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Wet chemistry nanoarchitectonics for
nanocrystal-based films

Gaulthier Rydzek*® and Katsuhiko Ariga @ *®<

Just as nanotechnology has provided a guiding framework for exploring phenomena at the nanoscale, the
concept of nanoarchitectonics united and highlighted interdisciplinary approaches for constructing
functional materials from basic nano-units such as atoms, molecules, and nanomaterials with precise
nanoscale control. Within this context, a variety of nanoarchitectonic approaches were developed to
achieve thin films structured at the nanoscale to offer tailored surfaces for applications. This review
showcases the unique features and implications of wet-processed thin films of nanocrystals, spanning from
assembly techniques to applications. Assembly methods include affordable and scalable adsorption
approaches (i) such as the Langmuir-Blodgett (LB) method, layer-by-layer (LbL) assembly, spin coating,
automated one-drop assembly, and spontaneous self-assembly. Electrochemical deposition approaches (ii)
are also described since they offer a complementary route for spatially specific thin film deposition and for
designing electrochemical devices. Both adsorption and electrochemistry-based approaches have utilized
a wide variety of pre-formed nanocrystals (e.g. nanoparticles, two-dimensional materials, perovskites,
nanocellulose...) with a 0D, 1D or 2D dimension. Yet, ionic precursors were also used, enabling the
formation of nanocrystals in situ (iii). These strategies gave access to advanced surface architectures
(nanosheets, hierarchical films, mesoporous and twisted structures) enabling highly sensitive sensors,
ultrathin  catalysts, electromagnetic interference shielding, structurally colored cellulose films,
electrocatalytic water oxidation, functional electrodes and asymmetric solid-state devices. In particular, this
review highlights recent examples of functional crystal films with chiral properties using circular dichroism
and circularly polarized luminescence for sensing, optoelectronics, and smart materials. Future directions
and opportunities in wet chemistry nanoarchitectonics for nanocrystal-based films include external process

coupling, machine learning integration, and industrial-scale production.

Humans initially sourced materials from Nature and
refined them for practical use. In the 20th century, the field

Nowadays, human society faces significant challenges related
to energy and resources,' environmental issues,” and ongoing
biomedical concerns.®* While improving social systems and
leveraging information technology can sometimes offer
solutions (for instance recent advances in artificial
intelligence have demonstrated notable benefits), progress in
the physical world, not just in cyberspace, remains crucial. In
other words, the quality of tangible functional materials and
systems will continue to define our standard of living, and
even in the era of artificial intelligence, the importance of
materials science remains undiminished.
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of materials chemistry expanded, leading to the creation of
new organic* and inorganic materials,” coordination
complexes,® polymers,’ supramolecular systems,®
biochemical substances,’ and hybrid composites combining
these materials.'® A major turning point in these
advancements was the emergence of nanotechnology in the
mid-20th century."* Nanotechnology has become a powerful
methodology for observing,'*> manipulating'> and for
elucidating the wunique properties of materials at the
nanoscale. At the same time, it has demonstrated the
importance of controlling nanostructures in functional
materials. Indeed, it has become clear that not only the
chemical composition of materials but also the precise
control of their shapes and internal nanoscale structures can
significantly enhance their functionality."® This realization
has spurred the development of research areas focused on
creating materials with nanostructured properties, such as
self-assembly’® and other assembly methods,"” metal-organic
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frameworks (MOFs)'® in coordination chemistry, covalent
organic frameworks (COFs)' in polymer chemistry, and the
design of ordered microporous and mesoporous materials
in materials chemistry.

The development of these fields 1is distinct yet
interconnected as they converge in the progression of
materials development, the understanding of nanostructures,
and the creation of materials with nanoscale characteristics.
Just as nanotechnology has established an impactful and
foundational direction for studying nanoscale phenomena,
nanoarchitectonics was proposed to define a direction that
integrates methods for materials development under
nanoscale control. This approach will stimulate research and
development more effectively than if each field were to
advance independently. Nanoarchitectonics was introduced
by Masakazu Aono at the start of the 21st century’' as a
broad and inclusive concept for constructing functional
materials from nano-units such as atoms, molecules, and
nanomaterials.*?> It encompasses numerous fields without
imposing specific limitations on the materials used or their
applications. Drawing an analogy to the super unification
theory in physics, which is aiming to a theory of everything,>*
nanoarchitectonics has the potential to serve as a universal
methodology in materials science.>® With this perspective, it
is beneficial to discuss the overview by focusing on particular
examples that also encourage a reevaluation of the field.

In this review, we aim to provide the materials science
and physical chemistry communities with an informed
overview of recent conceptual and applicative developments
in nanocrystal thin films assembled by wet chemistry
nanoarchitectonics. The combination of nanocrystals, which
can be deliberately structured at the nanoscale, with thin
films, which hold significant promise for applications, is
indeed ideal for illustrating the importance of constructing
functional material systems from the nanoscale.

Nanocrystals® are well-suited for the design, prediction,
and realization of functions in small-scale structures.
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Because their atomic and molecular arrangements and
shapes are fixed, nanocrystals possess a defined regular
structure, making their functions predictable. They find
wide application as optical functional materials, catalytic
materials, magnetic materials, and bio-related materials.
Nanocrystals often exhibit properties distinct from those of
bulk crystals and amorphous materials. Indeed, at the
nanoscale, the surface lattice bonds of the material are
partially broken, resulting in physical properties that differ
from those of solids. When ecrystals are formed from
nanocrystals, the constituent particles must be forcibly
bound together, leading to the formation of grain
boundaries with disordered atomic arrangements between
particles. The high proportion of these boundaries imparts
unique physical properties. In addition to typical metal,*
organic  molecular,”” and  polymer*®  nanocrystals,
nanomaterials with a variety of functions are widely utilized
to form nanocrystals. The materials discussed in this review
include two-dimensional (2D) transition metal
dichalcogenide nanosheets, plasmonic supercrystals, lead
halide perovskites, organic-inorganic hybrid perovskites,
zeolites, and nanocellulose, among others. Although these
represent only a fraction of the many notable examples, the
functions and related applications described here are
already  highly  diverse, = encompassing  photonics,
plasmonics,  optoelectronics, electrocatalysis, sensing,
storage, catalysis, separation and nanodevices. Of particular
interest are the properties of chiral nanocrystals, which
include chiral light absorption and emission, polarized
light detectors and chiral second harmonic generation.
These unique properties enable applications for
enantioseparation, chiral catalysis, chiral sensing, and the
control of quantum states in chiral materials under
magnetic fields. Thus, chiral thin films encompassing
nanocrystals are another demonstration of the value of the
nanoarchitectonic approach for designing a wide range of
functionalities.
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Considering the above functions, the morphology of thin
films is highly advantageous and their integration with
functional materials such as nanocrystals is essential for
device fabrication. Thin films not only benefit devices but
also provide increased useful surface area and facilitate the
reception of external stimuli. Although there are many dry
processes for producing thin films, including the vacuum
deposition of DNA and related substances,” these assembly
methods are generally challenging to apply to materials of a
certain size, such as nanocrystals. In such a case, wet film
formation approaches are well-suited as they allow the
processing of a wide range of pre-formed nanomaterials,
regardless of their composition or shape. Therefore, thin film
formation of 2D nanosheets by exfoliating layered materials®°
in solution and wet processes like normal adsorption,®
electrochemical deposition,* casting,” and spin coating™
are all commonly used. For finer control over the nanoscale
films, interfacial science techniques can be used, including
the self-assembled monolayer (SAM) technique,® the
Langmuir-Blodgett (LB) method,*® and the layer-by-layer
(LbL) assembly.”” The latter is particularly effective for
fabricating multilayer thin films of nanocrystal-like materials
such as colloidal particles,®® quantum materials,® and
biological materials.*® In this review, we present research
examples utilizing these and related techniques.

In this review, entitled “Wet chemistry nanoarchitectonics
for nanocrystal-based films”, the fabrication of nanocrystal
thin films through wet chemical processes and their resulting
functional properties are explored (Fig. 1). The review is
structured around three primary thin film fabrication
strategies: (i) functional films assembled via adsorption of
pre-formed nanocrystals, (ii) electrochemical deposition of
pre-formed nanocrystals, and (iii) functional crystal films
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synthesized from ionic precursors. Special attention is given
to the dimensionality of pre-formed nanocrystals spanning
0D, 1D and 2D, and its influence on the resulting thin films.
Relevant advanced techniques are described such as layer-by-
layer (LbL) assembly and liquid-surface processes akin to the
Langmuir-Blodgett (LB) method, alongside applications and
theoretical frameworks like graph theory for structural
analysis. A dedicated section (iv) highlights pioneering
advancements in chiral thin film design and functionality,
enabling cutting-edge chirality-related applications. Given the
vast diversity of nanocrystal targets, functions, and
applications, a fully systematic organization is challenging.
Instead, this review emphasizes the defining features and
broader implications of wet-processed nanocrystal thin films
through selected case studies. The concluding section
outlines  future  opportunities in  wet chemistry
nanoarchitectonics for nanocrystal-based films, addressing
scalability, multifunctionality, and integration with emerging
technologies like machine learning. These themes highlight
the transformative potential of nanoarchitectonics from the
angle of nanoscale engineering in advancing functional thin
films.

2. Thin functional films assembled by
adsorption of pre-formed
nanocrystals

In order to achieve precise control over nanocrystal-based
functional films, it is often necessary to synthesise nano-
units with the desired structural and functional features
before assembling them into films, either alone or with co-
deposited precursors. This approach offers a significant
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Fig. 1 Utilization and device integration of crystals with nanoscale control into thin films by nanoarchitectonics based on wet chemistry

approaches including Langmuir-Blodgett, layer-by-layer and spin-coating.
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advantage in that it facilitates the integration of diverse
chemistries and building blocks of varying shapes and sizes
into thin films, utilising a limited number of processing
tools. In this regard, the elaboration of films by means of
adsorption processes is particularly noteworthy as it is both
the most accessible and cost-effective method, encompassing
techniques such as spin coating, dip coating, LbL and LB
assemblies. The obtained nanostructured coatings fully
embrace the realm of nanoarchitectonics, as they combine
well-defined nanostructures into larger materials where both
the individual and collective properties of nano-units can be
harvested to offer defectresilient functions. As the
dimensionality of nanomaterials exerts a critical influence on
these properties, this section introduces functional
nanocrystal thin films as a function of the dimensionality of
the precursors.

