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red films via self-assembly: trends
and perspectives

Plinio Innocenzi ab

The synthesis of ordered mesoporous films via self-assembly represents one of the main accomplishments

in nanoscience. In fact, controlling the complex chemical–physical phenomena that govern the process

triggered by the solvent's fast evaporation during film deposition has represented a challenging task.

Several years after the first articles on the subject, the research in the field entered a new stage. New

advanced applications based on the peculiar properties of mesoporous films are envisaged while basic

research is still going on, especially to clarify the mechanism behind self-organization in a spatially

defined environment and the physics and chemistry in mesoscale porosity. This review has been

dedicated to analysing the main trends in the fields and the perspective for future developments.
1. Introduction

The possibility of fabricating thin lms at controlled porosity
through self-assembly techniques is one of the fascinating
aspects of nanoscience. It is still a frontier research area, even
though many years have passed since the rst synthesis of
mesoporous lms in 1994.1,2 Particularly attractive is the mul-
tidisciplinarity of the process in which supramolecular, sol–gel,
and colloid chemistry gives the foundation for explaining
a complex phenomenon. Research in the eld has entered
a mature stage where the basic chemical and physical aspects
have been well studied, but several issues remain to be
explored. Mesoporous lms represent a narrow and conned
environment of nanoscopic dimensions whose properties are
still partially unknown. A better understanding of physics and
chemistry in conned nano-scale porous environments would
offer new opportunities for advanced functional applications.

This review focus on identifying the recent research trends in
the sector that is fast moving.3,4 It is clear from an analysis of the
articles recently published in the scientic literature that
research in the eld is increasingly focused on the development
of specic applications where the possibility of obtaining thin
lms with controlled porosity in terms of orientation and pore
size represents an intrinsic advantage over other types of mate-
rials.5 In particular, the possibility of obtaining lms oriented in
specic directions with respect to the substrate has undoubtedly
represented one of the most interesting results in recent years
and has attracted great attention. The pore orientation engi-
neering has paved the way for a whole series of new applications
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of mesoporous lms. At the same time, the development of
nanocomposites using mesoporous lms as a matrix represents
another challenging frontier. The fabrication of heterostructures
based on materials with controlled porosity allows obtaining
nanomaterials with unique properties.6 In particular, the possi-
bility of integrating the new generation nanomaterials, in
particular two-dimensional or zero-dimensional nanostructures
withinmesopores represents an opportunity not to bemissed. As
far as basic research is concerned, the deposition process of
mesoporous thin lms has reached a level of understanding now
mature, thanks to the numerous studies that have been done
previously. However, some aspects remain to be studied and
deepened, such as mechanical properties and structure–property
correlations in nanocomposites.

In draing this review, the articles published in the sector in
recent years have been considered, which number several
hundred, testifying to the great interest that the material and
the process still attract. Not all of them have been mentioned,
a selection has been necessarily made according to the topics
that emerge from the analysis of the literature, also to avoid the
review becoming a mere list of articles. The article is restricted
to the limited eld of mesoporous lms that show an organi-
zation of the porous phase. It should be underlined that most
scientic literature focuses on mesoporous microparticles,7 the
synthesis of which, however, does not take place in the critical
conditions dictated by the fast evaporation of the solvent as in
lms. The review also does not report the fundamentals of the
self-assembly process that lead to the formation of structures
organized in the mesoscale during evaporation, a process
referred to as Evaporation Induced Self-Assembly (EISA). These
processes, together with the chemical-physical phenomena that
govern them, are well described in numerous excellent
reviews8–12 and books13 to which the unfamiliar reader in the
subject can refer.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Aligning the mesopores

The most common and historically the rst method developed
for fabricating mesostructured lms is the deposition on
a substrate under controlled conditions, typically via dip-
coating,14–16 spray coating,17,18 or spin coating,19,20 of a starting
solution containing all the precursors. The method is relatively
simple, and the only requirement is the proper control of the
conditions in the deposition chamber, relative humidity,
temperature and atmosphere. The self-assembly during the lm
deposition has been studied in detail and is now well under-
stood. One of the main open issues is the possibility of
controlling the orientation of the mesopores using a simple and
reliable procedure. In the case of 3D structures that have no
preferential orientation, the question is controlling the order on
a long range rather than having ordered domains. 2D-hex
mesoporous structures, instead, tend to align in a direction
parallel to the substrate, with randomly orientated domains.21

However, many of the most exciting applications require precise
pore orientation control with high accessibility from the
external environment. In particular, obtaining a perpendicular
alignment to the substrate allows for using mesoporous lms as
advanced sensors and lter membranes. Therefore, much
attention has recently been paid to achieve a precise control of
the pore orientation and size. Different strategies have been
envisaged for such purpose in 2D-hex mesostructures, for
instance application of external magnetic elds,22,23 radio
sputtering,24 controlled uxes of air,25 epitaxial growth26,27 and
pre-patterning of the substrate.28 More recently, alternative
methodologies have been developed that have made it possible
to open new perspectives using mesoporous lms by aligning
the mesopores perpendicularly to the substrate.
2.1. Seeding block-copolymer layers

In the last years, alternative processes to obtain ordered meso-
porous lms have been explored. One example is the two-step
process based on the deposition of a rst surfactant layer fol-
lowed by of a second coating containing the metal oxide
precursor (Fig. 1).29 The method has been applied to obtain
Fig. 1 Comparative pathways of the supported mesoporous film forma
(alkoxides) and porogens (surfactants), and (B) alternative procedure usin

© 2022 The Author(s). Published by the Royal Society of Chemistry
mesoporous TiO2 lms whose formation is governed by the
interdiffusion of the two components, the surfactant and the
oxide precursor, at the interface.

