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Resumen

Las peliculas delgadas de 6xidos mesoporosos (PDOMPs) han recibido mucha atenciéon en las
ultimas décadas, principalmente debido a su arreglo controlado de poros con diametro en el
rango 2 - 50 nm y su versatilidad para el desarrollo de dispositivos tecnologicos. Hoy en dia, se
encuentran disponibles diversos moldes de poros y precursores inorganicos lo que permite
obtener una gran variedad de PDOMPs tanto en términos de composicion quimica (SiO2, TiOo,
7Zr0,, Ce0O,, Al203, HfO; y 6xidos mixtos) como de tamafios y arreglos de poros. Entre las
aplicaciones propuestas para las PDOMPs, una de las mas destacadas es su uso como parte
constitutiva de sensores. Las principales ventajas de usar PDOMPs en la construccion de estos
dispositivos son: la alta superficie especifica, la versatilidad de composiciéon quimica y la
facilidad para depositarlas sobre una gran variedad de sustratos.

En este trabajo de revision se describen brevemente los métodos de sintesis mas usuales para
obtener PDOMPs y las técnicas de caracterizacion mas utilizadas para determinar sus
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116 M. M. Zalduendo et al.

propiedades fisicoquimicas. Posteriormente, se analizan dos de las lineas que se estan
desarrollando en nuestro grupo para obtener sensores especificos y reproducibles basados en
PDOMPs: sensores para espectroscopia Raman aumentada por superficies (SERS) obtenidos al
combinar las peliculas con nanoparticulas metélicas y sensores Opticos basados en multicapas.

Abstract

Mesoporous oxide thin films (MOTFs) have received much attention in the last decades mainly
because of their controlled array of pores with diameter in the 2-50 nm range and their versatility
for development of technological devices. Nowadays, a diversity of pore templates as well as
inorganic precursors are available, therefore a large variety of MOTFs can be obtained in terms
of chemical composition (Si0,, TiOz, ZrO,, CeO,, Al,O3, HfO,, and mixed oxides) and pore
sizes and arrangements. Among all the proposed applications of MOTFs, one of the most
prominent is their use as constitutive part of sensors. The main advantages of using MOTFs in
the construction of these devices are: high specific surface, chemical composition versatility and
the easiness to deposit them onto a wide variety of substrates.

In this minireview, we shortly describe the most common synthesis methods to obtain MOTFs
along with the most usual techniques used to characterize their physicochemical properties.
Afterwards, we discuss two of the lines that are being developed in our group to obtain specific
and reproducible sensors based on MOTFs: Surface Enhanced Raman Spectroscopy (SERS)
sensors obtained by combining the films with metallic nanoparticles and optical sensors based on
films multilayers.

Palabras Clave: peliculas delgadas, oxidos mesoporosos, nanoparticulas metalicas, multicapas, sensores

Keywords: thin films, mesoporous oxides, metal nanoparticles, multilayers, sensors

1. Introduction

Mesoporous oxide thin films (MOTFs) have received much attention in the last decades mainly
due to their high surface area and versatility for development of technological devices.'”
Mesopores dimensions (2-50 nm diameter)® give place to confinement effects which are crucial
in catalysis, nanoreactors, nanofluidics and diffusion.*® At the same time, these materials are
able to interact with larger molecules than in the case of other (micro)porous materials, such as

proteins, polymers and nanoparticles.’ 12

Typical ways to obtain thin films are by dip-coating or spin-coating a precursor solution onto
different substrates such as glass, silicon, gold, quartz or conductive glass (ITO, FTO). Some
parameters as withdrawal or spin speed and solution viscosity allow tuning films thickness; and

other parameters as ambient humidity and temperature have critical effect on pores spatial
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organization and films optical quality.'3'* Although less utilized, other deposition methods are
also applied: spray-coating, casting, convective self-assembly and electrochemical assisted
deposition.! During and after deposition, two processes take place: evaporation induced self-
assembly of amphiphilic molecules that form micelles, which work as pores template, and sol-
gel reactions, that form the oxide around the micelles.'”'® Afterwards, samples are treated at
moderate or high temperature (200-700°C)!'? or with X-rays (2.5-12 keV)!” to eliminate the pore
template and to yield oxide consolidation and even its crystallization. Furthermore, this synthetic
methodology permits the addition of other chemical moieties by co-condensation or post-

11,20-21

grafting , and/or the incorporation of metal or semiconducting nanoparticles.'®?*2* Thus, a

large variety of designs can be achieved.

