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and characterization of
hierarchical porous stacked thin films based on
MOFs and ordered mesoporous oxides†

Melina Arcidiácono, a Juan A. Allegretto, ab Omar Azzaroni, a

Paula C. Angelomé *c and Mat́ıas Rafti *a

Sub-micrometre thin alternate bilayers of materials with appropriate refractive index contrast are widely

used for the assembly of sensors based on the stimuli-responsiveness of such 1D photonic crystals (PC).

A new degree of complexity was recently enabled by the availability of highly ordered multiporous

materials. Specifically, we studied the integration of two kinds of materials with different refractive

indexes: Si- and Ti-based highly ordered mesoporous oxides with defined pore sizes, and both Zr- and

Zn-based Metal Organic Frameworks (UiO-66 and ZIF-8 MOFs), featuring microporosity and chemically

tunable affinity. Synthesis conditions must guarantee the preservation of structural and chemical integrity

when both building blocks are assembled into bilayers. Thus, we studied the influence of usually

employed synthetic procedures for the selected individual materials on the available porosity, crystalline

structure, and morphology of the obtained bilayers, and propose suitable paths for the integration of

multilayers capable of acting as 1D-PCs with both meso- and microporosity.
1. Introduction

Vibrant and attractive colours ubiquitously observed in nature
arise not only from chemical composition, but also from the
presence of ordered nanostructures known as Photonic Crystals
(PCs), where the periodic variation of the refractive index (RI)
produces colour as a result of constructive interference of light
shining on them.1,2 Periodic variation of RI as a result of the
nanostructure can extend from one- to three-dimensions, thus
generating 1D- to 3D-PCs.3,4 These nanostructures have been
employed over the last few decades in many different elds,
given their ability for transducing perturbations into an optical
readout. Interesting examples include the use of polymeric
materials for the assembly of optical sensors featuring RI vari-
ation when exposed to, e.g., electric, magnetic, chemical, or
mechanical perturbations.5 A popular strategy for conferring
responsiveness is to replace bulk oxides with porous materials,
which, due to capillary condensation, trigger a measurable RI
icas Teóricas y Aplicadas (INIFTA),

encias Exactas, Universidad Nacional de

PI, La Plata, Argentina. E-mail: mrai@

y (LiST), Department of Medicine, Faculty

niversity, 3500 Krems, Austria

Constituyentes, Comisión Nacional de

z 1499, 1650, San Mart́ın, Buenos Aires,

tion (ESI) available. See DOI:

282–5293
change.6–8 Similarly as in distributed Bragg stacks or DBRs, one
of the most promising options in this regard are 1D-PC vapour
sensors based on mesoporous oxide thin lms (MTFs).9–11 MTFs
are prepared by depositing a solution that contains an oxide
precursor and an amphiphilic molecule, either via spin or dip
coating, that during deposition and through self-assembly acts
as supramolecular template.12 The oxide, on the other hand, is
formed through sol–gel reactions. Once the template is elimi-
nated either by solvent extraction or thermal treatment, tunable
thickness lms showcase an ordered array of mesopores with
also tunable diameters in the range of 2–10 nm.13–16 Although
the use of MTFs for DBRs brings the interesting possibility of
size-exclusion, there are still obvious drawbacks caused by the
lack of selectivity arising from: (i) similar affinities of usually
targeted analytes with common MTFs and (ii) similar RI of the
targeted analytes. Improvements have been proposed in this
regard, for example, the implementation of chemically modi-
ed sensor arrays with different responses producing a unique
output for a given analyte, i.e., chemical noises.17–19

An increasingly popular alternative employed to circumvent
the above discussed shortcomings is to enrich structural and
chemical tunability of 1D-PCs through the inclusion of porous
materials belonging to the well-established family known as
Metal Organic Frameworks (MOFs).20 MOFs are materials based
on the non-covalent combination of metallic ions and multi-
dentate organic linkers into 3D ordered structures that feature
permanent porosity. Since the appearance of pioneering studies
reporting their interesting adsorption properties,21,22 MOFs
have raised an ever-increasing interest due to a myriad of
This journal is © The Royal Society of Chemistry 2024
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possible applications in diverse elds such as separation,
catalysis, sensing, energy, or drug delivery, just to mention
some of the most relevant examples.23–29,77 The potential of
MOFs as building blocks for optical sensors and PCs has not
gone unnoticed.30 Following the seminal contribution by Hupp
et al. of a Fabry-Pèrot MOF-based vapour sensor,31 research
efforts along this line have increased substantially; interesting
reports include direct nanoparticle self-assembly for RI
contrast,32–35 and lling or imprinting strategies for the nano-
fabrication of patterned surfaces acting as 2D-PCs.36–38 Due to
the nature of building blocks, when employing MOFs for the
assembly of 1D-PCs, additional materials must be included in
order to guarantee the necessary RI periodic variation. Such RI
contrast has been achieved by combining bilayers of MOFs and
dense oxide nanoparticles or lms (typically SiO2 or TiO2).39–43