2.1. Functional films formed from 2D crystals

Two-dimensional (2D) nanosheets, defined as single-layer
structures obtained by exfoliating layered compounds,
exhibit molecular-level thinness and a variety of attractive
properties.*" The fabrication of nanodevices using 2D
nanosheets is a highly appealing research objective that
requires precise positioning of 2D nanosheets on device
substrates. This is possible by wusing a spin-coating
approach, as comprehensively demonstrated by Sakai and
Sasaki (Fig. 2).** It was demonstrated that 2D nanosheets
self-assemble during the spin-coating process, leading to a
surface coverage that depends on the rotation speed used
(A4 « 1/0®). Consequently, the systematic investigation of
the influence of key processing parameters (e.g. spin-
coating rotation speed, nanosheet suspension concentration

: Spin-coating
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and substrate surface size) allowed providing guidelines for
controlling the organization of 2D nanosheets on the
substrate, yielding high-quality monolayer films. The
method has been successfully applied to various types of
nanosheets (e.g. MoS, and Tiyg,0,"°>7) and substrates,
including flat and rough indium tin oxide (ITO) substrates
and silicon wafers.*> Finally, a new mechanistic model was
proposed for nanosheet film formation on the solvent
surface rather than directly on the substrate.

The controlled production of high quality 2D thin films is
a key element in creating devices that exploit the full
potential of 2D nanosheets. The automation of such 2D
device fabrication is desirable and will facilitate high-
throughput synthesis and screening. Osada and colleagues
have reported a novel strategy for producing large-area,
highly oriented, and densely packed 2D nanosheet films via a
continuous flow-assisted assembly method (Fig. 3).** They
demonstrated the adaptability of one-drop assembly in
automated fabrication utilizing a pipetting device. By
carefully adjusting key control parameters (e.g. concentration,
aspiration speed, and substrate temperature), dense
monolayer films with high coverage (>95%) were obtained
within 1-2 minutes, while ensuring the orderly arrangement
of 2D nanosheets. This method enabled (i) the use of
continuous flow to obtain nanosheet-oriented films, (ii) the
scalable fabrication of films with controlled thickness
(through multiple deposition), and (iii) generalization to
different 2D materials, including Ti,g,0,, Ca,NbzO;, and
MoS, nanosheets. These cumulated advantages positioned
this method as a prime candidate for designing energy
storage, electronics, and membrane technologies when
compared to conventional techniques such as the Langmuir-
Blodgett deposition or vacuum filtration.

— e st
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; |
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a substrate,

Fig. 2 Spin-coating process for fabricating monolayer films of 2D nanosheets for optimising the production of high-quality monolayer films with
the effects of key parameters such as the spin-coating rotation speed, the concentration of the nanosheet suspension and the size of the substrate
surface. Reprinted with permission from ref. 42 copyright 2022 American Chemical Society.
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Despite the perspectives offered by this method for on-
demand deposition and cost-effective fabrication of 2D
devices, further refinement of the pipetting device will
optimise the adaptability of one-drop assembly and pave the
way for various 2D nanosheet applications. The same group
also demonstrated a novel method for ultrafast assembly of
2D nanosheet films via spontaneous spreading on a water
surface (Fig. 4).** By employing a water/ethanol suspension
containing a cationic surfactant, Marangoni-enhanced
spontaneous spreading of large, uniform 2D films on the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 3 A novel approach to the fabrication of large-area, highly oriented and densely packed 2D nanosheet films using one-drop assembly: series
of photographs in the film deposition process for Tig g7O, nanosheets (top) and plausible model for the 2D film formation mechanism (bottom).
Reprinted with permission from ref. 43 copyright 2023 American Chemical Society.

water surface was induced within 10 seconds. Both the speed
and the assembly efficiency of this approach were
outstanding compared to conventional adsorption
techniques. In short, the exploitation of the Marangoni effect
(i.e. the mass transfer along an interface between two phases
caused by a gradient in surface tension) and surface tension
gradients was demonstrated to drive the rapid self-assembly
of 2D nanosheets with the capability for both large-scale (>4
inches) deposition and minimal material wastage. For
instance, merely 10 uL of suspension sufficed to coat a 4-inch

droplet

/ Nanosheet

Spontaneous spreading

—————————

Fig. 4 A method for ultrafast assembly of 2D nanosheet films via spontaneous spreading on a water surface using a water/ethanol suspension
containing a cationic surfactant (tetrabutylammonium hydroxide ion) to induce Marangoni-enhanced spontaneous spreading of large uniform 2D
films on a water surface within 10 seconds: schematic illustration of spontaneous spreading of 2D nanosheets (top), series of photographs of the
spontaneous spreading process (middle), and schematic illustration of the spreading behaviour of a nanosheet suspension (bottom). Reprinted with

permission from ref. 44 copyright 2024 Wiley-VCH.
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diameter surface, in stark contrast to traditional deposition
methods such as spin coating (wasting more than 90% of the
suspension for a single layer). Furthermore, sequential
multilayer deposition enabled the on-demand production of
large 2D nanofilms and freestanding films suitable for
industrial-scale manufacturing. The broad applicability of
Marangoni-enhanced film-assembly was demonstrated with
various 2D materials, including metal oxides, graphene oxide,
h-BN, MoS,, and MXene. The method's versatility was further
demonstrated via the fabrication of functional films, such as
transparent conductive RuO, films exhibiting 81-96%
transmittance and 100-400 Q sq " sheet resistance, as well as
iridescent optical films composed of high refractive index
Tiy5-0, and Ca,Nb;O,, nanosheets. This combination of
optical transparency and electrical conductivity is on par with
the performance of ITO electrodes, positioning RuO, films as
credible alternatives.

As a versatile class of materials with well-defined porous
structures, zeolites are widely used as industrial catalysts and
adsorbents.*® Two-dimensional zeolite nanosheets are
remarkably performant nanomaterials that cumulate a great
abundance of active sites with rapid ion/molecular diffusion
pathways. Using the layer-by-layer (LbL) strategy, Sasaki and
colleagues®® developed hierarchical films from exfoliated
unilamellar zeolite nanosheets. The alternating adsorption of
cationic polymers and zeolite nanosheets produced
composite multilayer films with strategic sequencing of
MWW- and bifer-type zeolite nanosheets (Fig. 5). These novel
hierarchical films with dual zeolite nanosheet types benefited
from nanoscale precision in film thickness (2-3 nm per layer)
and compositional control, resulting in engineered zeolite
architectures with customized pore structures unattainable
through traditional synthesis routes. Distinct hierarchical
architectures were obtained through designed MWW-bifer
nanosheet deposition sequences which demonstrated
structure-dependent adsorption properties using rhodamine
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B dye as a model system. It is clear that such customized
ultrathin architectures will support advanced applications in
the future, including high-precision sensors, ultrathin
catalytic layers, and efficient ion-exchange systems. Future
functionalization potential is particularly evident when
applied to MFI-type zeolites, where pore orientation
perpendicular to the layers facilitates three-dimensional
molecular transport.

The multilayer and hierarchical control conferred by the
LbL approach is of particular interest for reflecting
electromagnetic waves, a property that is needed for
mitigating electromagnetic interference (EMI). Indeed,
engineering interfaces between conductive materials with
markedly different impedances not only reflects
electromagnetic waves but also provides strong electronic/
magnetic dipoles that absorb electromagnetic waves to
further reduce EMI. An additional attenuation can even be
achieved by leveraging multiple internal reflections in the
films, which occur due to scattering structures or defects
within the shielding material itself. A notable approach to
EMI shielding was reported by Kim and co-workers, who
developed hierarchical porous copper films using a cost-
effective LbL assembly of 2D copper nanosheets (Fig. 6).*”
Large single-crystalline copper nanosheets were vertically
stacked, resulting in the simultaneous formation of
multilayered 2D structures and sheet-like cavities enabling
the combination of copper's high electrical conductivity with
a tailored porous architecture to enhance shielding
effectiveness. The resulting films showed exceptional EMI
shielding effectiveness, reaching 100 dB for a thickness of
just 15 um with a high specific shielding effectiveness of
292000 dB cm® g' at 1.6 um thickness. In comparison,
commercial EMI shielding typically achieved lower efficiency
(<80 dB) for thicker films (>100 pm). The shielding
effectiveness was retained over 24 months under ambient
conditions, while around 80 dB was still achieved after
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Fig. 5 Fabrication strategies of hierarchical films of exfoliated unilamellar zeolite nanosheets, MWW and bifer zeolite nanosheets, using LbL
assembly in different stacking orders. Reproduced under terms of the CC-BY license from ref. 46, 2024 Wiley-VCH.
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Fig. 6 Hierarchical porous copper films fabricated by LbL assembly for electromagnetic interference shielding, where large sheets are vertically
stacked to simultaneously create multi-layered 2D structures and sheet-like cavities: actual morphology (left) and model (right). Reprinted with

permission from ref. 47 copyright 2021 American Chemical Society.

annealing at 200 °C for one hour. In addition, the film
exhibited mechanical flexibility, maintaining performance
after 5000 bending cycles. LbL-produced porous copper films
are thus strong candidates for integration into next-
generation commercial shielding barriers, demonstrating
how the film-integration of 2D metallic nanocrystals can
enable practical advancement across a broad spectrum of
electronic applications.

2.2. Functional films formed from 1D crystals

While non-stabilized 2D nanocrystals have a natural tendency
towards stacking in solution, which 1is beneficial for
designing films, the planar orientation of 1D nanocrystal
assemblies is more challenging. Nevertheless, this reduced
dimensionality also provides opportunities for new functions
to emerge, such as chiral films and complex entangled
nanostructured coatings.