The pre-deposition of a block-copolymer template layer has
been proven to be a feasible technique for obtaining silica30 and
titania lms with tilted and vertically aligned pores with respect
to the substrates.31 The substrate is rst immersed in a solution
containing a surfactant (Pluronic P123), 1,6-diisocyanatohex-
ane, and a small amount of glycerol used as a cross-linker to
stabilize the layer. Onto this layer is deposited via-dip-coating
the precursor sol with the surfactant, and during the evapora-
tion, vertically aligned mesochannels form.32,33 The epitaxial
alignment of the surfactant hydrophobic blocks induces the
orientation across the lm. The aligned mesoporous lms are
particularly stable during calcination at temperatures up to 500
�C, without signicant loss of the mesostructured order.34 Silica
thin membranes with uniform and large vertical mesochannels
have been also synthesised using a two-step templated growth
in solution.35 At rst, the substrate is immersed in a solution
containing the surfactant, and then tetraethylorthosilicate
(TEOS) in cyclohexane is added drop by drop. Free-standing
mesoporous silica membranes have been nally obtained by
the poly(methyl methacrylate) (PMMA) assistant transfer
method.
2.2. Stöber method for the fabrication of vertically oriented
mesochannels

Another innovative method has been developed starting from
the well-known Stöber process that is used to fabricate silica
particles of controlled shape and dimension.36 The process has
been also extended to obtain mesoporous silica particles whose
mesochannels are radially oriented towards the surface.37 The
extension of the Stöber process to self-assembled mesoporous
lms allows for orienting the mesopores perpendicularly to the
substrate.38 The deposition of organized silica lms is achieved
by immersing the substrate into a Stöber solution that contains
the surfactant, cetyltrimethylammonium bromide (CTAB),
besides the silica precursor, (TEOS), water, ethanol and
ammonia. Mesostructured lms with ordered hexagonal
tion by: (A) conventional approach (EISA) using mixtures of precursors
g the components in two steps. Modified with permission from ref. 28.

Chem. Sci., 2022, 13, 13264–13279 | 13265
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packing of mesochannels perpendicular to the substrate are
obtained by immersion in the Stöber solution for a controlled
time that allows the spontaneous growth of the silica meso-
structure (Fig. 2).

The slow hydrolysis of TEOS in highly basic conditions, with
the formation of negatively charged oligomers, favours the
electrostatic interaction with the positively charged micelle
surface screening at the same time, the micelle–micelle repul-
sion. In addition, the diffusion of alcohol within the micelles
lowers their curvature favouring the transition to cylindrical
micelles. In addition, the diffusion of alcohol within the
micelles lowers their curvature triggers the transition to cylin-
drical micelles. Ammonia also plays an important role
promoting the hydrogen bonding between the CTAB micelles
and the silica oligomers with further decreases of the curvature.

The method has some limitations because a hydrophilic
substrate is necessary, and therefore, deposition on silicon is
difficult. However, it opens the possibility of preparing
membranes with the capability of ltering in the nanoscale. The
silica lm can be detached from the substrate and used as
membranes, and several examples have been reported so far.
The synthesis, with small modications to control the swelling
of the micelles during self-assembly, has been employed to
obtain mesoporous silica membranes with a uniform thickness
of 50 nm, vertical mesopore channels with p6mm 2D-hex
symmetry, and pore diameters in the 2.8–11.8 nm range. Self-
standing mesoporous silica membranes are obtained via poly-
methylmethacrylate (PMMA) assisted transfer that employs two
polyethersulfone layers as the supports. The method has been
extensively applied to prepare nano-lters and selective
membranes for different applications.39
Fig. 2 Formation process of ordered mesoporous silica films with perp
procedure. Reproduced with permission from ref. 36.

13266 | Chem. Sci., 2022, 13, 13264–13279
2.3. Electrochemically assisted self-assembly (EASA)

An alternative method for the deposition of mesoporous lms
that has become very popular is the Electrochemically Assisted
Self-Assembly (EASA).40 This technique has been pioneered A.
Walcarius and his coworkers41 and is now a well-established
method for the deposition of vertically ordered mesoporous
layers on conductive substrates. It has been applied to many
applications ranging from electrochromic devices,42 to label free
electrochemical sensors43 and detection of doxorubicin in
human whole blood44 just to cite some.

The silica sol is initially kept at a pH of around 3–4, a value
that makes hydrolysis faster than condensation.45 The electro-
chemical process promotes an increase of silica pH at the
solution–electrode interface, favouring the polycondensation
on the electrode (Fig. 3). At the same time, the applied potential
also directs the assembling of a surfactant template layer that,
in turn, guides the growth of the mesoporous channels
perpendicularly to the electrode. The negatively charged silica
clusters that form at pH 9–10 interact at the interface of the
transient cationic hemimicelles that form at the interface.46 The
proceed of silica condensation promotes the transformation of
the hemicelles into cylindrical micelles forming the template
for the vertically alignedmesopores. The mesoporous silica lm
deposited via EASA using CTAB as a cationic surfactant have
a pore diameter typically around 2 nm. The pore dimension can
be increased by swelling with mesitylene47 or using surfactants
with a longer alkyl chain.48

The potentialities of oriented mesochannels in silica lms
have been further exploited by covalent binding organo-
functional species on the pore surface. One example of such
applications is a surface modication with electroactive
endicular mesochannels by the Stöber-solution spontaneous growth