However, the combination of MOFs with highly ordered
surfactant-templated MTFs such as those obtained via sol–gel
chemistry bears the potential for constituting a new generation
of 1D-PCs but remains virtually unexplored. For such an end, if
multiple bilayers are to be integrated into photonic nano-
architectures, the (unfortunately not straightforward) compati-
bility requirement between synthetic routes for both materials
must be met. This is an essential step towards the rational
organization of nanostructures into functional materials, i.e.:
“nanoarchitectonics”.44,45 Template-extraction and calcination
steps required for MTFs might irreversibly affect the MOF
phase; and conversely, MOF synthesis conditions typically
involve organic solvents and/or strong acid modulators that
might cause disruption of the MTF structure via template
extraction or induce further changes through dehydration of
metal oxide/oxyhydroxide moieties. Preparation methods must
also ensure the necessary stratication and controlled thickness
of alternate stacks, avoiding, for example, interpenetration
generated by cross-diffusion of precursors. Aiming to identify
strategies yielding bilayers and employing archetypal materials
of each class, we explored the synthesis of bilayers composed of
TiO2- and SiO2-based MTFs with different pore sizes13 and
combined them with two selected MOFs, namely, Zr-benzene
dicarboxylic acid-based UiO-66 46 and Zn-methylimidazolate-
based ZIF-8.47 We were able to identify critical steps and adapt
typical synthetic procedures employed for the selected indi-
vidual building blocks to preserve structural integrity. Evalua-
tion was carried out in terms of key parameters such as available
porosity, structure, and crystallinity. Finally, bilayers were
assembled using building blocks in different orders, adapted
protocols for template extraction and calcination procedures for
mesoporous oxides, and synthesis/purication methods for
MOFs to identify appropriate routes that would be feasible for
the fabrication of multiporous 1D-PCs.

2. Materials and methods

Anhydrous methanol was obtained from commercial methanol
as previously reported.48 Zinc nitrate hexahydrate (Zn(NO3)2-
$6H2O), 2-methylimidazole (HmIm), (3-aminopropyl)triethox-
ysilane (APTES), ZrCl4, terephthalic acid (benzenedicarboxylic
acid or BDC), tetraethyl orthosilicate (TEOS), diblock copolymer
This journal is © The Royal Society of Chemistry 2024
Brij 58 and triblock copolymer Pluronic F127 were purchased
from Sigma-Aldrich and used without further purication. TiCl4
was obtained from Merck and diluted in ethanol (Biopack)
before its use. N,N-Dimethylformamide (DMF) was purchased
from Biopack and used without further purication. Acetic acid
(AcOOH) was purchased from Anedra and used without further
purication. Silicon h100i wafers were purchased from
PhotonExport.
2.1 Single layers

2.1.1 Synthesis of mesoporous thin lms (MTFs): TB, TF
and SB. Sols used to deposit MTFs were prepared according to
previous reports. For TiO2 lms templated with diblock copol-
ymer Brij 58 (denominated TB) the precursor was TiCl4 and the
nal molar proportions were: TiCl4 1 : Brij 58 0.05 : ethanol 40 :
H2O 10.49 When F127 was used as the template (denoted as TF),
the nal proportions of the sol were: TiCl4 1 : F127 0.005 :
ethanol 40 : H2O 10.50 Finally, for SiO2 lms, Brij 58 was used as
the template and TEOS as the silicon source. In this case, the
nal molar proportions of the sol were: TEOS 1 : Brij 58 0.05 :
ethanol 24 : HCl 0.28 : H2O 5.2 (denoted as SB).51 In all cases,
sols could be used immediately aer preparation and be reused
if kept in a −18 °C freezer.

A dened volume (ranging from 75 to 100 microliters,
depending on the substrate size) was deposited by spin coating
at 4000 rpm over silicon or glass substrates previously cleaned
with acetone and dried with air. Immediately aer deposition,
the lms were subjected to a stabilisation process consisting of
the following consecutive steps: 30 minutes in a 50% relative
humidity chamber (obtained using a saturated solution of
Ca(NO3)2), 30 minutes in an oven at 60 °C, 30 minutes in an
oven at 130 °C and nally 30 minutes in an oven at 200 °C. The
elimination of the template was performed either by extraction
for 48 h with ethanol (lms hereaer referred to as X – 200 + EE)
or calcination at 350 °C for 2 hours, using a 1 °C min−1 ramp
(hereaer referred to as X – 350).