Chirality arises from spontaneous symmetry breaking and
is considered a fascinating scientific phenomenon with
profound implications across all length scales.® Hierarchical
nanocrystal assemblies are particularly valuable for
investigating how chirality can be amplified through
symmetry breaking, as they allow for the study of chirality
transfer across multiple size regimes. Hanrath and co-
workers have carried out comprehensive research on the
emergence and reversal of chirality in hierarchical assemblies
of CdS nanocrystal fibers.”> The ability to precisely control
the hierarchical structure of fiber arrays was identified as a
key direction for future research and represents a significant
advancement toward the programmable formation of
chiroptical ~ metamaterials. Hierarchical nanocrystal
assemblies were formed with CdS nanocrystals arranged in
bands of approximately 2 pm, and these structures were
uniform across over 2 cm scale films. An unusual observation
of opposite chirality was made between the top and bottom
surfaces of the films. The relationships between the process,
structure, and properties in these systems were clarified by

5046 | CrystEngComm, 2025, 27, 5040-5069

systematic investigation of the geometrical arrangement of
CdS nanocrystals in hierarchical assemblies and its effect on
the chiroptical properties. Consequently, a novel mechanism
for chirality inversion was proposed, based on the interplay
of hydrodynamic and physicochemical processes. These
findings highlight the importance of the mesoscale structure
in determining chiroptical properties, particularly with
respect to variations in fiber orientation and undulation
amplitude. Therefore, the development of more complex,
macroscopically patterned chiroptical films will need to
consider design principles such as the control of local
hydrodynamic conditions. Indeed, by modifying the substrate
and designing patterns with specific local contact angles, it is
possible to manipulate local hydrodynamic shear and thereby
design and fabricate chiroptical metamaterials with improved
structural characteristics. The hierarchical structure of fibre
arrays is thus an exciting step towards the programmable
formation of chiroptical metamaterials with potential
applications in sensing, hyperspectral imaging, and quantum
information technology.

The development of breakthrough materials necessitates
the simultaneous consideration and optimization of multiple
properties, including electrical, mechanical, thermal, and
optical characteristics. Achieving such multidimensional
optimization is inherently challenging and often requires
empirical iteration of assembly techniques. Computational
models may serve as critical tools for accurately predicting
the interdependent properties of complex structures,
enabling concurrent calculations of mechanical deformation,
charge transport, and optical absorption. Glotzer, Goss,
Kotov, and collaborators have introduced a novel approach
for designing and analyzing multifunctional nanostructured
coatings through the integration of LbL assembly and graph
theory (Fig. 7).°° Their work demonstrated that graph theory
can effectively describe the structural and functional
characteristics of LbL composites comprising Ag and Au
nanowires. A  predictive framework for complex
nanostructured materials was established via the direct use

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 An approach to the design and analysis of multifunctional nanostructured coatings using LbL assembly and graph theory, which provides a
framework for predicting and tuning multiple properties simultaneously: schematic of 2D confinement of adsorbed nanowires (top) and actual
image and graph theory models for LbL assemblies of Ag nanowires and Au nanowires (bottom). Reprinted with permission from ref. 50 copyright

2025 Elsevier.

of microscopy images to inform graph theoretical models
and the description and prediction of anisotropic properties
in aligned nanowire films. For instance, sheet resistance in
multilayer films and correlated bond percolation thresholds
with current-carrying capacity were accurately predicted.
Prediction of conductivity anisotropy in aligned nanowire
films was also realised and scalability was demonstrated.
Therefore, graph theory parameters provided practical
structural descriptors for composites incorporating diverse
rod-like nanoscale components and offered a benchmark for
enhancing machine learning interpretability. This feature is

Spray-induced
orientation of AgNWs
(bottom layer)

LbL-assembly of a
polyelectrolyte multilayer spacer

often absent in conventional image analysis algorithms.
Furthermore, the non-linear and non-reciprocal effects of
seemingly simple parameters expanded the applicability of
machine learning tools for property prediction in such
systems.

Combining 1D nanocrystals with grazing incidence
spraying and LbL assembly allowed the development of
nanostructures exhibiting strong and spectrally tunable
circular dichroism (CD) bands (Fig. 8).°* In such coatings,
interparticle interactions and plasmonic coupling critically
influence the chirality and associated chiroptical properties

Spray-induced
orientation of AgNWs
(top layer) :

Sample Rotation Angle

Fig. 8 A method to fabricate chiral plasmonic nanostructures with highly tuneable chiroptical properties using a combination of grazing incidence
spraying and LbL assembly. Reprinted with permission from ref. 51 copyright 2021 American Chemical Society.
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of surfaces. This unique property makes them highly valuable
for chiral sensing applications involving molecules with weak
intrinsic chiroptical signals and absorption bands in the UV-
visible range. This approach enabled precise control over
mesostructural features, such as nanoscale spacing between
plasmonic layers and the angular orientation of Ag nanowire
layers, facilitating tailored chiroptical responses with
exceptionally high CD values across broad spectral ranges.
The structure-dependent optical properties were effectively
modeled using a transfer matrix formalism, establishing
straightforward design principles for engineering chiral
plasmonic metasurfaces with targeted functionalities.
Distinctive advantages of this method included (i) fine
mesostructural control for tuning chiroptical properties, (ii)
scalable fabrication using commercially available materials,
and (iii) independent modulation of CD intensity (via angle
a) and spectral profiles (via interlayer spacing d). The CD
activity was directly governed by structural parameters:
increasing interlayer spacing induced the redshift of CD
peaks in the visible/NIR region, while interference effects at
larger spacings (>100 nm) produced oscillations in the CD
spectra. The scalability of this technique was demonstrated
through large-area fabrication on 12" x 12" substrates.
Therefore, such chiral plasmonic metasurfaces hold promise
for polarization-sensitive photodetectors, chiral second
harmonic generation, enantioseparation via chiral optical
forces, and catalytic or sensing applications.

Decher, Pauly et al. have extended the same approach to
the fabrication of large-area, highly ordered nanoparticle
superlattice films to create chiral Bouligand-type assemblies.
Bouligand structures are hierarchical structures composed of
multiple layers of aligned fibers, with each layer rotated at a
fixed angle relative to the previous one. This resulted in
functional films with twisted morphologies, providing an
efficient route for producing large-area chiral plasmonic
metasurfaces (Fig. 9).>> A key advantage of these architectures
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is that chirality can emerge solely from the spatial geometric
arrangement, even when the fundamental building blocks
(1D objects) themselves are achiral. Such structures are found
in nature and are responsible for remarkable mechanical
properties, as exemplified by the phalanx of the mantis
shrimp. Artificial fabrication of Bouligand structures is also
possible through methods such as nanolithography, which
can result in pronounced circular dichroism. Combining 1D
nanocrystals with grazing incidence spraying and LbL
assembly allowed tuning the nanoscale pitch direction,
including left- or right-handed orientation, by simple rotation
of the sample during the spray deposition of individual
nanorod or nanowire layers. Consequently, highly ordered
superlattice films with domain sizes exceeding 50 um® were
obtained onto various substrates with helical anisotropy and
long-range orientational order with correlation lengths up to
1 mm. This methodology confers significant benefits in
scalability, long-range order, and versatility, enabling the
production of highly ordered nanoparticle superlattice films
and allowing for precise tuning of optical properties through
control of interparticle spacing and superlattice architecture
properties. This method for long-range structural ordering
was applied to a broad spectrum of nanoparticle types and
sizes (e.g. Au, Ag, Fe;0,4, and PbS with sizes ranging from 5 to
20 nm), providing a promising strategy for the template-free
fabrication of chiral structures with nanoscale structural
tuning. Ultimately, this facilitates the design of advanced
multi-material nanocomposites with complex anisotropic
characteristics.

1D nanocrystal-based chiral films with circularly polarised
luminescence were also obtained via the Langmuir-Schaeffer
technique. These materials attracted considerable attention
due to their potential applications in three-dimensional
optical displays, bio-encoding, asymmetric catalysis and
photovoltaic devices. Ma, Kuang and co-workers have
successfully fabricated chiral light-emitting films with robust

2 Layer Film

Three Layer Film

Fig. 9 Fabrication of chiral Bouligand-type LbL assemblies by oblique incidence spraying with controlled directions and angles, which is an
efficient approach to fabricate large-area chiral plasmonic metasurfaces. Reprinted with permission from ref. 52 copyright 2021 American

Chemical Society.
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Fig. 10 Fabrication of chiral plasmonic nanostructures with highly tuneable chiroptical properties using CdSe/CdS semiconductor nanorods by
the Langmuir-Schaeffer method. Reprinted with permission from ref. 53 copyright 2021 Wiley-VCH.

and highly tuneable chiroptical activity properties using
CdSe/CdS semiconductor nanorods (Fig. 10).>* In this work,
semiconductor nanorods (used as an alternative to
conventional metal nanoparticles) were integrated in the
films with precise structural control by modulating the
number of deposited layers and the interlayer angular
orientation. Large-scale fabrication (>4 inches) of uniform
chiral films was achieved, complemented by electromagnetic
simulations that validated the chiral characteristics of the
assembled  architectures.  Leveraging the intrinsic
luminescence of CdSe/CdS nanorods, the resulting chiral
films exhibited both pronounced chiral activity and
substantial circularly polarized luminescence (CPL) signals,
broadening the functional scope of circularly polarized
luminescence devices in practical applications.

2.3. Functional films formed from 0D crystals

While 2D and 1D nanocrystals promote the formation of
stacked or entangled networks inside thin films, large-scale
structural order in 0D nanocrystal films, which relies on their
good packing, is not easily achieved. In fact, thin film
integration of 0D nanocrystals is by far the most investigated
case in the context of adsorption-based wet-chemistry
assembly of nanocrystal films. Achieving structural control of
these films has been the focal point of recent investigations,
with the aim of rationalizing their structure-composition—
property relationship.

The self-assembly of cellulose nanocrystals into
structurally colored films is of particular interest due to the
potential for developing more sustainable photonic pigments.