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic illustration of the EASA process. (B) TEM images of the ordered and oriented mesoporous silica film (B1 top view with
electron diffraction pattern as inset; B2 cross-section). (C) Typical GI-XD pattern confirming the hexagonal packing of vertically aligned mes-
opore channels. Reproduced with permission from ref. 40.
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molecules, such as ferrocene. It can readily change its redox state
via electron hopping transfer between adjacent sites, while the
charge can propagate over a long distance even in the isolating
environment of silica. Interestingly, the attachment on the
surface of alkyne and alkene organic groups has been activated
via click-chemistry.49 Silica lms with vertically oriented channels
functionalized by bis(terpyridine) iron(II) have shown an electro-
chromic response with decolouration from violet within
a response time to colouring and bleaching lower than 4 s.50

2.4. Orientation by thermally induced lm contraction

Phase transformations in mesoporous lms are generally
observed from drying to annealing stages as a result of the
anisotropic stress induced by the shrinkage of the lms
deposited on a rigid substrate. These phase transformations
must be allowed by the selection route. They can also result in
a distortion of the pores from spherical to elliptical. Rankin and
coworkers have shown an interesting application of these
properties.51 That have fabricated vertically aligned meso-
channels with a simple method based on the doping of silica
with small amounts of titania (Fig. 4).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Two different doping routes have been employed, dispersion
of a small amount of titania (up to 6%) in the silica matrix and
xing of titania at the pore surface by complexation of titaniu-
m(IV) isopropoxide with a sugar-based cosurfactant, n-dodecyl b-
D-maltopyranoside. Both routes produce alignment of the
mesopores. Anisotropic stress and annealing of the lms trigger
the formation of vertically aligned mesopores formed by the
merging of randomly oriented pores. The titania “doping” of
silica makes the mesostructure more compliant to unidirec-
tional contraction during the thermal shrinkage favouring the
coalescence of the pores.

Another example of pore orientation triggered by the ther-
mally induced lm contraction is also related to titania meso-
porous lms.52 A low molecular weight block copolymer (PS-b-
PEO), upon sequential evaporation of ethanol and tetrahydro-
furan, form spherical micelles that self-assemble into a body-
centered cubic Im�3m mesostructure. The thermally induced
contraction produces vertical channels derived from the coa-
lescence of the pores in the orthogonal interconnected meso-
channels (Fig. 5). A similar coalescence process has also been
observed in titania lms epitaxially grown layer by layer on
Chem. Sci., 2022, 13, 13264–13279 | 13267
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Fig. 4 (1) Schematic showing hypothesized incorporation of Ti (gold polyhedra) (a) throughout pore walls when only CTAB is used as the pore
template and (b) at the pore surface due to complexation with dodecyl maltoside. (2) 2D GISAXS pattern of the CTAB-templated silica thin film
with 1% titania doping and no sugar surfactant: (a) before calcination, showing a similar P6mm structure as undoped silica film with a background
of an isotropic ring and (b) after calcination at 500 �C for 70min. (3) Schematic of the mesopore fusion that transforms the porous structure from
randomly oriented pores in titania-doped silica films with no sugar surfactant. Rearranged with permission from ref. 47.

Fig. 5 (A) High-magnification FE-SEM images of mesoporous TiO2 films. Dashed circles indicate the locations of pores just below the surface.
Inset: illustrative view of the bcc structure from the (011) direction. (B) Evolution of the d011-spacingwith temperature. The dotted curve is plotted
qualitatively to describe the contraction mechanisms that could not be experimentally observed. The lower horizontal threshold line represents
half the pore height (1/2hpore, bottom), below which coalescence is expected to occur. (C) Illustration of the 3D pore distribution, along with 2D
planar views, before and after coalescence. The side views use colours for the front pores and black/grey for the subsequent plane. The arrows in
the lower-right magnified panel represent the possible occurrence of interchannel microporosity originating from the overlapping of neigh-
bouring pores during vertical contraction. Reproduced with permission from ref. 48.
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View Article Online
a substrate initially modied by a block copolymer lm (Plur-
onic F127) with a (011)-oriented Im�3m cubic mesophase order.53
3. Understanding and controlling
mechanical properties

The mechanical properties of mesoporous lms have been the
subject of numerous studies mostly focused on measuring
13268 | Chem. Sci., 2022, 13, 13264–13279
elastic modulus (E) and hardness (H). These properties vary
greatly as a function of material structure, such as the degree of
crystallinity, porosity, composition, and topology of the meso-
phase.54 Various techniques have been employed, such as
surface acoustic waves,55 nanoindentation,56 ellipsometric
porosimetry57 and X-ray reectivity58 to evaluate the mechanical
properties in mesoporous lms. For a detailed review of the
subject, see Soler-Illia and coworkers' work.59 In general, it has
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (Left) Scheme of the setup of the thin film stress instrument used for curvature determination. It has a built-in heater for in situ
measurements. (Right) Temperature dependence of the in-plane stress while heating (red dotted line) and the following natural cooling process
(straight arrows). The different thermal expansion coefficients of the film and substrate directly affect the resulting residual stress. Rearranged
with permission from ref. 57.
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been found, as expected, a direct relationship between porosity
and E and H. However, the mechanical properties of thin lms
deposited by the liquid phase, such as sol–gel and mesoporous
lms, are highly dependent on the stress generated during heat
treatment, which induces shrinkage in the direction perpen-
dicular to the substrate. Such stress can induce fractures and
delamination. The shrinkage in the case of mesoporous lms
can lead to both pore deformation and phase transformations
induced precisely by mechanical stress.60 Kozuka and
coworkers61 have realized a detailed study devoted to under-
standing the stresses formed in mesoporous lms. The
mechanical properties of titania and CexZr1−xO2 (x ¼ 0, 0.5, 1),
have been evaluated by the curvature method that measures the
Fig. 7 Left. (a) Schematic illustration of a mesostructured surfactant/silic
mesostructures with C2mm symmetry. (b) SEM image of the mesoporous
(c) Concept of the present study: anisotropic and reversible deformatio
compression with accompanying deformation of the elastomeric sub
mesostructures (bottom) of the surfactant/silica hybrid film without (3 ¼
100). Rearranged with permission from ref. 59.