APTES graing of TB lms was performed using a vapour-
phase approach. The lms were arranged in a 10 mm Petri
dish box and an aluminium container lled with 500microliters
of APTES was placed alongside. Then, the box was covered and
let to react for 20 minutes. Aer reaction, the lms were placed
for 15 minutes in an oven at 60 °C for thermal annealing.52

2.1.2 Synthesis of ZIF-8 lms by liquid-phase epitaxy (LPE).
Substrate preparation of silicon wafers of 95 mm diameter cut
into 1.5 × 1.5 cm slides was carried out as follows: a cleaning
step with acid piranha 1(H2SO4 98%) : 1(H2O2 30%) volume
ratio until bubbling stopped, followed by Milli-Q water rinsing
and drying with air. APTES functionalization was carried out
using the same procedure described for TB lms (see above).
ZIF-8 lms were prepared following a previously reported
procedure,48,53,54 briey, substrates were placed into 10 mL
beakers with the functionalized surface facing down, and then
they were covered completely with 5 mL of 25 mM Zn(NO3)2-
$6H2O methanolic solution. Aer 5 minutes, 5 mL of 50 mM
HmIm was added and gently mixed to be homogeneous. Aer
30 minutes, the silicon substrate was taken out and carefully
J. Mater. Chem. A, 2024, 12, 5282–5293 | 5283
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washed drop by drop with methanol, and then dried with
compressed air. By repetition of these steps, collectively called
“growth cycles” the thickness of the lm can be increased. Films
grown by using this method are referred to as nx-ZIF-8 LPE,
where n represents the number of growth cycles.

2.1.3 Synthesis of ZIF-8 lms by spin coating (SC). Spin
coating of ZIF-8 lms was carried out using colloidal
dispersions of nanoparticles synthesised through a slightly
modied procedure compared to what is reported in recent
literature.55 Briey, equal volumes of methanolic solutions
of 25 mM Zn(NO3)2. 6H2O and 100 mM of HmIm were mixed
for a nal molar ratio of (1 : 4 : 2000) at 25 °C. Aer 3 hours,
ZIF-8 nanoparticles were separated from the mother liquor
by centrifugation at 11 400 rpm for 10 minutes. The solid was
then redispersed in fresh methanol and centrifuged again to
complete two purication cycles. Subsequently, ZIF-8
nanoparticles were redispersed in 1.5 mL methanol and
employed for spin coating. The standardised process and
complete characterization of the material obtained are pre-
sented in the ESI (see Section S1†). Films were assembled on
APTES-modied silicon substrates by casting 0.1 mL ZIF-8
dispersion for 1 min while the substrate was spun at
1200 rpm and dried with compressed air. These steps
constitute one “deposition cycle”; by performing ten cycles
(10x-ZIF-8 SC), lms with a typical thickness of 400 nm were
obtained.

2.1.4 UiO-66 lms by liquid-phase epitaxy (LPE). UiO-66
lms were synthesised according to previously reported proce-
dures.56,57 Briey, silicon substrates were cleaned as described
above and then placed horizontally in a beaker and covered with
33 mM solution BDC in DMF for three days at room tempera-
ture. Aer this surfacemodication step, substrates were placed
vertically in sealed Schlenk tubes and covered with UiO-66
precursors solutions in the following molar ratio Zr 1 : BDC
1 : H2O 1 : AcOOH 500 : DMF 1500 and placed in an oven at 120 °
C for 24 hours. Finally, the samples were cleaned with fresh
DMF and dried at 120 °C overnight.
2.2 Integration strategies for bilayers (layer contacting the
substrate/layer deposited on top)

2.2.1 MOF/MTF bilayers. Mesoporous thin lms were
deposited on MOF covered substrates using the same approach
described for the MTF single layer preparation, performing the
thermal treatment until 200 °C, to prevent thermal degradation
of MOFs.47,58–61

2.2.2 MTF/ZIF-8 LPE bilayers. LPE growth of ZIF-8 was
conducted on mesoporous lms using a similar approach
described for MOF single layers: here, the mixture with MOF
precursors was let to evolve for ve minutes before placing the
MTF modied substrate vertically in the reaction beaker.

2.2.3. MTF/ZIF-8 SC bilayers. ZIF-8 nanoparticles were spin
coated on mesoporous lms using the same approach
described for MOF single layers.

2.2.4. MTF/UiO-66 LPE bilayers. LPE growth of UiO-66
lms was conducted using the same approach described for
MOF single layers.
5284 | J. Mater. Chem. A, 2024, 12, 5282–5293
2.3. Characterization

Atomic Force Microscopy (AFM) measurements were performed
using a Keysight 9500 microscope in AC mode within a dry
environment. The probes employed included Tap190-G, Mul-
ti75Al-G, and Tap150Al-G.

Ellipsometry experiments were carried out using a Woolan
Alpha-SE Spectroscopic Ellipsometer equipped with a CCD
detector and rotatory compensator (spectral range: 380–900
nm), at 70° incidence angle.