Surface . Controlled . Heat Grinding and size
activation { SRt ‘ drying i treatment sorting
Corona Slot-die Hot air dryer Lifting off Oven Mill and sieves

(optional) .
- P 5 &)
| I i Lifting \s
Hydrophilic ~ CNC suspension c i CNCfilm  blade £ “#—Photonic
" particles

Surface activation
Y

Static drying at 20 °C

Hot air dryer

|
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Backing
roll

— Rewinding
Web motion roll

45 cm 40 cm

235cm

Fig. 11 Large-scale production of structurally coloured cellulose nanocrystal films using roll-to-roll deposition: flow chart (top), process photos
(middle), and schematic of the pathway (bottom). Reprinted with permission from ref. 54 copyright 2021 Springer-Nature.
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Vignolini and colleagues achieved large-scale production of
structurally colored cellulose nanocrystal films through roll-
to-roll deposition (Fig. 11).>* This industrially relevant
process was achieved by casting cellulose nanocrystal
suspensions  using commercially available  coating
equipment. The approach provides a scalable and industrially
viable method for producing sustainable, structurally colored
materials, marking the first demonstration of meter-long
films created with commercial roll-to-roll deposition tools.
Optimizing the coating parameters that govern self-assembly
enabled tunable structural colors spanning the visible
spectrum, a versatility that was further demonstrated through
solvent-induced swelling. At the same time, the films
exhibited a remarkable stability, with unchanged structural
color even after immersion in water for more than 1.5 years,
an outstanding performance as compared to sustainable
organic pigments. These advances demonstrate the promise
of photonic pigments as environmentally friendly alternatives
to traditional materials for industrial applications, such as
replacing non-biodegradable microplastic glitter in paints
and packaging.

Well-controlled assemblies of 0D nanocrystals are also
of interest for enhanced vibrational spectroscopy.
Plasmonic  supercrystals are highly ordered, three-
dimensional assemblies of plasmonic nanoparticles, in
which light is tightly confined to regularly spaced electric
field hotspots. This configuration significantly enhances
the light-matter interactions of molecules embedded
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within the supercrystal. The high density of these hotspots
is especially beneficial for vibrational spectroscopy, as
their small cross-sectional area leads to pronounced signal
enhancement. Mueller et al fabricated plasmonic
supercrystals that serve as effective platforms for surface-
enhanced vibrational spectroscopy, delivering reproducible
and uniform signal enhancement.>®> Gold nanoparticle
supercrystals were synthesized via self-assembly on a
liquid subphase, with polystyrene molecules acting as
spacers between nanoparticles. Reproducible and tunable
surface-enhanced spectroscopy was achieved by correlating
the structural and optical properties of these supercrystals.
Surface-enhanced Raman scattering (SERS) resonances,
resulting from the overlap of incoming and outgoing
polariton modes, were observed, and a coupled oscillator
model was employed to explain the enhancement observed
in surface-enhanced infrared absorption spectroscopy
(SEIRAS). The peak integrated SERS enhancement reached
up to 300, with individual hotspot enhancements as high
as 10° which can be considered a high performance.
Additionally, SEIRAS enhancement increased by up to
400% when the polariton resonance was matched to the
molecular vibrational frequency. Furthermore, plasmonic
supercrystals composed of multiple nanoparticle layers
were capable of supporting several polariton resonances
across the mid-infrared to near-infrared spectral range,
enabling the integration of polariton-mediated SERS and
SEIRAS on a single substrate.

E-beam

A A v

Functionalize

Fig. 12 Assembly of DNA-functionalised gold nanocubes under lateral confinement in microscale square trenches on a DNA-functionalised
substrate using electron beam lithography to pattern the square: trench array fabrication process (top), superlattice assembly scheme (middle),
and SEM images of representative superlattices grown in 3, 2, and 1 um trenches (bottom). Reprinted with permission from ref. 56 copyright 2022

American Chemical Society.
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Confinement at the nano- or microscale, particularly
within geometrically defined pores, exerts a pronounced
influence on crystallization processes. The fabrication of
structures within lithographically engineered groove patterns
on substrates enables the production of devices featuring
sub-wavelength  dimensions and precisely controlled
morphological  characteristics. Lee, Mirkin et al
demonstrated the assembly of DNA-functionalized gold
nanocubes under microscale lateral confinement (Fig. 12)°°
by fabricating square trenches on DNA-functionalized
substrates using electron beam lithography (EBL). This
approach leveraged EBL to create geometrically defined
confinement environments, enabling precise control over
superlattice formation. The DNA-functionalized substrate
facilitated programmable interactions, while the square
trench morphology guided the nanocubes into ordered
configurations through spatially restricted self-assembly
pathways. Control over the superlattice size, orientation
and defect structure was achieved through microscale
confinement. The superlattices formed square prism
shapes filling the entire trench volume while smaller
trenches (1 um) produced higher quality assemblies with
fewer defects.

Natural materials serve as significant inspiration for
designing artificial photonic systems and multifunctional
devices. For instance, films incorporating helical arrays of
cellulose nanocrystals exhibited remarkable photonic
properties and structural anisotropy. As shown in Fig. 13,
Zhang, Qing, Liu et al. have developed a simple and robust
method to co-assemble cellulose nanocrystals with
poly(ethylene glycol)dimethacrylate (PEGDMA) monomers in
N,N-dimethylformamide.”” Solvent resistant, chiral nematic
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and vivid iridescent composites were obtained by UV induced
free radical polymerisation. Through UV-initiated free radical
polymerization, solvent-resistant, chiral nematic composites
with vivid iridescence and mechanochromic properties were
obtained. Under mechanical strain, the material exhibited
mechanochromism, transitioning from red to green as strain
increased. Moisture exposure triggered rapid bending (4.6°
s ') and complex 3D deformations, mimicking natural tendril
coiling. Intriguingly, the actuation favored right-handed
helical configurations with a 63% probability, reflecting the
intrinsic left-handed chirality of the CNC template. These
properties established a foundation for bioinspired photonic
materials capable of dual optical and mechanical
responsiveness.

Lead halide perovskite nanocrystals are highly regarded
for their exceptional photoluminescence quantum yields,
tunable emission across broad spectral ranges, and cost-
effective solution processability, positioning them as
promising candidates for next-generation light-emitting
diodes (LEDs). Extensive research has focused on
enhancing their performance through compositional
engineering strategies such as doping, alloying, surface
passivation, morphology optimization, and interface
engineering. These advancements have elevated the external
quantum efficiency (EQE) of perovskite nanocrystal LEDs to
about 20%, marking significant progress toward practical
applications. Yao and colleagues demonstrated the
fabrication = of  high-performance  green  perovskite
nanocrystal light-emitting diodes using weakly confined
CsPbBr; nanocrystals with a diameter of 18 nm, which
exhibited the highest colour purity, high external quantum
efficiencies and good operational stability (Fig. 14).°® The

Mixture in DMF Uncross-l‘inked film Cross-linked film

CNC 0SO4H
/ *+mo]~
HO OH n

CNC: Cellulose nanocrystal

PEGDMA

APy © o

DMPA 0@

[

PEGDMA: Poly(ethylene glycol) dimethacrylate
DMPA: 2,2-Dimethoxy-2-phenyl acetophenone

Fig. 13 A simple and robust method to co-assemble cellulose nanocrystals with poly(ethylene glycol)ldimethacrylate (PEGDMA) monomers in N,
N-dimethylformamide by integration of cellulose nanocrystal self-assembly with UV-initiated polymerisation. Reprinted with permission from ref.

57 copyright 2022 Wiley-VCH.
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Fig. 14 Fabrication of perovskite nanocrystal light-emitting diodes using weakly confined CsPbBrz perovskite nanocrystals with a diameter of 18
nm, which exhibit the highest colour purity, high external quantum efficiencies and good operational stability: SEM image (right top) and assembly
model (right bottom). Reprinted with permission from ref. 58 copyright 2021 American Chemical Society.

film formation was based on the innovative use of a
calcium tributylphosphine oxide (Ca-TBPO) passivation
strategy that enhanced colloidal stability and film
uniformity, and the exploitation of large nanocrystal
dimensions to mitigate non-radiative recombination. A
narrow emission linewidth was obtained, which ensured
high color purity and a rapid brightness increase near the
turn-on voltage, indicative of efficient charge injection.
Thus, large perovskite nanocrystal films offered an original
pathway to balance optical performance, efficiency, and
device longevity. Further developments of perovskite-based
films for LEDs will support applications in displays, solid-
state lighting, and optoelectronics requiring precise color
control and robust operation.

In summary, nanocrystals of varying dimensionalities
have enabled the synthesis of functional thin films with
tailored properties, driven by the structure-property-
processing relationship of the assembled materials. Two-
dimensional nanosheets typically produce highly oriented
films with tuneable thickness that are desirable for energy
storage applications and for electromagnetic interference
shielding. One-dimensional nanocrystal assemblies, such
as CdS fibers, leverage mesoscale chirality to achieve
programmable optical metamaterials for sensing. Zero-
dimensional nanocrystals, like cellulose nanocrystals,
enable scalable production of structurally coloured films
with tuneable optical responses while large-sized lead
halide perovskite nanocrystals demonstrate high-efficiency
LEDs. The selection of the dimensionalities of pre-
engineered nanocrystals in accordance with target
properties is thus of critical importance in the design of
functional thin films.

5052 | CrystEngComm, 2025, 27, 5040-5069

3. Thin functional films assembled by
electrochemical deposition of pre-
formed nanocrystals

Electrochemical film assembly methods using pre-formed
functional nano-units stand out due to their capability to
direct the growth of conformal films with well controlled
thicknesses. In this regard, the electrochemical stimulus
aims to either induce precipitation of well-suspended
precursors (e.g. electrodeposition, performed with the
precursor alone or by co-precipitation) or induce their
reticulation on the electrode surface (e.g. electrosynthesis).>
In both cases, the surface-confined nature of the
electrochemical stimulus is key to controlling the spatial
deposition, homogeneity and thickness of the films. Here,
two prominent methods are reviewed: electrophoretic
deposition and electrosynthesis of films from pre-engineered
nanocrystals.

Robust, low-cost, and highly transparent functional
nanocomposite thin films have garnered significant attention
due to their potential in energy-saving technologies. These
materials hold promise for applications such as light/color
management devices, photovoltaic luminescent solar
concentrators, and smart solar-control windows. Grasset,
Uchikoshi et al. have developed three distinct types of
transparent 0D metal cluster/polymethyl methacrylate
(PMMA) nanocomposite films fabricated via electrophoretic
deposition (EPD) on indium tin oxide (ITO)-coated glass
substrates (Fig. 15).°° Dual UV-NIR blocking and red-NIR
luminescence properties were obtained with transparent
nanocomposite films combining octahedral Mos and Nbg

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00446b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 Juni 2025. Downloaded on 01.03.2026 19:44:33.