© 2022 The Author(s). Published by the Royal Society of Chemistry
light deection induced by the concave or convex bending of the
lms on a substrate (Fig. 6).

The mesoporous lms show during the in situ process, in
comparison to dense sol–gel lms, remarkably lower absolute
stress values. The block-copolymer template promotes stress
relaxation during the process, reected in a measured smaller
intrinsic in-plane stress. The overall residual stress in titania
mesoporous lms is less than 50% of the one in dense lms
because the mesopores lower the intrinsic and thermal stress
that arise during the heating and cooling stages during lm
processing.

On the other hand, the stress–strain deformation induced in
the mesoporous lms can also be used to design the material
a hybrid film or a mesoporous silica film that has planar rectangular 2D
silica film showing a C2mmmesophase and pores of �7 nm diameter.
n of the mesostructures of the mesostructured silica-based films by
strates (PDMS). Right. GI-SAXS images (top) and the corresponding
0%) and with (3 ¼ 6%) compression (compressive strain 3 (%), dL/L0 �

Chem. Sci., 2022, 13, 13264–13279 | 13269
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properties as a function of the required application; for
instance, the thermoelectric properties of mesoporous ZnO thin
lms have been found to depend on the stress–strain in the
material.62 Another example is the anisotropic and reversible
deformation observed in mesoporous lms deposited on elas-
tomeric substrates63 (Fig. 7). The effect of the mechanically
induced stress on the optical properties of a mesoporous silica
lm has been measured by transferring the lm onto an elas-
tomeric poly(dimethylsiloxane) PDMS substrate. The compres-
sion of the substrate induced a reversible anisotropic
deformation of the mesophase that produced a change in the
refractive index.
4. Deposition and printing techniques

Developing advanced deposition and printing technologies for
mesoporous lms is a key issue for integrating the material into
functional devices.64 Several of the applied methods have
underlined the high exibility of lm processing; the meso-
porous layers can be easily patterned with different processes.
The interest is still high and some new methods have been
developed. One of these is the slot-die printing that has been
successfully applied to deposit mesoporous titania65,66 and
Fig. 8 Fabrication of mesoporous Fe2O3films via slot-die coating and h
dissolved in dimethylformamide. (b) Solutions are individually slot-die coa
(d) Slot-die coated PS-b-P4VP/FeCl3 thin film calcined at 500 �C for 2
ref. 63.

Fig. 9 Comparison of the two mesoporous film preparation strategies
printing. (a) Gravure printing using a metal cylinder transferring the “ink” (s
the cells of the gravure cylinder and directly transferred to the substrate. E
emptied, as it comes to a film splitting. The settled fluid spots on the subs
fluid and substrate. The arrangement of the cells specifies the layout to
Conventional dip-coating process based on withdrawing a substrate w
quality mainly depends on the used withdrawal speed, solution viscosity

13270 | Chem. Sci., 2022, 13, 13264–13279
hematite67 (Fig. 8) mesostructured lms. Slot-die printing is
a process that is widely used in the industry for the deposition
of liquid solutions on a substrate for large scale manufacturing.
Extending the method to mesoporous lms is, therefore,
important for exploiting the full potentialities of industrial
applications.

Another interesting method that has been developed as
alternative to dip- and spin-coating for the deposition of mes-
oporous lms is gravure printing (see Fig. 9 for the description
of the method).68

Gravure printing presents several advantages; ultrathin lm
of 20 nm can be deposited as a single layer while the lm
remains highly homogeneous even for small patterns. The lm
deposited via dip-coating can be fabricated with a sufficient
quality only on a large substrate because of the rim effects.

Besides innovative fabrication methods, lithography in
mesoporous lms remains a key issue, especially for applica-
tions based on solid-state devices. To fabricate mesoporous
silica pillars, lithographic etch masks have been used in
combination with inductively coupled plasma (ICP) etching.69

Large area ordered mesoporous silica nanopillar arrays with
smooth vertical sidewall proles have been fabricated on large
areas and different channel depths.
igh-temperature annealing: (a) PS-b-P4VP/FeCl3 and PS-b-P4VP are
ted. (c) Film formation of the printed films is followed by in situ GISAXS.
h to finalize the a-Fe2O3 thin film. Reproduced with permission from

, evaporation-induced self-assembly (EISA) by dip-coating or gravure
ol–gel-solution) to the substrate. The ink is filled out of a reservoir into
xcess ink is scraped off by a doctor blade. The cells are not completely
trate extend to a surface at appropriate ratios of the surface tension of
be printed film. The layout repeats after one cylinder revolution. (b)

ith a defined speed from the sol–gel-solution. The film thickness and
and substrate wetting. Reproduced with permission from ref. 64.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Modifying the at substrate by an array of linear micro-
structured grooves with a round cross-section has been used to
achieve a total in-plane alignment of the mesopores.70 The
mesopores align perpendicularly to the groove long axis driven
by the minimization of the elastic energy of the lyotropic liquid
crystal phase that results from the self-assembly of the micelles.