X-Ray Reectometry (XRR) and X-Ray Diffraction (XRD)
measurements were performed using a PanAlytical Empyrean
diffractometer using a dedicated thin lm optic, with an inci-
dent beam of Cu Ka radiation (1.54 Å). For XRR, a 1/32° diver-
gence slit and a 0.18 mm receiving slit were mounted.
Measurements were performed in a chamber that allows the
atmosphere control by either introducing silica gel (dry atmo-
sphere) or hot water (vapour saturated atmosphere). Details
about these measurements and the data processing can be
found elsewhere.62–64 The same conguration, but with a 1/16°
divergence slit, was used to measure in the 2q region corre-
sponding to the mesoporous order peak (2–5° 2q). Grazing
incidence (GI-XRD) measurements, on the other hand, were
performed with incidence xed at 1° and scanning the 4–10° 2q
range, using a 1/2° divergence slit and none receiving slit.

Scanning Electron Microscopy (SEM) measurements were
performed using Zeiss Crossbeam 340 Gemini equipment.
Samples were cut into small pieces and xed to an aluminium
stub using conductive carbon tape. Transmission Electron
Microscopy (TEM) measurements were performed using a Phi-
lips CM 200 microscope operated at 160 kV. Samples were
scratched from the substrate using a scalpel and the obtained
powder was deposited onto a FORMVAR and carbon-coated Cu
grid. Dynamic Light Scattering (DLS) measurements were
carried out using a ZetaSizer Nano-ZS90 (Malvern Instruments
Ltd.). Surface area determination was carried out with an ASAP
2020 HD88 surface area and porosity analyzer (Micromeritics).
3. Results and discussion
3.1 Synthesis and characterization of single layers

As discussed thoroughly in previous sections, the combination
of a microporous MOF and MTF into bilayers has the potential
to yield 1D-PCs with hierarchical porosity and ad hoc chemical
affinity. To enable such a possibility, the suitability of different
strategies was explored regarding the cross-compatibility of the
synthetic procedures followed. The selection made in the
present work is summarised in Fig. 1. MOF lms prepared
either via LPE or SC can be combined with MTFs to get MOF/
MTF or MTF/MOF bilayers (layer contacting the substrate/
layer deposited on top). Each procedure for a layer growth
requires specic conditions and yields a structure that will
naturally affect the growth/deposition of the subsequent layer;
therefore, as a rst step towards bilayer design, a thorough
characterization of the single layers employed was required.

It has been previously shown that continuous ZIF-8 lms can
be obtained using properly modied substrates, by introducing
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation for the obtention of LPE and SC MOF films, together with MTFs, and the combinations explored.
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primer layers featuring chemical moieties capable of enhancing
heterogeneous nucleation.48 The selection of such primer as
well as the graing strategy will determine the surface density of
nucleation points in the substrate and thus will affect the
growth extent and nal morphology of the lm.65 When using
APTES as the primer, the lms feature relatively high
constructional porosity (CP, i.e., empty spaces in the meso-scale
range across the lm arising from defects and gaps generated in
the spots where the growth fronts coalesce) in addition to the
inherent ZIF-8 MOF microporosity. CP has been shown to play
a signicant role in adsorption and transport properties of
lms.29,66 This makes determination of the total accessible
porosity far from trivial, since it includes both porous domains:
intrinsic microporosity and meso-scale CP, which can even
introduce domains with different specic affinities.

As can be seen in Fig. 2a(i), the (110) diffraction peak from
ZIF-8 is present at 2q = 7.35°, meaning that the native micro-
porous structure of the MOF is present. It is worth noting that
due to its low thickness (153 nm value was determined with
This journal is © The Royal Society of Chemistry 2024
ellipsometry for 5x-ZIF-8 LPE, see Section S2, ESI†) diffraction
peaks corresponding to the 1x-ZIF-8 LPE lm are not visible,
and thus there is a necessity of performing XRD using thicker
5x-ZIF-8 LPE lms. Nevertheless, 1x-ZIF-8 LPE could be used to
measure XRR patterns. The critical angle measured by XRR is
dened as the 2q value for which the intensity of reected X-rays
is reduced to half of the maximum and can be directly related to
the electronic density of the lm.67 Thus, by comparing values
corresponding to dry and water-saturated atmospheres, it was
possible to analyse water-accessibility of the material. For ZIF-8,
given the intrinsic hydrophobic nature of microporosity, the
variation observed accounts for the accessible and more
hydrophilic CP (see discussion below). In the same way, XRD
and XRR experiments were conducted on ZIF-8 SC lms as
shown in Fig. 2b, which also showed the characteristic (110)
diffraction peak and critical angle, denoting the presence of the
synthesised material. For the case of the UiO-66 LPE lm
(Fig. 2c), XRD revealed a preferential orientation of the (111)
plane, in line with previously reported results.68 Furthermore,
J. Mater. Chem. A, 2024, 12, 5282–5293 | 5285
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Fig. 2 Characterization of (a) ZIF-8 films grown by the LPEmethod (ZIF-8 LPE); (b) ZIF-8 films assembled by spin-coating of nanoparticles (ZIF-8
SC); (c) UiO-66 films grown by the LPE method (UiO-66 LPE); (d) TiO2 mesoporous films obtained using Brij 58 as the template and maximum
200 °C processing temperature (TB 200+EE): (i) XRD and (ii) XRR in dry and water-saturated atmospheres together with surface analysis of the
single layers by means of (a–c iii) AFM and (d iii) SEM.
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the critical angle observed for the UiO-66 LPE lm has a shi
upon water adsorption, in line with the increased hydrophilic
character of the micropores present compared with ZIF-8.69