The resulting MOTFs are defined by their thickness, refractive index, pore size, pore spatial
distribution, pore accessibility, wall crystallinity and mechanical properties. All these features
can be fully characterized by using several complementary techniques.!? !* In general pore size
and its spatial distribution are obtained by means of scanning and transmission electron
microscopy (Figure 1A-C), and grazing incident small angle X-ray scattering (Figure 1D).
Inorganic or organic chemical composition is determined with optical spectroscopies such as
UV-visible, FTIR and Raman.'* ?* Wall crystallinity can be verified by X-ray diffraction,
selected area electron diffraction, Raman spectroscopy and even X-ray absorption methods.!* 2%
26 To obtain information about porosity, thickness and refractive index, X-ray reflectometry
(Figure 1E) and environmental ellipsometric porosimetry (EEP, Figure 1F) are carried out.?’?
Either EEP or nanoindentation provide MOTFs mechanical properties.>* In some cases, in situ

studies are possible and permit to follow films evolution throughout the thermal treatment.'* 232
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Figure 1. (A) SEM image of a mesoporous SiO; thin film templated with Pluronic F127 and treated at
350°C. (B) TEM image of a mesoporous SiO- thin film templated with Brij 58 and treated with X-rays.
(C) SEM side view of a mesoporous TiO; thin film templated with Pluronic P123 and treated at 350°C.
(D) GISAXS pattern of a SiO; thin film templated with CTAB deposited on silicon and treated with X-
rays. (E) X-ray reflectogram of a TiO; thin film templated with Pluronic F127 deposited on glass and
treated at 350°C. (F) Water adsorption-desorption isotherms of TiO- thin films templated with Brij 58
deposited on ITO and treated at 200, 350 and 400°C.

The development of MOTFs was possible thanks to the detailed characterization of each
synthesis step and the complete description of the final material’s properties. Nowadays, a
diversity of pore templates as well as inorganic precursors are available, therefore a large variety
of MOTFs can be obtained in terms of chemical composition (SiO2, TiOz, ZrO2, CeO2, Al>O3,
HfO,, and mixed oxides) and pore sizes and distribution (Pm3n as in Figure 1D, Im3m as in
Figure 1A-B, Fm3m as in Figure 1C, 2D-hexagonal, 3D-hexagonal).!* 3% 3336 The possibility of
combining the MOTF with NPs and/or inorganic/organic/biological compounds opens endless

potential applications.!

Among all the proposed applications of MOTFs, one of the most prominent is their use as

constitutive part of sensors. The main advantages of using MOTFs in the construction of these
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devices are their high specific surface, their chemical composition versatility and the easiness to
deposit them onto a wide variety of substrates. Several examples were presented regarding the

3739 while

applications of MOTFs: single layers of hybrid MOTFs were tested as optical sensors,
silica mesoporous films were applied for humidity and vapor sensing.***’ Moreover,
improvement on specificity and selective sensing can be envisioned when increasing the
complexity of the devices, either by combining several MOTFs or by adding other nanomaterials
or functions in their structure. In the following sections, we will discuss two of the lines that are
being developed in our group to obtain specific and reproducible high complexity sensors based

on MOTFs: Surface Enhanced Raman Spectroscopy (SERS) sensors obtained by combining

films with metallic nanoparticles and optical sensors based on films’ multilayers.

2. SERS based sensors

MOTFs can be combined with metal nanoparticles to build a new material with distinctive
optical properties.'® 222> MOTFs represent a good alternative for nanoparticles (NPs) support
and stabilization, where the large surface area ensures direct contact between the NPs and the
environment. Consequently, these platforms had found applications as optical sensors. In

particular as SERS based sensors,**->

where the MOTFs plays an active role not only generating
the enhancement platform but also providing specificity to the detection.”>-® In this line, the

sensor’s performance, affinity and selectivity can be tuned modifying the MOTF pore size,

charge and/or functionalization.

Diverse soft chemistry and/or lithography techniques approaches can be used to join MOTFs and
metal NPs in a new material.!® 222> The different synthetic pathways will define the material’s
final configuration. Some of the proposed architectures are presented in Scheme 1: (a) metal NPs
can be placed between the substrate and the film (Architecture 1) or (c) above the film in the air-

MOTF interface (Architecture 3). Other possibility is the synthesis of the metal NPs inside the

Anales AQA — Div. Jévenes Profesionales An. Asoc. Quim. Argent. 2019, 106(2), 115-131
FB @djpq.aqga — TW @jovenes AQA



120 M. M. Zalduendo et al.

pores or at the walls of the porous film (Architecture 2, Scheme 1b). In all cases, the main

features of the MOTTF are not altered by the incorporation of the metal NPs.