Deposition of ordered mesoporous silica into patterned
cylinders with pores oriented parallel is another innovative
method developed by Hector and coworkers.71 On a silica on
silicon substrate is deposited a TiN layer followed by a second
silica lm both of which are deposited by sputtering. The silica
layer is nally patterned using e-beam lithography and reactive
ion etching to fabricate nanoscale pillars with diameters of
around 280 nm. The wafer has been then diced into small chips,
and mesoporous silica structures have grown in the conned
pillar space by drop-casting the EISA solution or via dip-coating.
Interestingly, the mesopores orient perpendicularly to the pillar
surface.

Controlling the thickness is also a critical issue, especially
when ultrathin lms are required.72 Wet-etching73 has been
applied to mesoporous silica lms by drop-casting an aqueous
solution of ammonium uoride that decreases the lm thick-
ness. The interface tension of the solution governs the etching.
The same process has also been applied to reduce the thickness
of vertically aligned ferrocene-functionalized silica mesoporous
lms deposited via EASA.74 Furthermore, a post-deposition
process using NH4 has been developed for controlling the
porosity in mesoporous silica lms.75 The dissolution process,
which proceeds in two well-distinct stages, allows tuning of the
lm porosity and thickness.
Fig. 10 Schematic illustrations of the Li electrodeposition process on
the (a) stainless steel (SS) and (b) mesoporous silica thin films with
channels perpendicular to the stainless steel substrate (MSTFtSS) in
the anode-free Li metal batteries. Reproduced with permission from
ref. 79.
5. Negative electrodes and energy
storage devices for lithium batteries

One of the areas of mesoporous materials research where
researchers' attention has recently been focused is lithium
batteries. The use of porosity-controlled materials offers the
potential advantage of increased diffusion of the lithium ion
while the exibility of the synthesis method allows for the
precise design of different types of devices.76 Research in this
area has focused both on the composition of mesoporous lms,
particularly silica, titania, lithium titanate, and molybdenum
dioxide, but also on pore topology and control of the degree of
crystallinity, which is one of the parameters that determines
battery effectiveness. Research in the eld also includes meso-
porous microparticles specically designed for applications in
lithium batteries. Thin-lm technology shows a ductility of use
that makes it easily integrated into different congurations and
types of lithium batteries, and several alternatives have been
developed and tested.

MoO2 mesoporous materials are an example of such appli-
cation to lithium batteries.77–79 Ordered mesoporous MoO2 thin
lms have been tested to model the correlation between charge
storage, crystallinity and porous topology.80 The thin lm
conguration allows eliminating carbon additives or binders
that can hinder the role of the MoO2 nanostructure in
© 2022 The Author(s). Published by the Royal Society of Chemistry
modulating the charge storage properties. MoO2 mesoporous
lms red at 600 �C, which is an optimized temperature, can be
charged and discharged in 24 h still keeping a Li+ storage
capacity of 158 mA h g−1. As the same authors have underlined,
the thin lm system does not represent a practical energy
storage device but allows improving the design of the parame-
ters that control the energy storage in porous materials.

Another material evaluated as an anode for Li-ion micro-
batteries is nanocrystalline mesoporous of lithium titanate,
Li4Ti5O12 (LTO), in thin lms.81 LTO anodes potentially have
higher stability in charge–discharge cycling, but the disadvan-
tage of reduced electrical conductivity and Li+ diffusion. On the
other hand, LTO as thin lms should increase the cation's
mobility, overcoming some of the intrinsic limitations of such
materials as anode for Li batteries. Nanocrystalline mesoporous
carbon-doped Li4Ti5O12 thin-lm with a pure spinel structure
has been obtained via self-assembly using an in situ synthesis of
Li–Ti double alkoxide.

Mesoporous silica lms with vertical mesochannels have
also been applied to develop anode-free metal lithium
batteries82 that have no excess lithium metal.83 The absence of
the anode increases the battery energy density and avoids
dendrite growth, one of the main drawbacks of lithium
batteries. Lithium dendrites are metallic microstructures that
form on the negative electrode during the charging process. The
lack of the anode increases the life cycle and the safe use of the
batteries. Mesoporous silica thin layers with vertically oriented
mesopores have been used in anode-free devices to improve
battery performances and effectively suppress Li dendritic
structures (Fig. 10).

The presence of the MSTF regulates the Li+ ux taking
advantage of the ordered spacing between the mesopores,
which also contributes to having a uniform Li+ distribution
along in plan structure. Another advantage is the higher
Chem. Sci., 2022, 13, 13264–13279 | 13271
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Fig. 11 Schematic illustration of the preparation process of the ferrocene-functionalized vertically aligned mesoporous silica thin films on a flat
ITO electrode. After hydrolysis of the silane precursors, the azide-functionalized silica thin films are further functionalized with ferrocene units by
copper-catalyzed azide–alkyne Huisgen reaction (left). Structural characterization of the ferrocene-mesoporous modified with 40% of 3-azi-
dopropyltrimethoxysilane film. TEM micrographs: top view, cross-sectional view (right top and bottom, respectively). Rearranged with
permission from ref. 85.
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number of transferred lithium cations into the negatively
charged mesochannels that limits the current density and the
growth of dendritic structures. In addition, the mesoporous
silica matrix is a suitable scaffold for lithium ions and has good
wettability with respect to the electrolyte. On the other hand, the
limited thickness of the lm, around 30 nm, does not signi-
cantly enhance the resistance in the battery keeping the
conductivity high.