AFM images show a uniformMOF coverage and themorphology
and size of particles (or grain boundaries arising from colliding
nucleation fronts during LPE) which integrate the lms. Finally,
Fig. 2d shows the diffraction pattern and XRR curves for the TB
200+EE lm. In this case, milder extraction protocols imple-
mented yielded a smooth and homogeneous lm, as conrmed
by the presence of Kiessig fringes in the XRR pattern. The
presence of a well-ordered array of mesopores is conrmed by
the appearance of a diffraction peak at 3.5° 2q in the GI-XRD
pattern of the sample (Fig. 2d(i)), corresponding to a periodic
arrangement of mesopores with an interplanar distance of
2.5 nm in the direction perpendicular to the substrate. The
mesopores and their long-range organisation are also visible on
the lm surface, as denoted by the SEM image presented in
Fig. 2d(iii) and S3, ESI.† XRR curves evidence a shi due to
capillary condensation when using dry and vapor-saturated
conditions thus conrming the accessibility of the mesopores.
5286 | J. Mater. Chem. A, 2024, 12, 5282–5293
Similar results, regarding the MTF accessibility, were obtained
for SB 200+EE, TF 200+EE and TF 350 systems, in accordance
with previous reports (Fig. S4 and S5, ESI†).49–51

Through spectroscopic ellipsometry (SE), thicknesses and
refractive indexes (corresponding to 632 nm wavelength) were
determined for the lms employing ad hoc optical models. With
this information, it was possible to apply effective medium
approximation to obtain total porosities.

As presented in Table 1, all single layers present thicknesses
between 70 and 250 nm, but with very different refractive
indexes and porosities. It is worth noting that porosity values
determined aer applying Bruggemann approximation on
ellipsometric measurements and those determined by XRR
differ from each other. In the case of the 5x-ZIF-8 LPE layer, the
difference in the values resides on XRR probing only the water-
accessible porosity of the layer, while the 64% porosity found by
Bruggemann's approximation arises from considering both
contributions, the intrinsic microporosity of ZIF-8 (hydro-
phobic) and the more hydrophilic constructional porosity.54 In
the case of the ZIF-8 SC layer, the high porosity value obtained
This journal is © The Royal Society of Chemistry 2024
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Table 1 Thickness, surface roughness, refractive index, and porosity of the films, as determined by ellipsometry and XRR

System Thickness (nm) n (l= 632 nm)
Porosity determined
by ellipsometry

Porosity determined
by XRR

5x-ZIF-8 LPE 153 1.324 64% 28%
ZIF-8 SC 203 1.171 80% —
UiO-66 LPE 250 1.620 46% 24%
TB 200+EE 135 1.643 29% 39%
TB 350 74 — — 35%
TF 176 — — 38%
SB 183 — — 48%
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by ellipsometric measurements points towards a less compact
structure being formed; however, the interparticle space upon
assembly seems to be too large to allow the capillary conden-
sation. In fact, aer exposing the lm to a high RH medium
during a long time, no changes in the ellipsometric signal were
observed (Section S6, ESI†). In the case of UiO-66, given the
more hydrophilic character of its porosity, it is likely that under
15% relative humidity conditions the porous material had
adsorbed more water than the other MOF, thus hindering
a larger change in electronic density upon increasing to 94%
RH, which would justify the difference with the ellipsometric
value found for the porosity. Also, it might be possible that not
all the porosity was accessible due to occlusion of solvent or
remaining reactants, despite the thorough washing and acti-
vation procedures followed. Finally, for the TB 200-EE sample,
differences between the values obtained by the two techniques
have been observed before for similar systems.70 Such differ-
ences may be due to the hydration equilibrium achieved in each
kind of measurement and the fact that template may remain
inside the lms in different amounts, depending on the
extraction process and subsequent cleaning of each sample.
Nevertheless, the pore accessibility of TB 200-EE is high enough
to ensure its use as a component of optical devices. TB 350, TF
and SB layers were characterized by XRR, and the obtained
thicknesses and porosities are in accordance with previously
reported results.