Scheme 1. Schematic representation of possible architectures built by combining metal NPs and MOTF:
(a) MOTF deposited on a substrate with immobilized metal NPs; (b) metal NPs synthesized in the pores
or at the walls of the MOTF; and (c) metal NPs deposited above the MOTF.

Figure 2 displays electronic microscopy images of different samples with the already described
architectures. Figures 2a, b and c represent examples of Architecture 1. NPs of different
morphologies (triangles, rods and spheres) were immobilized and coated with a MOTF (Figures
2a, b and c, respectively).>* 3% 3 More anisotropic shapes can be obtained by NPs overgrowth
through the pores of the film that covers them (Figure 2d).’®  In fact, this last feature
demonstrates, in a simple way, the accessibility of the MOTF since molecules (in this case,
reaction precursors) can diffuse from solution to the bottom of the film, where the NPs are
placed. On the other hand, Figures 2e and f are examples of Architecture 2. Gold NPs were
synthesized inside the pores of the MOTF and are evenly distributed through the film’s

thickness, as can be seen from the SEM cross-section image in Figure 2f.%% 6!
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Figure 2. TEM images of: (a) Au nanotriangles, (b) Au nanorod, and (c) Au spherical NPs of 35nm
diameter covered with mesoporous TiO,. (d) TEM image of overgrown Au 35nm diameter spherical NPs.

(e) TEM image and (f) SEM cross-section image of Au NPs synthesized inside a TiO, mesoporous film.

The final material’s optical properties and sensing capabilities are intrinsically related to its
architecture. As an example, Figure 3 shows the SERS intensity of a probe molecule as a
function of spatial coordinates, for three different platforms. Panels (a) and (b) correspond to an
Architecture 1 type: aggregated 66 nm diameter Au NPs and overgrown isolated Au 66 nm NPs
coated with MOTF, respectively. In both cases, a large number of hot spots are formed, given by
NPs proximity and the presence of tips in the overgrown NPs.®*%3 Therefore, high SERS
intensity is detected. On the other hand, Figure 3¢ exhibits the SERS performance of a type 2
architecture: Au NPs were synthesized in the pores of a MOTF. Low intensity signal is observed
due to the small size of the NPs, limited by pore diameter.’® However, since NPs are evenly
distributed in the three directions of the ordered MOTF, a high signal spatial distribution (usually
difficult to obtain through other soft chemistry techniques) is identified. As a general result, high
SERS signals are obtained with Architecture 1 sensors while high spatial homogeneity is
obtained with architecture 2 devices.”® °¢ Therefore, the choice of one sensing platform over
another will depend on the envisioned application. In particular, highly homogeneous type 2

architectures are ideal for routine determination of analytes that are present in puM
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concentrations. Highly sensitive type 1 architectures, on the other hand, are ideal in case filtering

or high sensitivity are needed.’> %
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Figure 3. SERS maps of p-nitrothiophenol 1340 cm™' band intensity for different samples: (a) aggregated
Au 66nm NPs coated with mesoporous TiO,, (b) overgrown isolated Au 66nm NPs covered with

mesoporous TiO,, and (¢) Au NPs synthesized inside the pores of mesoporous TiO».

In summary, a great variety of architectures can be obtained combining metal NPs and MOTFs.
The features of each component remain in the new material while additional properties arise
from their association. Each architecture presents different optical properties, therefore,

distinctive sensing capabilities.

3. Optical sensors based on multilayered structures

Thin films alternated layers of low/high refractive index lead to obtain one dimension photonic
crystals (PC), commonly known as Distributed Bragg Reflector (DBR).% If these arrangements
are porous, they can be used as optical sensors in both liquid and vapour phase. PC based sensors
respond to changes in the medium’s refractive index by a shift in the photonic band gap;
therefore, it is possible to evidence changes in the environment by a colour variation.*”" In a
further step, the sensitivity of the sensor can be increased by depositing a noble metal thin film
next to the higher refractive index layer; generating the recently experimentally developed
Tamm mode.”'"”® Such feature is expected to enhance the sensitivity due to the thinner spectral
band that these optical modes present, when compared to the DBR ones.”

Mesoporous PC based sensors are mainly obtained by soft chemistry methods using as

precursors oxides nanoparticles suspensions’®®® or sol-gel solutions”™ 8% to prepare each
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MOTF layer. If a Tamm mode based sensor is desired, the thin layer of the noble metal can be
either sputtered on top of the multi-layered structure or can be deposited onto the substrate and
covered by the DBR. These two possible architectures are depicted in Figure 4, together with a

detailed image of the porous multilayer and an optical image of one device.