(cc)

CrystEngComm

View Article Online

Highlight

A
Keithley '
2400

cations <

i’* '*'* '*F
3z

>

By using supramolecular interactions between a ternary Csz[MOGI‘S(OCOCZFs)aG]
(CMIF) clusters salt and PMMA partially functionalized by lateral

poly(ethyleneoxide) chains

Fig. 15 Fabrication of highly transparent metal cluster/PMMA nanocomposite thin films on indium tin oxide-coated glass by electrophoretic
deposition. Reproduced under terms of the CC-BY license from ref. 60, 2019 The Royal Society of Chemistry.

metal clusters with PMMA, demonstrating their utility for
optical applications. Homogeneous films with thicknesses of
up to 1.5 um were achieved, featuring high cluster loadings
(29 wt% for Mog and 6 wt% for Nbg clusters). Mog@PMMA
films maintained excellent photoluminescence quantum
yields even after 4 weeks of exposure to 50 °C and 70%
relative humidity, underscoring their environmental stability.

These materials are thus promising candidates for energy-
efficient optical windows, where simultaneous light
management and durability are critical.

EPD was also used for film integration of 2D nanocrystals
such as MoS, nanosheets. Indeed, 2D transition metal
dichalcogenides are being studied intensively to find earth-
abundant and low-cost alternatives for the development of

Keithley-2400 SMU
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+ =

Fig. 16 Fabricated photoelectrochemical photodetectors using electrophoretically deposited MoS, nanosheets, in which liquid-phase exfoliated
MoS, nanosheets were deposited on conductive substrates by electrophoretic deposition: deposition scheme (top) and images (bottom). Reprinted

with permission from ref. 61 copyright 2022 Elsevier.

This journal is © The Royal Society of Chemistry 2025

CrystEngComm, 2025, 27, 5040-5069 | 5053


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00446b

Open Access Article. Published on 12 Juni 2025. Downloaded on 01.03.2026 19:44:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

optoelectronic devices. Optoelectronic devices based on 2D
transition metal dichalcogenides have high optical
absorption coefficients over a wide spectral range, allowing
them to be used for the detection of very weak optical
signals. Bhakhar, Pataniya, Solanki et al. have fabricated
photoelectrochemical photodetectors embedding MoS,
nanosheets by EPD (Fig. 16).*" The electrodeposition of
liquid-phase exfoliated MoS, nanosheets resulted in thin
films (of 59 nm maximum) with a vertical alignment of the
nanosheets. This vertical orientation was particularly
advantageous because the ab-basal planes of MoS,, which are
inactive for electrochemical charge transport, were positioned
perpendicular to the substrate. As a result, the surface-to-
volume ratio of the films was significantly increased
compared to flat-lying nanosheets, enhancing
electrochemical charge transport and overall device
performance. The resulting electrodes demonstrated a
photocurrent density of 0.5 wA cm™> at zero bias under
illumination with 670 nm light at an intensity of 100 mW
ecm >, While this sensitivity performance is moderate, the
photodetector exhibited fast response characteristics, with
both rise and decay times measured at 0.3 seconds,
indicating rapid and efficient photodetection.

Building on the same system, electrodes for hydrogen
production by electrochemical water splitting were
investigated. In such a case, the hydrogen evolution reaction
(HER) plays an important role for hydrogen production.®®
The development of high-performance precious and non-
precious metal-based electrocatalysts is a key effort to
facilitate the development of this technology. Pataniya et al.
reported that the electrocatalytic HER performance of MoSe,
nanosheets can be significantly enhanced by combining
liquid phase exfoliation, partial oxidation and EPD.** The
electrocatalytic activity of MoSe, nanosheet films for the HER
was improved by increasing the concentration of catalytically
active sites, by reducing charge transfer resistance, by
forming an oxygen-deficient MoO, phase, and by utilizing
photogenerated charge injection.

The binder-free MoSe,-MoO, electrodes were prepared by
EPD onto silver foil and benefited from a larger surface-to-
volume ratio compared to bulk nanosheets. Under 670 nm
illumination, the electrodes achieved a high
photoresponsivity of 0.34 A W' and an external quantum
efficiency of 62.9%, both excellent performances for solution-
processed films. In addition to high activity, the electrodes
demonstrated excellent operational stability, maintaining
performance over 60000 seconds and showing minimal
overpotential change after 1000 cycles of cyclic voltammetry.
Film integration of 2D nanocrystals by EPD stands thus as a
promising approach for solar-assisted electrocatalysts,
advancing clean hydrogen production technologies.

Electrosynthesis approaches were also employed for
nanocrystal film assembly. While optically confining
materials using highly dispersed nano-objects in covalently
bonded thin films have been widely investigated to minimise
pathological effects on the eye and damage to optical

5054 | CrystEngComm, 2025, 27, 5040-5069
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sensors, this approach is at a disadvantage in terms of
practical applications due to the good transparency of thin
films. Li, Chen and co-workers demonstrated the tuning of
optical confinement properties using heterosized gold
nanoparticles and electrosynthetically assembled fullerenes.®*
Gold nanoparticles and C,o, which have different optical
limiting mechanisms, free carrier absorption and reverse
saturable absorption, were electrochemically integrated into
the same film by exploiting the C-C coupling reaction of
carbazole with pyrene functions by cyclic voltammetry. The
synergistic interplay between Au NPs and C,, was explored,
focusing on their combined influence on nanostructure
dimensions and optical confinement performance. Films
incorporating heterosized Au NPs and C;, merged the free
carrier absorption of Au NPs with the reverse saturable
absorption of C,. It was shown that multilayered heterosized
Au NP films with periodic bilayer architectures exhibit
superior optical limiting compared to monosized Au NP
films. Meanwhile, the reverse saturable absorption of C,,
contributed more significantly to optical confinement than
the free carrier absorption of Au NPs in hybrid films.
Therefore, hybrid nanostructures based on reverse saturable
absorption may be a great potential strategy for
programmable electrochemically fabricated high performance
optical confinement films.

Leveraging on a different electrosynthesis approach,
covalently reticulated nanoparticle thin films were also
proposed in the context of lateral confinement. Pichon,
Boulmedais and reported an electro-click
approach for the specific surface integration of gold and iron
oxide nanoparticles by covalent bonding into nanodevices,
with potential applications in biosensing and granular
electronics (Fig. 17).°> A high aspect ratio nanodevice
consisting of two gold electrodes separated by a 40 um long,
100 nm wide nanotrench was utilized to induce the covalent
self-assembly of nanoparticle films selectively in the
nanotrench. This methodology established a robust platform
for fabricating functional nanoparticle films with precise
spatial control and enhanced interparticle coupling. The
originality of this approach relied on its one-pot electroclick
self-construction strategy where dendronized iron oxide
nanoparticles functionalized with azide and alkyne groups
served as modular building blocks. Spatially restricted
electroclick reticulation was achieved through localized
electrochemical generation of Cu(r) catalysts. A linear film
growth rate of 0.28 nm min™' was obtained, permitting fine
thickness modulation. Non-linear current-voltage curves in
nanoparticle-filled nanotrenches were obtained, indicative of
Coulomb  blockade behavior and offering potential
applications in granular electronics. The versatility of this
method stems from its reliance on functionalized commodity
nanoparticles, which can be extended to diverse nanoparticle

co-workers

types  bearing clickable moieties. By = combining
programmable electrochemical control with modular
nanomaterial design, the approach bridges nanoscale

assembly principles with macroscale device fabrication.
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Fig. 17 An electro-click approach for the specific surface integration of gold and iron oxide nanoparticles by covalent bonding into nanodevices
to selectively fill the nanotrench. Reprinted with permission from ref. 65 copyright 2015 Wiley-VCH.

Two major challenges were the focal points of building
devices with nanomaterials: achieving one-pot deposition of
films and controlling structures at the nanoscale. For
example, films containing nanocapsules have attracted
attention to enable the development of biomaterials, sensors

HYBRIDOSOMES® nanocapsules

~5nm NP

Polymer

and energy storage devices while this morphology allows
accommodating the large volume changes associated with
electrochemical cycling in energy storage devices. Sciortino,
Rydzek et al. demonstrated the electroclick approach to
create multifunctional nanocapsule coatings with controlled
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Fig. 18 Electroclick approach to create multifunctional coatings with controlled release capabilities, where hybridosomes with functional
polyacrylic acid-bearing alkyne moieties were reticulated by electroclick reaction with azide-bearing homobifunctional polyethylene glycol linkers
on an F-SnO, (FTO) electrode. Reprinted with permission from ref. 66 copyright 2018 The Royal Society of Chemistry.
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release capabilities (Fig. 18).°° The assembly of hybrid films
was achieved using a one-pot electro-click approach, where
hybridosomes (hybrid nanocapsules functionalized with
polyacrylic acid bearing alkyne groups) were crosslinked with
homobifunctional polyethylene glycol linkers containing
azide functionalities. This process took place on a fluorine-
doped tin oxide (FTO) electrode and was driven by the
electrochemical generation of Cu(i) ions, which catalyzed the
alkyne-azide  cycloaddition  reaction  between  the
hybridosomes and the PEG linkers. This method effectively
combined the unique properties of nanocapsule-based
materials with the spatial precision offered by
electrochemical techniques, enabling the construction of
hybrid films from pre-formed hybridosomes in a single
step. Furthermore, these electro-clicked films exhibited
stimuli-responsive behavior: the encapsulated contents
within the nanocapsules could be rapidly released in
response to either a drop in pH or electrochemical
oxidation. Upon activation by these triggers, the films
disintegrated, releasing more than 95% of their cargo
within 15 minutes. This work opened up the prospects of
multifunctional films with desired chemical diversity,
controllable stability and hollow nanostructures for the
design of even more complex physicochemical interfaces.