Altogether, results summarised in Table 1 show that the
single layers can be grown homogeneously, rendering lms
with very different refractive indexes and porosities, which
makes their combination an attractive path towards 1D-PCs
development.
3.2 Synthesis and characterization of bilayers

The rst approach explored for the construction of bilayers was
to combine nanoparticle-based spin-coating assembled ZIF-8
SC with mesoporous TiO2. Usually, MTFs are treated at 300/
350 °C to ensure template elimination but such temperatures
are not compatible with the ZIF-8 stability. Thus, a shorter
thermal treatment up to 200 °C was selected, based on previ-
ously reported protocols.71 Bilayers were then prepared using
such a low-temperature process and solvent extracted TB
200+EE layers.

As can be seen from XRR experiments presented in Fig. 3a,
spin-coating allowed the assembly of ZIF-8 nanoparticles on top
This journal is © The Royal Society of Chemistry 2024
of the TB 200+EE lm (TB 200+EE/ZIF-8 SC). The XRR curve
shows the appearance of an additional critical angle below 2q =
0.2°, corresponding to ZIF-8, and the conservation of both the
critical angle and the Kiessig fringes from the MTF. The latter
indicates that the homogeneity of the TB 200+EE lm is
preserved (see Fig. S7, ESI† for the full-range XRR curves).
However, the critical angle attributed to ZIF-8 is much lower
than the one of the single layer presented above, indicating
a lower electronic density, which points towards a lower surface
coverage. This might be due to the different wettability of the TB
200+EE lm compared with the APTES-modied silicon
substrates, thus rendering a low-density assembly of nano-
particles. GI-XRD experiments also show no diffraction peak
from ZIF-8, thus supporting the formation of a thin deposit of
particles. Dry and water-saturated XRR experiments reveal that
the TB 200+EE lm is still accessible to water (22% accessible
porosity), although some reduction of this parameter is
observed, probably due to the presence of the ZIF-8 crystals on
the surface, that might hinder water diffusion. Moreover, the
upper ZIF-8 SC layer does not take up much water, also in line
with ellipsometry results (see Fig. S6, ESI†).

For the inverse conguration (ZIF-8 SC/TB 200+EE bilayer),
the ZIF-8 SC layer was used as the starting point for the prep-
aration of the MTF. Fig. 3b, shows the XRR pattern in which
Kiessig fringes associated with the MTF layer (which also shows
the expected diffraction peak attributed to the mesopore
ordering, see Section S6, ESI†) are observed. Moreover, the MTF
remains accessible to water (26% accessible porosity). In this
conguration, in which the upper layer (TB 200+EE) is the one
with the higher electronic density, the critical angle of the
bottom layer (ZIF-8 SC) is not expected to be seen. However,
there is no evidence of ZIF-8 being still present in the substrate,
since no diffraction peak ascribable to it was detected, although
it was clearly visible in the original single layer before MTF
deposition (see Fig. 2b–i). This result suggests that adherence of
the nanoparticles constituting the ZIF-8 SC single layer is
compromised by the MTF synthesis procedure, regardless of the
adaptations introduced for its compatibility with ZIF-8 MOF.

As an alternative, ZIF-8 layers grown by the LPE method were
also explored. When starting from the TB 200+EE lm, the oxide
must be modied with a primer, to allow the anchoring of MOF
precursors which later promote lm growth. For this purpose,
amino moieties (anchored using APTES) were employed as
nucleation points for ZIF-8, thus generating the TB 200+EE/ZIF-
J. Mater. Chem. A, 2024, 12, 5282–5293 | 5287
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Fig. 3 XRR experiments for dry and vapour-saturated atmospheres for
samples: (a) TB 200+EE/ZIF-8 SC, (b) ZIF-8 SC/TB 200+EE, (c) TB
200+EE/5x-ZIF-8 and (d) 1x-ZIF-8/TB 200+EE.
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8 LPE bilayer. It was observed, however, that more than one
growth cycle was needed for the presence of ZIF-8 to be
detectable. By taking advantage of the progressive growth
achievable via LPE, ve growth cycles were conducted, thus
generating the TB 200+EE/5x-ZIF-8 LPE bilayer. Crystallinity of
the system was explored and quite interestingly a wide diffrac-
tion peak around 6.75° 2q was observed instead of the expected
peak at 7.35° 2q. Such a result points towards the formation of
a crystalline phase other than ZIF-8 due to the interactions
between MOF precursors and the mesoporous lm. This could
also explain why when performing low- and high-moisture XRR
experiments (see Fig. 3c) the porosity of the TB 200+EE layer was
no longer accessible to water, since no displacement of the
critical angle is observed for higher humidity. Altogether, this
suggests that mesopores are being blocked by subproducts
generated while attempting the synthesis of ZIF-8, blocking the
access to MTF porosity. For the inverse conguration (1x-ZIF-8/
TB 200+EE), again no diffraction peak for the ZIF-8 phase was
observed. We hypothesise that this could be due to its low
thickness, but again no structures related to ZIF-8 MOF were
detected with electronic microscopy (neither SEM nor TEM).
5288 | J. Mater. Chem. A, 2024, 12, 5282–5293
Nonetheless, a 130 nm thickness MTF lm was successfully
grown on the modied substrate. Such a MTF presents acces-
sible mesopores (31% porosity, obtained from XRR shown in
Fig. 3d) and an ordered pore array that gives rise to a diffraction
peak at 3.25° 2q, corresponding to an interplanar distance of
2.7 nm (see the XRD pattern in Fig. S8, ESI†).