The possibility of modulating the pore organization in terms
of dimension, orientation, and pore wall thickness gives mes-
oporous lms enough exibility to be designed for different
device congurations. Mesoporous titania has been widely
studied as a material for anode lithium batteries84 and several
examples have also been reported for mesoporous lms.85 In
particular, vertically oriented86 and double diamond structured
bicontinuous87 porous organized structures have been studied
for fabricating lithium battery anodes. Porous titania has the
advantage with respect to the bulk to increase the Li+ ionic and
electrical conductivity that is reected in slow charge–discharge
rates. Using the pre-deposition of a block-copolymer layer to
vertically align titania mesochannels, lms of thickness up to
around 1.0 mm and accessible 7–9 nm nanopores have been
obtained. A capacity of 254 mA h g−1 is obtained aer 200 cycles
for a single-layer TiO2 lm, higher than dense titania lms, has
been measured. Good performances have also been measured
in anodes obtained with bicontinuous titania mesoporous
scaffolds with the capacity of 254 mA h g−1 at the current
density of 1 A g−1.

Ordered mesoporous titania lms, deposited by spray-
coating, have also been fabricated as anode materials in
lithium-ion batteries.88 The material exhibits a high capacity of
680 mA h g−1 at the rst discharge, which, however, quickly
decreases with the cycles to stabilize at around 170 mA h g−1

aer 50 cycles.
A solid-state battery–capacitor based on mesoporous silica

lms whose walls have been modied by a click chemistry
reaction using graphene as the counter electrode has also been
prepared89 (Fig. 11). The device can deliver an energy density of
0.07 mW h cm−2 at the high power density of 180 mW cm−2.
13272 | Chem. Sci., 2022, 13, 13264–13279
Optically transparent thin lms with a vertical alignment of the
mesopores have been deposited using EASA. The functionali-
zation of the pore surface, to anchor redox-active species, has
been done via click azide chemistry. This approach allows the
introduction of large amounts of organic groups onto the silica
walls. The charge propagation occur via an electron hopping
process between adjacent redox centers.

6. Integrating the flatland with
mesoporous films, advanced sensing

The integration of two-dimensional materials with a meso-
porous matrix, which could be through the formation of
a nanocomposite or as an active substrate, is one of the main
trends observed in the development of functional applications
based on mesoporous lms.90 Graphene, in particular, has been
the most used two-dimensional material for this purpose for
both applications, but other bidimensional materials, such as
BN91 and W2S,92 have also been considered recently. The
development of mesoporous lms with pore orientation
perpendicular to the substrate, which has now reached an
advanced state, has allowed the fabrication of different types of
very versatile sensors that use graphene as a conductive
substrate. Other graphene materials have been used as an
electrode for electrochemical sensing platforms using vertically
ordered mesoporous silica (VOMS) channels deposited via EISA.
Several sensors with fast and highly sensitive responses have
been developed using graphene-based architectures. In general,
graphene is applied as an electrode on which, using different
geometries, are deposited the mesoporous lms. One example
is the carbendazim (a pesticide) sensor developed using a BN-
rGO substrate93 or the uric acid in serum sensor that employs
a 3D macroscopic graphene as substrate.94

The ferrocene functionalized silica lm coated onto an
electro-exfoliated graphene electrode is another example of the
integration of graphene with VOMS. The electroactive organi-
cally modied mesoporous silicates on graphene oxide-graphite
3D architectures operating via electron-hopping for high rate
energy storage as pseudo-capacitive material.95
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Illustration of facile preparation of silica nanochannel array film (SNF)/ß-cyclodextrin-graphene (CDG)/AuF by EASA method using CDG
as nanoadhesive. SM ¼ surfactant micelle. Reproduced with permission from ref. 92.
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An example of the different possibilities of designing
a device based on the VOMF-graphene architecture is the
fabrication is shown in Fig. 12.96 On a gold substrate is cast a ß-
cyclodextrin-graphene layer that acts as a functional and
conductive layer; the system is a sensor for the electrochemical
detection of acetaminophen.

Other examples of mesoporous devices using a graphene
layer as an electrode are the sensors for dihydroxybenezene
isomers in environmental water samples,97 for anti-fouling
electrochemical detection of tert-butylhydroquinone in
cosmetics and edible oils,98 for the direct electrochemical
analysis of human serum,99 just to cite some.
Fig. 13 Left. TEM images of representative areas taken from mesoporou
b) Film fragments before calcination (thicknessz 280 nm); arrows indica
of the films after calcination. Right. (a) UV-vis spectroscopy of graphene
line) thermal calcination (thicknesses z 340 and 150 nm, respectively).
todegration of stearic acid deposited on pure titania (red squares) and gra
EG dispersion). Inset shows the pseudo-first-order fit of stearic acid deca
ref. 97.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Mesoporous thin lms on graphene eld-effect transistors
(FETs) have shown the possibility of combining sensing with
size-exclusion ltration.100 The device show a size-excluded
electrostatic gating response given by the pore size and
a larger amplitude and sensing range compared to bare gra-
phene FETs for charged macromolecules inltrating the pores.