To sum-up, electrochemical approaches are highly suitable
for assembling functional thin films due to their precise
control, scalability, and environmental benefits (e.g. low
energy cost and limited solvent use). Both electro-active and
electro-inert (nano)crystals can be incorporated into the films
using one-pot electrophoretic deposition and
electrosynthesis. Interactions between the nano-units and
other film components can be tuned from adsorption to
covalent bonding using crystal-surface chemistry, while the
film morphology, thickness and specific deposition can be
adjusted by electrochemical parameters. Electrochemical
approaches for film assembly from pre-formed nanocrystals
are especially well-suited to assembling hybrid organic/
inorganic thin films, which opens perspectives for synergetic
combination of their respective properties.

4. Thin functional crystal films
assembled from ionic precursors

The direct synthesis of crystals within thin films offers
distinct advantages over conventional nano-crystal deposition
approaches, as it circumvents the necessity for synthetic
steps and the characterisation of precursors. In such cases,
the conversion of ionic precursors into (nano)crystals within
the films is affected by thermal, electrochemical or
photochemical stimuli. Metal ions are particularly well-suited
to this process due to their solubility in polar solvents and
their ability to undergo reduction or oxidation into (nano)
crystals in response to physico-chemical stimuli. The
combination of these features with self-assembled nano-units
(e.g. surfactants, copolymers) or pre-engineered matrices (e.g.
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mesoporous substrates) gives access to specific structural
control over the functional films.

Mesoporous metal oxides have always been of interest
as materials for clean energy generation and storage.®’
They have been investigated as electrode materials in
lithium-ion batteries, supercapacitors, electrocatalysts for
water oxidation, fuel cells, etc. Their critical parameter
criteria for designing advanced electrode materials include
stability, ease of fabrication, and the utilization of earth-
abundant elements. The work by Dag and collaborators
underscores the significance of mesoporous metal oxide
thin films with enhanced electrochemical properties for
advancing energy storage and conversion technologies.®®
These mesoporous oxides, particularly when employed as
electrocatalysts for water oxidation and related processes,
depend critically on structural parameters (e.g. porosity
and pore size). Mesoporous and pure-phase CaFe,O, thin
films were synthesized using salt-surfactant lyotropic liquid
crystal templates and 800 °C annealing, yielding ordered
pore structures with high surface areas (up to 74 m> g').
The film thickness was modulated by diluting the
precursor solution, while the porosity and pore size were
tailored via annealing temperature adjustments. The films
deposited on electrodes exhibited exceptional
electrochemical performance: a specific capacitance of 509
F g at 5 mV s™', a rate capability of 328 F g™* at 100
mV s, and 95% capacitance retention after 5000 cycles.
Notably, the oxygen evolution reaction (OER) was found to
occur predominantly at the electrode's outermost surface,
emphasizing the importance of surface morphology over
bulk porosity in electrocatalytic water oxidation. This
insight redirects focus toward surface engineering rather
than solely maximizing internal porosity. Further
investigation into solvent effects and electrode thickness
for other mesoporous metal oxides is necessary to
elucidate fundamental principles of mesoporous thin films
for electrocatalyst design.

Organic-inorganic hybrid perovskites have electronic and
optoelectronic properties that make them attractive for many
device applications.®® In particular, single crystal hybrid
perovskites have improved carrier transport and stability
compared to their polycrystalline counterparts due to their
orientation dependent transport behaviour and low defect
concentration. However, single-crystal hybrid perovskites
have the disadvantage that they are difficult to prepare with
well-controlled morphology and composition. Xu et al
introduced a solution-based lithography-assisted epitaxial-
growth-and-transfer technique for fabricating flexible single-
crystal perovskite devices (Fig. 19).”° This approach enabled
the production of high-quality, flexible single-crystal
perovskite films with enhanced performance and stability
relative to conventional polycrystalline counterparts. The
devices have shown a certain mechanical flexibility with
bending radii up to 2.5 mm for 2 pm thick films. By
incorporating lead-tin gradient alloying, bandgap-graded

single-crystal perovskites were synthesized, facilitating

This journal is © The Royal Society of Chemistry 2025
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Fig. 19 An approach to flexible single-crystal perovskite devices assembled using a solution-based lithography-assisted epitaxial growth and
transfer technique providing high-quality, flexible single-crystal perovskite devices with improved performance and stability: schematics of the
process (left) and images (right). Reprinted with permission from ref. 70 copyright 2020 Springer-Nature.

improved carrier mobility and reduced recombination. Solar
cells utilizing these graded structures achieved an average
power conversion efficiency of 18.77% which is excellent for
flexible devices although higher efficiency can be reached for
rigid devices.”

Electrodeposition approaches can also be used for the
formation of nanocrystals in situ within thin films. Surface
incorporation of noble metal nanostructures with controlled
size and distribution is an attractive platform for applications
in catalysis, sensing, optics, energy and biomedical devices,
as they exhibit different physical-chemical properties from
their bulk counterparts. Nasir, Hector and co-workers
demonstrated the electrodeposition of nanostructured gold
using mesoporous silica thin films as hard templates.”" First,
films with three-dimensional mesopore structures were
created by using either the evaporation-induced self-assembly
(EISA) or the electrochemically assisted self-assembly (EASA)
procedures. Then gold was electrodeposited in the
mesopores, starting from ionic precursors. Using this
approach, the size of the nanoparticles can be somehow
determined from the pore size of the template (typically
below 10 nm). In the future, it may be possible to increase
the robustness of mesoporous silica films by reducing the
microporosity and increasing the density of the silica walls.
This would promote uniform pore filling and nanostructure
growth within the mesopores, rather than growth beyond the
pore walls.

Another electrodeposition strategy was developed to
assemble nanocrystal-based battery-supercapacitor hybrid
systems starting from ionic precursors. Ambare et al

This journal is © The Royal Society of Chemistry 2025

employed a straightforward, cost-effective electrodeposition
process to synthesize binder-free Bi,CuO, nanostructures
directly on copper substrates, with deposition time as a key
variable.”> The vertically aligned Bi,CuO; nanosheets,
resembling spruce leaf-like morphologies, enhanced the
ratio and facilitated efficient
electrochemical charge transport. Optimized electrodes
achieved a specific capacitance of 706.47 F g™ at a scan rate
of 2 mV s™', a value largely exceeding the capacitance of
commercial supercapacitors, attributed to the high surface
area and structural advantages of the nanosheets.
Asymmetric solid-state devices incorporating Bi,CuO, as the
anode electrode demonstrated practical utility, leveraging the
material's high energy density and redox capability. These
devices exhibited exceptional cycling stability, retaining
98.15% of their initial capacity after 5000 charge-discharge
cycles.

In summary, the stimuli-driven synthesis of nano-
crystals within thin films allows for precise control over
nanocrystal growth, with direct benefits for energy,
catalysis, and optoelectronic applications. The exact crystal
phase can be adjusted wusing thermal and/or
electrochemical annealing while the nanostructure is
adjusted using structure directing agents. In this regard,
soft mesophases (liquid crystals and surfactant assemblies)
and hard templates (mesoporous substrates) are prime
additives to provide well controlled nanostructures, but
this strategy requires a template elimination step. In
contrast, this drawback is circumvented by lithographic
epitaxy methods.

surface-to-volume

CrystEngComm, 2025, 27, 5040-5069 | 5057


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00446b

Open Access Article. Published on 12 Juni 2025. Downloaded on 01.03.2026 19:44:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

5. Thin functional crystal films for
chiral applications

The combination of structural control and (nano)crystal
chemical versatility within thin functional films is of prime
interest in order to derive their structure-activity properties.
In this context, the interaction of films with light, arising
from either structural or compositional-driven absorption,
presents a significant opportunity to develop optical sensors
with the capacity to detect the stereochemistry of molecular
analytes with high sensitivity. In recent years, significant
efforts have been directed towards the development of
nanostructured crystal-based films, where the presence of
chiral nano-units or their chiral organisation facilitates the
manifestation of circular dichroism properties. Furthermore,
the distinct and collective properties of nanocrystals (e.g.
surface plasmons, magnetic and luminescence properties)
have enabled the creation of surface platforms with coupled
properties.

Chiral thin films have unique properties, such as chiral
light absorption and emission,”® which could be of practical
use in next-generation optoelectronic technologies. For
example, thin films that exhibit circular dichroism (CD), or
circularly polarised emission, could be useful for novel
organic light-emitting diodes, polarisers and organic field-
effect transistors. Lewandowski and co-workers have
successfully fabricated chiral plasmonic films using liquid
crystal templating.”* The chirality transfer was achieved via
the integration of liquid crystals, chiral dopants, and achiral
gold nanoparticles, resulting in films whose chiroptical
properties can be precisely controlled and adapted. The
thermal response of the films, arising from the phase
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transitions of the liquid crystal matrix, was transduced into
plasmonic CD. The spectral properties of the films were also
tailored by altering the size and shape of the gold
nanoparticles incorporated into the structure.
Complementing their tunable chiral plasmonic properties,
these films were also highly adaptable in terms of form factor
through molding and transfer-printing onto flexible
substrates. Therefore, this method paves the way for the
development of next-generation active chiroptical materials
that are both environmentally responsive and mechanically
flexible, ideal for future wearable and implantable photonic
technologies. Lewandowski and co-workers also reported the
fabrication of hydrophobic gold nanoparticles with intrinsic
chirality for chiral plasmonic nanocomposites (Fig. 20).”> To
this end, a nature-inspired approach was developed using
amino acids and peptides for nanoparticle growth and
bottom-up fabrication of nanoparticles with a chiral
morphology. Chiral nanoparticle dispersions were integrated
with block copolymers, liquid crystals and physical gels to
engineer nanocomposites surface platforms exhibiting
plasmonic chirality. By bridging chiral plasmonics with soft
matter engineering, the potential for designing adaptive
materials that dynamically interact with chiral optical stimuli
was demonstrated.

The control of global and local chirality is crucial for a
variety of applications, including enantioselective synthesis,
chiral optical photonics, chiral plasmonic appearance, chiral
electronic superconductivity, etc. In particular, needle-like
rigid cellulose nanocrystals with natural lyotropic chiral
nematic organisation have been widely studied due to their
self-assembled helical arrangement accompanied by selective
light reflection and circular dichroism. Tsukruk and co-
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Fig. 20 Fabrication of hydrophobic gold nanoparticles with intrinsic chirality for chiral plasmonic nanocomposites with different compatibilities
depending on surfactant types: scheme of the phase transfer of gold nanoparticles into the hydrophobic environment through the ligand-
exchange reaction (top) and images of decorated nanoparticles with elemental mapping images (bottom). Reproduced under terms of the CC-BY

license from ref. 75, 2022 American Chemical Society.