Altogether, the formation process of the MTF seems
incompatible with the production of ZIF-8/MTF bilayers and
further steps are required to ensure the stability of the ZIF-8
phase (either obtained by the SC or LPE approach) during the
formation of the MTF layer. Moreover, the formation of ZIF-8
over the TiO2 porous lms does not seem to occur either,
even if the oxide is modied with APTES, highlighting the need
of careful compatible interactions between the lm and the
MOF precursors.

As mentioned above, the use of different MOFs would endow
the system with ad hoc chemical affinity, and thus is highly
desirable to identify conditions for successful growth of
combined MOF/MTF architectures. We have therefore explored
the use of a different MOF, the Zr-based UiO-66. Differently
from the single micropore size of ZIF-8, UiO-66 features two well
dened micropores: a 1.1 nm wide octahedral pore and 0.8 nm
wide tetrahedral pore, in a 1 : 2 ratio, connected by 0.6 nm wide
windows.72,73 This material also differs from ZIF-8 from the fact
that water is capable of accessing not only the CP of the
assembled lm, but also the micropores.69 Thermal and
chemical stabilities of UiO-66 are also superior;58 however,
synthetic conditions require the use of strong acids as modu-
lators, and high temperatures, which might impose a limitation
for the combination with MTFs.

Aer conducting UiO-66 synthesis on the TB 200+EE lm,
the critical angle corresponding to the MOF was not visible by
XRR but crystals deposited onto the mesoporous lm were
observed by TEM and SEM (see Section S8, ESI†). However,
surface coverage was somehow low in comparison with UiO-66
grown onto the bare Si substrate. Interestingly, from the anal-
ysis of the XRR pattern, it can be concluded that the accessible
porosity of the TB 200+EE aer MOF growth was 44%, very
similar to the value corresponding to one single layer, indi-
cating that the UiO-66 formation does not disrupt the porosity
of the bottom layer (for more information see Section S10 in
ESI†).

To increase the amount of UiO-66 crystals deposited onto the
MTF, TB 350 was used as a base for the MOF growth. This MTF
presents a higher mechanical and chemical stability, more
compatible with the UiO-66 growth conditions. In this case,
UiO-66 was successfully grown on it, generating the TB 350/UiO-
66 bilayer. Dry- and water-saturated XRR experiments depicted
in Fig. 4a revealed that not only the mesoporosity of the TB lm
remains accessible (30% of porosity) aer the growth of UiO-66,
but also that the MOF forms a layer which is also capable of
water adsorption (see Section S11† for the complete XRR range).
In this case, the compactness of the UiO-66 layer is relatively
low, and thus the critical angle shi cannot be observed in the
same way as for the other lms prepared. However, it is possible
to have an estimation by analysing the shi on the minimum
value in the critical angle region. By doing this, a porosity
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) XRR patterns obtained in dry and water-saturated environments, (inset) XRD pattern for the TB 350/UiO-66 system, together with (b
and c) SEM images. (d) GI-XRD for the UiO-66/TB 200+EE bilayer, together with (e) SEM and (f) TEM images, showing the integration of both
systems.
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accessible to water of about 9% can be estimated. Additionally,
the XRD pattern shows the presence of the (111) diffraction
peak of UiO-66, conrming its presence and preferred crystal-
lographic orientation (see Section S11† for XRD in the complete
range). SEM images (Fig. 4b and c), on the other hand, show
a fair coverage of the TB surface with octahedrally shaped
crystals of 500–600 nm size. The porosity of the TB 350 lm can
be seen in the SEM images with higher magnication (see Fig.
S14, ESI†). As discussed above, and together with the informa-
tion from micrographs, it is clear that UiO-66 is formed on top
of the TB lm and not extensively inside the mesopores, as in
the case of ZIF-8. This is probably due to the specic interac-
tions between MOF precursors and the TiO2 matrix.