Auv  23nm
Ti0, 100 nm
Si0, 82nm
Ti0, 102 nm
Si0, 79nm
TiO, 98 nm
Si0, 82nm
TiQ, 104 nm
Si0, 72nm
TiO, 115 nm
glass

Ti0, 68nm
Si0, 81nm
Tid, 75nm
Si0, 81nm
Ti0, 78nm
Si0, 80nm
TiO, 80nm

Au” 29nm
_200 nm gfass

Figure 4. SEM images and the corresponding schemes of two possible architectures for a Tamm device:

(a) DBR deposited on a glass substrate with a gold layer on top; (b) DBR deposited on a gold coated glass
substrate. Reprinted with permission from . Copyright 2014 American Chemical Society. (¢) TEM
image showing the porous structure of the mesoporous layers and (d) optical image of a Tamm device

prepared on glass.

The performance of these sensors is evaluated measuring the variation of the minimum (for the
Tamm device’) or the maximum (for the PCs based sensors’®"” 81-82) of the photonic band gap
as a function of the stimulus (i.e. vapor concentration, liquid refractive index, etc). The
sensitivity and selectivity of the multi-layered materials can be tailored by modifying the
physicochemical nature of the MOTFs that forms the device. The chemical modification can be
achieved by one-pot co-condensation during the synthesis of the layers, or by post-grafting,
either by complexing or forming covalent bonds.?® An example of the versatility of such
chemical modification has been present by Ghazzal et al. These authors studied the selectivity of
PCs based on alternated titania and silica mesoporous films by changing the ratio of hydrophobic

function of the silica layers by one-pot co-condensation.®> To evaluate the performance, they
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exposed the devices to solvents with different hydrophilic behaviour (water or hexane). Figure
S5a shows the spectral response of the PC when it is exposed to the solvents, meanwhile the
Figure 5b shows the variation of the band gap position as function of the hydrophobic
component ratio. It can be observed that as the hydrophobic function content increases, the

diffusion of water inside the layers becomes more difficult due to the surface affinity.
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Figure 5. (a) Spectral response of a dry PC (black), and when it is exposed to water (blue) and hexane
(red). (b) Band gap shift of the photonic crystal as function of the hydrophobic function and the solvent.
Reproduced from Ref. # with permission from The Royal Society of Chemistry.

Our group has already tested the Tamm devices as optical sensors, proving the response from
changes in the environment and opening the path to develop this type of devices.”” As an
example, in Figure 6 the response of two different Tamm devices as toluene detectors is shown,
in both liquid (Figure 6a) and vapour (Figure 6b) phases. In a continuation of this work, we have
demonstrated the higher sensitivity of these sensors versus those based on PCs. It was also
shown that the response of this sensors not only depends on the nature of the device, but also on

the physicochemical properties of the solvents, such as polarity or vapour pressure.””
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Figure 6. (a) Experimental transmittance spectra of a Tamm device exposed to air (red line) and after
immersion in liquid toluene (blue line). Reprinted with permission from . Copyright 2014 American

Chemical Society. (b) Spectral response of a dry Tamm device (blue) when it is exposed to toluene

vapors, until the condensation of liquid toluene inside the pores is reached at 240 s (red).

In summary, mesoporous PC based sensors, both DBR and Tamm devices, were proved to be
good as vapour and liquid detectors. It has also been shown that the features of the materials can
be modified with accessible reactions, which do not require a difficult work-up. Therefore, the
simple design and construction method allows producing sensors on demand, and the

combination of them makes possible obtaining photonic noses arrays.”!*?

4. Conclusions

MOFTs are very versatile materials, whose physicochemical and structural characteristics can be
designed and tuned from synthesis. Thus, their use as constitutive part of sensors is

straightforward. Moreover, if the films are stacked or combined with other nanomaterials,
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multiple variety of architectures can be obtained, with new properties that depend on the
components’ physicochemical features and position. Consequently, more complex and specific
sensors are expected to be built in such approach. In this minireview, we have demonstrated that
MOTFs can be combined with metallic nanoparticles to obtain highly sensitive SERS based
sensors with architecture dependent performance. In the same way, we have shown that DBRs
based optical sensors can be prepared by stacking MOTFs and the sensitivity of the device can
be tuned by taking advantage of the films’ functionalization. The selected cases are just a small
sample of MOTF based sensing possibilities. Other applications are currently under development

worldwide, and much more examples are expected to be available in the near future.
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