5058 | CrystEngComm, 2025, 27, 5040-5069

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00446b

Open Access Article. Published on 12 Juni 2025. Downloaded on 01.03.2026 19:44:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

View Article Online

CrystEngComm Highlight
Evaporation-
Induced
Self-Assembly 9
| —
CNCs/FesO Localize
Suspension ° Q y %clfirald
Organizations
® MNP:FesO« 93nm CNCs/FesOsunder
Patterned external
' cNe Magnet field
350 mT ]
o P2: Center P3: boundary P1: outside

omT

Left-handed Achiral

Right-handed

Fig. 21 Formation of magneto-responsive chiral optical materials using cellulose nanocrystals in patterned magnetic fields where local magnetic
gradients induce a left-to-right reversal of the twist structure of magnetically decorated cellulose nanocrystals: preparation schemes of the film by
evaporating within a patterned magnetic field (top), perspective view of a simulated circular patterned magnetic field (bottom), and corresponding
alignment of cellulose nanocrystals depending on the position of the magnetic field (bottom). Reproduced under terms of the CC-BY license from
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workers reported the creation of magneto-responsive chiral
optical materials using cellulose nanocrystals in patterned
magnetic fields (Fig. 21).”® Patterned magnetic fields below
300 mT with narrow peripheral magnetic gaps and local
magnetic gradients induced a left-to-right reversal of the twist

structure of magnetically decorated cellulose nanocrystals.
This reorganization occurred during thin film formation in
slow evaporation regions of chiral nematic suspensions in
the presence of circularly patterned magnetic fields with local
evaporation-induced vortex flows. Nevertheless, local right-
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Fig. 22 An approach to enhance and dynamically control circularly polarised luminescence using heterogeneous twisted stacked structures
composed of CdSe@CdS nanorod assemblies and poly(vinyl alcohol) films: control upon stretching (top, left), by rotating (top, right), and switching
on/off (bottom). Reprinted with permission from ref. 78 copyright 2024 Wiley-VCH.
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handed chirality was still independently observed in circular
dichroism spectra and Mueller matrix analysis of
spectroscopic ellipsometry data and was confirmed by
morphological observations and simulations. In-depth
investigations confirmed that localised chirality inversion in
cellulose nanocrystal films arose from the interplay between
local magnetic field gradients and the receding evaporation
front during film assembly. Thus, coatings with left- and
right-handed chiral and achiral regions can be well
controlled. Future developments in this field may enable
patterned photonic crystals with tuneable chiroptical
properties for nonlinear photonics, stimulated luminescence
or enantiomer sensing.

In recent years, great efforts were made on circularly
polarised luminescence (CPL) active materials,” among
which chiral inorganic semiconductor nanomaterials and
their assemblies have several inherent advantages, such as
high stability, high luminescence quantum efficiency, and
diversity of shapes and sizes. Zhou and co-workers reported
an interesting approach to enhance and dynamically control
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CPL using heterogeneous twisted stacked structures
composed of CdSe@CdS nanorod assemblies and poly(vinyl
alcohol) anisotropic films (Fig. 22).® The resulting
composites exhibited a significant CPL enhancement with up
to a 15-fold increase compared to homogeneous structures.
Notably, the handedness of the CPL was reversibly switched
from negative to positive by mechanically stretching the PVA
layer, demonstrating dynamic control over the material's
chiroptical properties. Reversible electrical switching of CPL
was also achieved, with good cycling stability, and was
compatible with patterning technologies. Thus, the versatility
of this approach was further demonstrated by employing
laser etching techniques to produce in situ voltage-driven
CPL patterns and encrypted multi-channel for chiral
optoelectronic and display technologies.

The macroscopic manipulation of quantum states in
chiral materials under magnetic fields holds potential for
harnessing chiral magnetic effects in applications such as
magnetic cooling, information storage, asymmetric catalysis,
and chiral separation. Effective detection of subtle electronic
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Fig. 23 Magnetic field tuneable chiral ionic current generated by chiral magnetic FesO,4 nanofilms acting on ion transport due to the different
redistribution of electrons at the chiral-ferromagnetic interface caused by the magnetic field acting on differently configured chiral hanomaterials:
chirality-dependent ion transport with magnetic gating (top) and detection and separation of propranolol (PPL) enantiomers (bottom). Reprinted

with permission from ref. 79 copyright 2022 American Chemical Society.

5060 | CrystEngComm, 2025, 27, 5040-5069

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00446b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 Juni 2025. Downloaded on 01.03.2026 19:44:33.

(cc)

CrystEngComm

imbalance signals in chiral magnetic responses is critical
for advancing these applications. Xu and colleagues
developed a platform to investigate chiral magnetic effects
and engineer enantiomeric recognition systems (Fig. 23).”°
Their work demonstrated magnetic field-tunable chiral
ionic currents generated by enantiomerically modified
Fe;O, nanofilms, which influenced ion transport. Distinct
ionic currents were measured between 1- and bp-tartaric
acid-functionalized Fe;O, nanofilms, with magnetically
sensitive currents exhibiting polarity-dependent selectivity.
This phenomenon was attributed to magnetic field-induced
electron redistribution at the chiral-ferromagnetic interface,
which  depends on  differently configured chiral
nanomaterials, ultimately creating potential differences
across the nanofilms that drive ion flow. The films enabled
efficient discrimination of chiral drug enantiomers, with L-
isomer-modified films producing ionic currents up to 7.91
times higher than D-isomer counterparts under magnetic
fields. This enantioselectivity ratio reached 8.30 even in real
serum samples. The method's scalability and stability were
validated through multilayer nanofilm fabrication, which
amplified circular dichroism signals (260 mdeg for six-layer
films) and ionic currents while maintaining performance
over multiple cycles. This approach provided a simple,
scalable strategy to monitor chiral magnetic effects and
engineer flexible magneto-responsive devices for chirality-
dependent ionic transport, paving the way for efficient
enantiomeric differentiation.

The self-assembly of nanocrystals into ordered
superstructures constitutes a promising avenue for realizing
emergent properties such as chirality, super-fluorescence,
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and band-like charge transport. However, conventional
approaches are constrained by the inherent structural rigidity
of nanocrystals, which typically yields tightly packed
configurations and limits the formation of complex
hierarchical architectures. A potential solution lies in scaling
down nanocrystal dimensions to the molecular regime (~2
nm), where their reduced size (termed nanoclusters) confers
enhanced flexibility for structural engineering. Zang, Manna,
Lu, and collaborators have demonstrated this principle
through the fabrication of CsPbBr; superstructures exhibiting
circularly polarized photoluminescence, achieved via a two-
step protocol involving nanocluster self-assembly followed by
thermal annealing (Fig. 24).%° Critical to their methodology
was the substitution of benzoic acid with the more
hydrophobic 4-methylbenzoic acid during synthesis, which
stabilized nucleated nanoclusters at ~1.4 nm. This size
reduction enabled the exploration of hierarchical assembly
across multiple length scales: hexagonal packing at the
nanoscale, wire bundles at the microscale, and millimeter-
scale fiber-like morphologies. Remarkably, chirality emerged
intrinsically without chiral ligands or templates, yielding
dissymmetry factors of up to 0.1. Post-annealing, the
superstructures retained chiral optical properties while
exhibiting tunable photoluminescence (425 to 530 nm) and
functional utility in light-emitting diodes (LEDs), which
demonstrated electroluminescence polarization of 3 x 107,
This work provided a viable alternative approach to creating
multilevel chiral CsPbBr; superstructures, which in principle
can be extended to other materials. It may thus be possible
to assemble intrinsically polarised emitters for LED and
display applications.
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Fig. 24 Fabrication of CsPbBrz superstructures with circularly polarised photoluminescence using a two-step process involving self-assembly of
nanoclusters (top) followed by annealing (bottom). Reprinted with permission from ref. 80 copyright 2025 Wiley-VCH.
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Table 1 Overview of the different techniques and nanocrystals covered in this review, with their main advantages and arising applications

Nanocrystal system

Key mechanism for chirality

Main applications

0D CdS arranged into 1D fiber bands
(=2 pm wide)
1D Ag/Au nanowires aligned on a 2D substrate

by LbL descriptors

Bond-percolation governs anisotropy
Interparticle plasmonic coupling

Tuning of CD intensity and spectral position
Geometric rotation of each layer yields overall

1D Ag nanowires arranged in angled LbL
bilayers
0D/1D (Au, Ag, Fe;0,, PbS) forming twisted

multilayer superlattices helical stack

Symmetry breaking during assembly
Top vs. bottom surface inversion
Structural anisotropy captured by graph

Chiroptical metamaterials

Quantum information technologies
Polarization-sensitive coatings
Model for machine learning in chiral
design

Chiral plasmonic metasurfaces
Chiral sensing platforms

Large-area chiral photonic coatings
Enantioselective catalysis/sensing

Chirality even with achiral building blocks

1D CdSe/CdS semiconductor nanorods

arrangement
0D Au NPs with intrinsic chirality
(ligand-wrapped)

Tuning of CPL and CD
Intrinsic rod luminescence couples to chiral

Ligand exchange to preserve gold NP chirality
in a hydrophobic environment

CPL devices

3D displays, bioencoding, asymmetric
catalysis

Chiral plasmonic nanocomposites
Enantioselective sensors and photonics

Macroscopic CD achieved

chiral thin films have demonstrated
considerable potential for applications, not only in CD and
CPL, but also as combined multi-responsive platforms. On
the one hand, the chemical nature of the nanocrystals can
confer plasmonic or luminescence properties to the coatings.
On the other hand, interfacing chiral nanocrystals with soft
materials like block copolymers and liquid crystals provides
films with signal modulation responses as a function of
temperature, mechanical stretching and magnetic fields
(Table 1).

