsized electrodes combined with the required large reactive surface of nanoparticles.
So far reported mesocrystal anode materials are TiO2 , SnO2 , CuO and Fe2 O3 with a focus on TiO2 .
Cathode materials are VO2 , V2 O5 , LiMn2 O4 , LiMn1.5 Ni0.5 O4 , LiFePO4 . Mesocrystals are very suitable
in this area because of the crystalline nature of the nanobuilding blocks and the nanocrystal orientation
eliminating grain boundaries combined with the high porosity leading to a better charge and mass
transport. Increasing the porosity even further while simultaneously decreasing the nanoparticle size is
a goal in this area and considering the huge interest in battery technology, application of mesocrystals
as electrode materials in Li-ion batteries will certainly be an important future application.
For the same reasons as stated above for electrode materials, mesocrystals are very good for
applications as catalysts or sensors. As an example, for catalytic applications a particular advantage
is the possibility to expose high energy surfaces like {001} of TiO2 , which are especially catalytically
active. This will certainly be a goal of future research in this field, in addition to the increase of porosity
and decrease of the nanoparticle size. All of the aforementioned applications require a good mass
transport and therefore, a high porosity. This calls for mesocrystal synthesis routes, which do not apply
organic additives, and which are not only costly, but can also block the pores for mass transport after
mesocrystal assembly, so that in extreme cases, the pores are not even accessible anymore by small
molecules like N2 . Due to the importance of the named materials, certainly research effort is necessary
for the improvement of additive-free mesocrystal synthesis routes.
In other very promising areas, mesocrystals have not found application so far, like solar cells.
For example, quantum dot based solar cells could take advantage of the special optical and electronic
size-based quantum dot properties and simultaneously profit from charge transfer properties similar
to those in single crystals. Or in dye sensitized solar cells, the large surface area would be beneficial for
the electron transport. Therefore, research activities in these highly important areas can be expected.
Also, for plasmonic materials, the two different surface plasmon resonance bands for metal
nanorods can lead to interesting directional couplings in metal nanoparticle mesocrystals, and therefore,
further exploitation of metal nanoparticle mesocrystals can be foreseen for the future. A similar
application range can be foreseen for mesocrystals from magnetic nanoparticles where coupling of the
magnetic fields can be exploited. For example, linear arrangement of magnetite nanoparticles leads
to coupling of their magnetic fields in a way that they magnetically behave like a single rod-shaped
magnet with high magnetic field strength (Figure 6 blue frame).
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Considering the medical field, mesocrystals are also underrepresented. If one keeps in mind that
bone or dentin in teeth show a mesocrystalline arrangement of the hydroxyapatite platelets on the
lowest hierarchical tier, application of mesocrystals in medical applications related to bone or teeth can
be expected. For example, mesocrystalline bone implants would mimic the natural bone structure as
closely as possible. The same is true for dentine in teeth. Besides these applications, a huge potential
of mesocrystals is seen in pharmaceutical formulations. If drugs with a mesocrystal structure can be
realized, their dissolution kinetics can be enhanced significantly since the advantageous solubility of
nanoparticles can be combined with micro/macroscopic particles which can be easily handled with
existing technology. A first demonstration was reported for Ibuprofen [91].
Taking the lessons from biomineralization, mesocrystal structures should also be very promising
in building materials. Their mechanical properties can certainly be much enhanced by a layered
organic–inorganic structure. However, the synthesis of mesocrystals might be too costly in this
application area and perhaps, the required mass production of mesocrystalline building materials is
also not possible to the required extent.
What is essentially, up to now, an untouched area in mesocrystal research, is mesocrystals
of organic nanocrystals; although, alanine [92], lysine [93], perylentetetracarboxylate [94] and
ibuprofen [91] were reported as very first examples to form mesocrystals. The potential in
pharmaceutical formulations was already mentioned above and this concerns organic nanocrystals.
However, the example of perylenetetracarboxylate as a n-type semiconductor demonstrates that optical
and electronic properties can also be influenced by the mesocrystal structure so that future potential
for mesocrystalline structures is also seen in organic electronics and optoelectronic applications.
Besides the aforementioned “classical” mesocrystalline structures which mainly rely on the
arrangement of a single nanocrystal species, one can also envision hybrid structures. For example,
conducting materials like graphene or metal nanowires or conducting polymers could be used as
building/spacer units in the mesocrystal formation besides the nanocrystals, and in that way, allow
for the fabrication of nanoelectronic devices.
Also, if not only one nanocrystalline species is applied for mesocrystal formation, but two or
more, the properties of these nanocrystals can be combined leading to new and emergent properties.
For example, quantum dots with a fluorescence at the wavelength of the plasmon resonance of
a metal nanoparticle could compensate for the energy loss due to light absorption by the metal
nanoparticle. Also the combination of magnetic and metallic nanoparticles might lead to interesting
properties. Or more generally, nanoparticles with disparate properties could be combined, leading to
combinations like hard—soft or conductor—isolators, which could lead to mechanically improved
materials or materials with outstanding electrical properties like super capacitors. The potential
of such mesocrystalline structures is tremendous, but such combination is by no means easy. It
relies on nanoparticles with the same size or shape or at least compatible sizes and shapes which
can be self-assembled to ordered structures. In addition, the surface chemistry of the nanoparticles
needs to be compatible either in the form of the same stabilizer like oleic acid, for example, or the
same kind of charge stabilization. Furthermore, even if such binary mesocrystal systems assemble,
it is not yet clear if the two nanoparticle species will randomly mix, or will form highly ordered
new supperlattices, or if domains of the same nanoparticles will be assembled. Despite the already
foreseeable difficulties, such multiparticle systems have great potential for mesocrystals toward a
toolbox for tailored mesocrystal properties.
In summary, the focused and systematic research on mesocrystals (which are a special type of
nanostructured materials) only started about 10 years ago, but already now, mesocrystalline materials
with outstanding properties, or even otherwise unreachable properties for the bulk material under
consideration are available. However, the greatest obstacle for a targeted fabrication is the so far
insufficient understanding of mesocrystal formation mechanisms, structuration principles and the
lack of a theoretical description. Mesocrystals are still a challenge for analytics and the progress
in analytical equipment development will hopefully help to solve the open questions related to
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mesocrystal formation, structure and properties. On the application side, the potential has already
become obvious, and due to the advantages of mesocrystals in energy related or catalysis applications,
a lot of research activity and progress can be expected in this globally important area. However, the
application range of mesocrystals is by far broader than what is currently known. Therefore, a lot of
exciting developments can be expected in the field of mesocrystals—we are very curious about what
will emerge.
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