For the inverse system, TB lms were synthesised on UiO-66
as for the previous examples, thus forming the UiO-66/TB
200+EE bilayer. As can be seen in Fig. 4d, and contrary to the
case of ZIF-8, a strong diffraction peak from UiO-66 was visible
aer formation of the MTF, thus indicating the robustness of
the UiO-66 lm. However, and probably due to the roughness of
the system, XRR measurements could not be performed.
Nonetheless, the presence of both materials was also conrmed
by SEM (Fig. 4e), where a continuous MTF phase is clearly
visible covering the UiO-66 crystals. As the crystals are thicker
than the TB lm, some cracks can be observed in the surface,
exposing the mesoporous lm. These results are similar to
those obtained when silica particles are covered by mesoporous
thin lms.74 TEM images presented in Fig. 4f show that the UiO-
66 crystal is clearly surrounded by the mesoporous oxide. In
both congurations that combine TB lms and UiO-66, the
presence of MOF discrete crystals that do not completely cover
This journal is © The Royal Society of Chemistry 2024
the surface does not allow the determination of a single thick-
ness for the bilayers. However, the spatial connement of each
layer is clearly demonstrated.

As mentioned before, the huge potential of this platform
relies not only on the versatility rendered by the different MOFs
that can be employed, but also on the ne-tuning achievable for
pore sizes and the oxide employed for synthesising the MTFs.
Therefore, exploring different MTFs other than TB would be of
interest. Following this line of though, we have built UiO-66/
MTF bilayers using the same oxide and different pore sizes (TF
system, TiO2 with interpore distance in the direction perpen-
dicular to the substrate of about 5 nm and a pore diameter
around 10 nm) and a different oxide with the same interpore
distance (SB, mesoporous SiO2). As shown in Fig. 5, both
systems (UiO-66/TF 200+EE and UiO-66/SB 200+EE) were
successfully obtained with the crystallinity of UiO-66 preserved.
In both cases the mesoporous lms covered the UiO-66 parti-
cles, once again with visible cracks as in the case of TB lms.
The porosity of the TF and SB layers is clearly distinguishable by
TEMmicroscopy (see Fig. 5c and f); in the case of the TF system,
the pores are ordered in the expected cubic structure50 while in
the case of SB lms the pores are locally ordered. Due to the
high rugosity of the samples, a thickness cannot be dened.
Moreover, XRR measurements were difficult to perform.
However, for the UiO-66/SB 200+EE sample a measurement
could be made, as shown in Fig. S20, ESI.† Although critical
angles could not be properly determined, due to the already
mentioned rugosity issues, it can be clearly seen a displacement
when humidity increases, thus demonstrating the accessibility
of the SB 200+EE layer.
J. Mater. Chem. A, 2024, 12, 5282–5293 | 5289
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Fig. 5 GI-XRD pattern, SEM, and TEM images for UiO-66/TF 200+EE (a–c) and UiO-66/SB 200+EE (d–f) bilayers.
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4. Conclusions

The results presented demonstrate the feasibility of obtaining
bilayers based on ordered mesoporous oxides and UiO-66 MOF
lms, in both possible congurations: mesoporous thin lms or
UiO-66 in contact with the substrate. In these bilayers, the
stratication is clear and both materials presented accessible
porosity. Synthesis requires to slightly adapt MTF preparation
conditions to ensure MOF thermal stability. The UiO-66
synthesis by LPE methodology, on the other hand, does not
seem to be affected by the substrate used as the seed for the
growth. In fact, UiO-66 lms could be formed either on top of
silicon, glass or calcined MTFs without a major change in their
characteristics.

However, not all MOFs can be grown under conditions of
compatibility with ordered mesoporous thin lms. In particular,
ZIF-8 lms were not compatible and thus, stratied bilayers
could not be obtained. When ZIF-8 was employed as the rst
layer, deposition of the MTF on top resulted in the elimination of
the MOF. On the other hand, the growth or deposit of ZIF-8 on
top of the MTF could not be achieved; in particular, when LPE
conditions were used, the pores of the MTF were lled, affecting
accessibility, which is undesirable for its use as a sensor.

The requirement of smoothness and controlled thickness
remains a challenge; we have shown that while spin coating is
suitable for MTFs, this is not strictly valid for the MOF layer.
Although LPE synthesis of UiO-66 MOF yields reasonable
smooth layers, a further degree of control is needed if multiple
bilayers are to be obtained. We envision that recently proposed
strategies for MOF synthesis and processing would allow this
goal; e.g., the use of Zr-clusters as seeds,75 or colloidal suspen-
sions of few-nanometer-thick MOF nanosheets obtained
5290 | J. Mater. Chem. A, 2024, 12, 5282–5293
through doctor-blading.76 In summary, our work demonstrates
that by adequately choosing the MOF identity and the deposi-
tion conditions it is possible to obtain well stratied bilayers.
We have demonstrated that the combination of MOFs and
MTFs constitutes a viable option for building responsive 1D-PCs
with hierarchical porosity and ad hoc chemical affinity.
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