To conclude,

6. Summary and perspectives

Nanoarchitectonics is a general and comprehensive concept
of building functional materials from nano-units such as
atoms, molecules and nanomaterials. The assembly of
functional materials was examined across multiple scales,
highlighting representative methodologies for structural
control at distinct hierarchical levels. At the nanoscale,
precision in nanocrystal fabrication
architectures with defined size,

enables tailored

shape, and composition.
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and in aqueous solution. Reprinted with permission from ref. 81 copyright 2023 Springer-Nature.
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Solution-processed thin film fabrication techniques provide
scalable pathways to engineer material organization and
interfacial properties. By bridging nanocrystals, which can be
precisely engineered at the nanoscale, with macroscale
processing strategies, a wide range of integrative approaches
were developed to achieve functional coherence from
molecular building blocks to device-relevant architectures.
The presented examples encompass a diverse array of
materials, methodologies, and applications within the realm
of nanoarchitectonic material design. Key components
include nanocrystals of 0D (including noble metal
nanoparticles and nanocellulose), 1D (nanofibers, nanorods)
and 2D nanomaterials that are either pre-formed or
synthesised in situ, during the film processing. Fabrication
techniques span adsorption approaches (e.g. Langmuir-
Blodgett (LB) assembly, layer-by-layer (LbL) deposition, spin
coating, automated one-drop assembly) and electrochemical
approaches (electrosynthesis, EPD, electrodeposition),
enabling precise structural control across scales. These
methods facilitate the creation of sophisticated architectures
such as  hierarchical nanosheet arrays, twisted
metastructures, and  graph-theory-informed networks,
alongside theoretical frameworks for predictive modeling.
The applications highlighted range from high-sensitivity
sensors and ultrathin catalytic interfaces to electromagnetic
interference shielding, structurally colored cellulose films,
water oxidation electrocatalysts, and asymmetric solid-state
devices. A unifying theme across these examples is the
rational integration of functionality into nanocrystal
architectures. By leveraging nanoscale structural control-
such as tailored crystallinity, surface chemistry, and chiral
configurations, = macroscopic  surface  platforms are
engineered to exploit emergent nanophenomena, including
quantum  confinement, plasmonic  coupling, and
anisotropic charge transport. Notably, the strategic
incorporation of chirality - through chiral nanocrystals,
plasmonic  metasurfaces, or  helically  anisotropic
nanocomposites - represents an actively researched
frontier. These advances hold promise for applications in
enantioselective separation, asymmetric catalysis, chiral
optical sensing, circularly polarized light detection, second-
harmonic generation, and magnetically responsive devices.
This review has shown the synergy between nanocrystal
design and solution-processed thin-film deposition, which
enables scalable fabrication of multifunctional systems. This
advantage can be extended beyond nanocrystals to a wide
range of crystalline thin films. A unique example is the
development of a chemical doping technique by Ishii,
Yamashita and coworkers who exploited the redox reaction of
benzoquinone and hydroquinone in air and in aqueous
solution for doping control of polymeric semiconductor thin
films (Fig. 25).*' This methodology employs a crystalline
polymer-semiconductor thin film system characterized by
molecular-scale voids capable of hosting dopant species. The
incorporation of dopants into these interstitial sites is
governed by proton-coupled electron transfer reactions, a

This journal is © The Royal Society of Chemistry 2025
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process modulated by solution acidity (pH). The doping
concentration exhibits precise pH dependence, enabling
systematic control of electrical conductivity across
approximately five orders of magnitude. The unique feature
of this system is that the electrical conductivity of the
crystalline polymer-semiconductor thin film can be coupled
to an external process, proton-coupled electron transfer and a
supramolecular doping phenomenon. In other words, the
controllable physical properties of the crystal structure can
be freely controlled by external processes. It is expected that
this concept can be extended to systems such as thin films of
nanocrystals. Indeed, the integration of external coupling
processes with wet chemistry nanoarchitectonics represents a
promising direction for dynamic control over nanocrystal-
based thin films that will tune electronic, optical, or catalytic
functionalities. These systems would benefit from
hierarchical design principles, where predictable crystalline

or supramolecular architectures enhance functional
coherence across scales.
Although  the  current state of  wet-chemistry

nanoarchitectonics  for nanocrystal-based thin films
demonstrates impressive advances in structural control,
scalability, and functional diversity, several limitations
persist. Achieving defect-free, large-area films with precise
nanoscale organization and integration of nanocrystals of
varying dimensionality (0D, 1D, 2D) remains challenging,
especially when translating laboratory assembly methods (e.g.
LbL, LB...) to industrial scales. Issues of film uniformity,
interfacial compatibility, and long-term stability under
operational conditions will likely be a focal point for future
research on adsorption-based nanocrystal film assembly. In
addition, while electrochemical and in situ growth techniques
offer comparatively better spatial control, they require further
optimization for robust, reproducible, and environmentally
benign processing. Priority areas for future research include
the development of automated, high-throughput assembly
systems, coupling external stimuli (e.g., pH, magnetic fields)
for dynamic property tuning, and leveraging machine
learning for predictive design and process optimization.

In particular, recent advancements in machine learning
(ML) and artificial intelligence (AI) hold significant potential
for optimizing such systems.®> These computational tools
provide a framework for data-driven design, enabling precise
control over nanocrystal assembly and thin-film performance.
For example, a direction to combine nanoarchitectonics and
materials informatics has been proposed.®® Data-driven
discovery is thus expected to drastically accelerate the design
and discovery of materials, nanomaterials and compounds
with tailored properties.** Emerging platforms (e.g. machine
learning for materials design, MLMD) democratize Al-
powered materials exploration by removing coding barriers
and integrating model inference, surrogate optimization, and
active learning, thus accelerating the optimization of complex
chemical systems.**® The integration of ML with density
functional theory (DFT) and high-throughput screening
allows for fast and accurate property prediction that can
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Table 2 Overview of the different techniques and nanocrystals covered in this review, with their main advantages and arising applications

Technique Dimensionality =~ Key advantages Representative applications

LB 2D, 1D Monolayer control at the air-water interface Chiral plasmonic metasurfaces
Uniform coverage Optoelectronic devices
Fine thickness tuning

LbL 0D, 1D, 2D Precise multilayer stacking Electromagnetic interference shielding
Compositional control (hybrid or Hierarchical zeolite architectures for
hierarchical) sensing/catalysis
Low-cost

Spin-coating 0D, 2D Fast film formation High-quality monolayer films on ITO/silicon
Compatible with various substrates 2D device prototyping

Automated one-drop 2D Fast large-area deposition Nanofilms and free-standing membranes for
High packing density industrial scale manufacturing
Highly oriented films

Marangoni-effect 2D Ultrafast (=10 s) large film Transparent conductive films
Minimal waste Iridescent optical coatings
Easily scalable

Roll-to-roll 0D cellulose Meter-long continuous deposition Sustainable photonic pigments
Tunable structural color Biodegradable iridescent films
Excellent environmental stability
(>1.5 years in water)

EPD 0D, 2D Thickness up to 1.5 pm UV-NIR blocking
Vertical alignment for 2D Photoelectrochemical photodetectors
Binder-free films

Electro-click oD One-pot covalent reticulation Granular electronics
Fine thickness control Triggered drug-release coatings

Electrodeposition Tonic precursor In situ crystal growth with template-directed Catalysts for water oxidation

size control

Battery and supercapacitor hybrids

Direct integration into device electrodes

Lithography-based epitaxial
growth

Single-crystal

perovskites density

Flexible single crystals with low defect

Flexible perovskite solar cells
High-stability optoelectronics

Bandgap grading for optimized carrier

transport

achieve near-DFT accuracy at a fraction of the computational
cost.**”%> Other techniques, including transfer learning,
multitask learning, and graph neural networks, are
addressing the challenges of modeling complex polymer
systems for further experimental validation.®® At a moment
when multi-scale simulations, autonomous experimentation,
and AI start converging, hidden structure-property
relationships in materials science may be unveiled, which
could support a new paradigm to accelerate the development
of sustainable, high-performance nanomaterials for next-
generation technologies.®”

Ultimately, scalability remains a cornerstone for
transitioning lab-scale innovations to industrial production.
Wet-chemical methods, such as roll-to-roll deposition or
automated LbL assembly, demonstrate compatibility with
high-throughput manufacturing of large-area systems. By
integrating these techniques with nanoarchitectonic
principles, functional nanocrystal films such as chiral
metasurfaces or structurally colored composites can be
synthesized with uniform properties across macroscopic
dimensions. For instance, controlled self-assembly of
cellulose nanocrystals now achieves tunable photonic
bandgaps and complex hierarchical structures for optical
coatings and sensors.®® In situ growth and precise alignment
of perovskite nanocrystals within flexible matrices enable
ultrastable, high-resolution scintillation films for advanced

5064 | CrystEngComm, 2025, 27, 5040-5069

imaging technologies.®® Collectively, these innovations have
the potential to accelerate the transition from laboratory-
scale crystal films to industrial applications. Therefore, it is
expected that wet-chemical nanoarchitectonics  for
nanocrystal-based films will pave the way for precise
functional design of industry-compatible surface platforms.
This convergence not only advances fundamental
understanding of nanoscale phenomena but also paves the
way for mass-produced, adaptive surfaces with programmable
properties, poised to address global challenges in advanced
technology (Table 2).

Glossary
Al Artificial intelligence
COF(s)  Covalent organic framework(s)

CNC(s)  Cellulose nanocrystal(s)

CD Circular dichroism

CPL Circularly polarized luminescence
DFT Density functional theory

DNA Deoxyribonucleic acid

EBL Electron beam lithography

EMI Electromagnetic interference

EPD Electrophoretic deposition

EQE External quantum efficiency

FTO Fluorine-doped tin oxide

This journal is © The Royal Society of Chemistry 2025
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HER Hydrogen evolution reaction

ITO Indium tin oxide

LED(s) Light-emitting diode(s)

LbL Layer-by-layer

LB Langmuir-Blodgett

MOF(s)  Metal-organic framework(s)

MXene 2D transition metal carbides/nitrides
OER Oxygen evolution reaction

PEGDMA Poly(ethylene glycol)dimethacrylate
PMMA  Polymethyl methacrylate
PVA Poly(vinyl alcohol)

SAM Self-assembled monolayer
SERS Surface-enhanced Raman scattering
SEIRAS  Surface-enhanced infrared absorption spectroscopy
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