Incorporating graphene into mesoporous lms is not easy
because several strict requirements should be fullled. For
example, graphene must be soluble and well dispersed in the
precursor sol, should not disrupt the organization during self-
assembly, and the lms should remain optically transparent
aer deposition, which is required for several applications such
s graphene–titania nanocomposite films (2.5 vol% of EG dispersion). (a,
te the graphene sheets. (c and d) Cross-section dark-field TEM images
mesoporous nanocomposite films before (solid line) and after (dotted
Inset: picture of the film after thermal treatment. (b) Kinetics of pho-
phene-titania (blue triangles) mesoporous nanocomposites (2.5 vol% of
y at increasing time of UV excitation. Reproduced with permission from

Chem. Sci., 2022, 13, 13264–13279 | 13273
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as photocatalysis. On the other hand, the incorporation of
graphene in titania mesoporous lms signicantly improves
the functional properties and applications in sensing and
photocatalysis have been demonstrated. One example is the
incorporation of exfoliated graphene into ordered cubic meso-
porous lms101 (Fig. 13). The lms show an enhanced photo-
catalytic effect also allowing patterning via deep X-ray
lithography.

Besides photocatalysis, graphene-titania lms have shown
a remarkable effect when used as a platform for Surface
Enhanced Raman Scattering (SERS).102 Graphene can enhance
the Raman scattering signal through what is indicated as
graphene-mediated enhanced Raman scattering (GERS). The
enhancement, however, is rather small (10–102) because of the
chemical mechanism (CM) which governs the charge transfer
between graphene and the molecules to detect. This effect is,
however, amplied when exfoliated graphene is dispersed in
titania mesoporous lm giving rise to Ti-GERS (titania-induced
graphene-mediated ERS) that has been attributed to synergic
interfacial interactions between graphene sheets and titania at
the anatase crystallite edges within the nanocomposite.103 The
method to incorporate graphene into mesoporous lms is
exible enough to allow fabricating complex heterostructures,
for instance, growing inside the mesoporous matrix metal
nanoparticles, such as silver104 and gold.105 Gold has been
thermally reduced in situ with preferential nucleation on the
surface of the graphene nanosheets.101 Silver nanoparticles have
been instead grown in the graphene-mesoporous titania lm by
exposition to hard X-rays.100 Also, in this case, the graphene
sheets work as preferential nucleation sites, allowing faster
nucleation of the nanoparticles.

Besides graphene, BN87 andW2S88 nanosheets have also been
successfully incorporated via one-pot self-assembly into meso-
porous ordered titania lms. The bidimensional materials can
be easily dispersed in the precursor sol and remain homoge-
neously dispersed into the mesoporous lms that keep the
organization of the pores. The nanocomposites have been
tested for photocatalysis showing improved performances. In
the case of BN, the improvement is only observed when defec-
tive boron nitride sheets are incorporated in the mesoporous
titania lms.

Mesoporous lms are a feasible matrix not only for graphene
sheets but also for graphene106 and carbon dots.107–110 An
example is the electrochemical sensing platform realized
conning graphene quantum dots (GQD) into vertically ordered
mesoporous silica channels through electrophoresis.102 The
GQD plays multiple roles by enhancing selectivity as a recogni-
tion element and mediator for charge transfer. The integration
expects interesting future developments of carbon dots into
mesoporous lms, which should allow extending the eld of
application and the construction of functional heterostructures.

7. Future outlook

The comprehension of the basic phenomena behind self-
assembly in mesoporous ordered lms is well established.
This is particularly true in the case of silica and titania lms,
13274 | Chem. Sci., 2022, 13, 13264–13279
which are by far the most used and applied in devices and
applications. However, despite the previous intense work, some
basic knowledge remains to explore. In particular, mesoporous
lms represent an ideal nanoscale conned environment where
the physics and chemistry of reactions and processes are still
partly to be explored.

In contrast, research and applications on mesoporous lms
of different compositions than silica and titania are still quite
limited, leaving much room for future investigations. A major
trend is the integration of mesoporous lms into industrial
processes that are effectively applied in terms of scale, cost,
material control, environmental impact, and reproducibility.
Dip-coating and spin-coating deposition techniques have been
the basis for the initial studies of mesoporous lms. However,
they have severe limitations when they need to be transposed to
the market. Therefore, one of the strongest trends is developing
sensors based on mesoporous lms, mainly using meso-
structures oriented vertically to the substrate.

Mesoporous lms, when used as sensors, have the advantage
that pore wall functionalization can be used to develop highly
selective systems. Another area of great interest that is likely to
be the subject of intense research in the future is batteries, in
which mesoporous lms can play an important role. One
process that needs to be followed closely is the realization of
complex heterostructures based on mesoporous lms that may
open up new scenarios in sensing and photocatalysis. Inte-
grating two-dimensional materials together with nanoparticles
is an example of heterostructures whose development is yet to
be explored. Research on mesoporous lms aer the rst phase
of studying the basic phenomena governing the self-assembly
process has entered a new phase; it is to follow in parallel the
development of technologies based on mesoporous lms and
the innovation proceeding at great speed in nanoscience.
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36 W. Stöber, A. Fink and E. Bohn, Controlled Growth of
Monodisperse Silica Spheres in the Micron Size Range, J.
Colloid Interface Sci., 1968, 26, 62–69.

37 M. Grün, I. Lauer and K. K. Unger, The synthesis of
micrometer- and submicrometer-size spheres of ordered
mesoporous oxide MCM-41, Adv. Mater., 1997, 9, 254–257.

38 Z. Teng, G. Zheng, Y. Dou, W. Li, C.-Y. Mou, X. Zhang,
A. M. Asiri and D. Zhao, Highly Ordered mesoporous
Silica Films with Perpendicular Mesochannels by
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50 N. Vilà and A. Walcarius, Bis(terpyridine) Iron(II)
Functionalized Vertically-Oriented Nanostructured Silica
Films: Toward Electrochromic Materials, Front. Chem.,
2020, 8, 830.

51 Y. He, M. A. Khan, A. Drake, R. Ghanim, J. Garay,
A. Shirodkar, J. Strzalka, Q. Zhang, B. L. Knutson and
S. E. Rankin, Formation of Vertically Oriented Channels
during Calcination of Surfactant-Templated Titania-
Doped Mesoporous Silica Thin Films, J. Phys. Chem. C,
2021, 125, 22262–22273.

52 V. Malgras, Y. Shirai, T. Takei and Y. Yamauchi,
Coalescence-Driven Verticality in Mesoporous TiO2 Thin
Films with Long-Range Ordering, J. Am. Chem. Soc., 2020,
142, 15815–15822.

53 M. A. Khan, S. Z. Islam, S. Nagpure, Y. He, N. Wanninayake,
R. L. Palmer, J. Strzalka, D. Y. Kim, B. L. Knutson and
S. E. Rankin, Epitaxial Formation Mechanism of
Multilayer TiO2 Films with Ordered Accessible Vertical
Nanopores by Evaporation-Driven Assembly, J. Phys.
Chem. C, 2020, 124, 1958–1972.

54 E. Barthel, N. Chemin, M. Klotz, V. Rouessac and A. Ayral,
Mechanical properties of mesoporous silica thin lms:
effect of the surfactant removal processes, Thin Solid
Films, 2006, 495, 210–213.

55 T. Takimura, N. Hata, S. Takada and T. Yoshino,
Determination of mechanical properties of porous silica
low-k lms on Si substrates using orientation dependence
of surface acoustic wave, Jpn. J. Appl. Phys., 2008, 47,
5400–5403.

56 D. Jauffres, C. Yacou, M. Verdier, R. Dendievel and A. Ayral,
Mechanical properties of hierarchical porous silica thin
lms: experimental characterization by nanoindentation
and Finite Element modeling, Microp. Mesop. Mater.,
2011, 140, 120–129.

57 C. Boissiere, D. Grosso, S. Lepoutre, L. Nicole, A. B. Bruneau
and C. Sanchez, Porosity and mechanical properties of
mesoporous thin lms assessed by environmental
ellipsometric porosimetry, Langmuir, 2005, 21, 12362–
12371.

58 S. Dourdain, D. T. Britton, H. Reichert and A. Gibaud,
Determination of the elastic modulus of mesoporous
silica thin lms by x-ray reectivity via the capillary
condensation of water, Appl. Phys. Lett., 2008, 93, 183103–
183108.

59 D. F. Lionello, J. I. Ramallo, G. J. A. A. Soler-Illia and
M. C. Fuertes, Mechanical properties of ordered
mesoporous oxides thin lms, J. Sol-Gel Sci. Technol.,
2022, 101, 114–139.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04828k


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
d’

oc
tu

br
e 

20
22

. D
ow

nl
oa

de
d 

on
 1

5/
2/

20
26

 1
3:

43
:5

6.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
60 P. Innocenzi, L. Malfatti, T. Kidchob, P. Falcaro,
S. Costacurta, M. Gugliemi, G. Mattei and H. Amenitsch,
Thermal induced transitions in self-assembled
mesostructured lms studied by small angle X-ray
scattering, J. Synchrotron Radiat., 2005, 12, 734–738.

61 P. Cop, S. Kitano, K. Niinuma, B. M. Smarsly and
H. Kozuka, In-plane stress development in mesoporous
thin lms, Nanoscale, 2018, 10, 7002–7015.

62 M.-H. Hong, D. I. Shim, H. H. Cho and H.-H. Park, Effect of
mesopore-induced strain/stress on the thermoelectric
properties of mesoporous ZnO thin lms, Appl. Surf. Sci.,
2018, 446, 160–167.

63 K. Okada, G. Asakura, T. Yamamoto, Y. Tokudome and
M. Takahashi, Anisotropic and Reversible Deformation of
Mesopores and Mesostructures in Silica-Based lms
under Mechanical Stimuli toward Adaptive Optical
Components, ACS Appl. Nano Mater., 2019, 2, 2377–2382.

64 P. Innocenzi, T. Kidchob, P. Falcaro and M. Takahashi,
Patterning techniques for mesostructured lms, Chem.
Mater., 2008, 20, 607–614.

65 N. Li, L. Song, L. Bießmann, S. Xia, W. Ohm, C. J. Brett,
E. Hadjixenophontos, G. Schmitz, S. V. Roth and
P. Müller-Buschbaum, Morphology Phase Diagram of Slot-
Die Printed TiO2 Films Based on Sol–Gel Synthesis, Adv.
Mater. Interfaces, 2019, 6, 1900558.

66 N. Li, W. Chen, L. Song, R. Guo, M. A. Scheel, D. Yang,
V. Körstgens, M. Schwartzkopf, S. V. Roth and P. Müller-
Buschbaum, In Situ Study of Order Formation in
Mesoporous Titania Thin Films Templated by a Diblock
Copolymer during Slot-Die Printing, ACS Appl. Mater.
Interfaces, 2020, 12, 57627–57637.

67 S. Yin, T. Tian, C. L. Weindl, K. S. Wienhold, Q. Ji, Y. Cheng,
Y. Li, C. M. Papadakis, M. Schwartzkopf, S. V. Roth and
P. Müller-Buschbaum, In Situ GISAXS Observation and
Large Area Homogeneity Study of Slot-Die Printed PS-b-
P4VP and PS-b-P4VP/FeCl3 Thin Films, ACS Appl. Mater.
Interfaces, 2022, 14(2), 3143–3155.

68 N. Herzog, R. Brilmayer, M. Stanzel, A. Kalyta, D. Spiehl,
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