
FULL PAPER

1700663 (1 of 7) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advopticalmat.de

Fluorescent Humidity Sensors Based on Photonic Resonators

Katalin Szendrei, Alberto Jiménez-Solano, Gabriel Lozano, Bettina V. Lotsch,*  
and Hernán Míguez*

DOI: 10.1002/adom.201700663

1. Introduction

Fluorescent sensors for the detection of 
humidity have experienced an extraordi-
nary development over the past years.[1] 
They have emerged as an alternative to their 
capacitive or resistive counterparts, accu-
rate and stable over years, but that suffer 
from slow response times of the order of 
tens or hundreds of seconds.[2,3] Simulta-
neously, color-encoded humidity sensors 
based on, for example, stimuli-responsive 
photonic materials have been extensively 
studied. Structural color changes may, for 
example, arise from infiltration of textural 
pores with water vapor, which gives rise 
to variations of the refractive index, Δn, 
translating into a red shift of the charac-
teristic reflection peak or transmission dip, 
Δλ.[4–7] In addition, very significant Δλ/Δn 
values have been achieved by employing 
swelling materials, such as hydrogels,[8] 
Fe2O3 nanoparticle-polymer hybrids,[9] and 
polymer-based opal-like structures.[10] Here, 
dimensional changes act in concert with 

(sometimes small) changes in Δn. In spite of their larger sensi-
tivity and resolution, the use of swelling materials also typically 
implies slow response times in the range of tens of minutes. In 
a previous work,[11,12] some of us proposed stimuli-responsive 
humidity sensors based on 2D antimony phosphate nanosheets 
integrated in 1D photonic crystals. These colorimetric sensors 
show fast (on the subsecond timescale), full-spectrum color 
changes due to the swelling of the nanosheet layers in the pres-
ence of water, as well as high long-term and cycling stability.[11,12] 
In this regard, although photonic nanostructures provide naked 
eye observation of color changes, the development of more accu-
rate readout schemes have led to different approaches in which 
such changes are converted into an electrical signal.[13,14] In this 
context, one aspect that, as far as we know, has not been consid-
ered, is the potential interplay of photonic resonances and emis-
sion to create a fluorescent photonic humidity sensor.

It has been demonstrated that control over the spectral and 
spatial location of optical resonances in porous 1D photonic 
crystals (1DPCs), identified by a reinforcement of the elec-
tromagnetic field intensity at specific wavelength ranges and 
at well-defined depths within the stratified structure, can be 
exploited for tuning the absorption[15,16] or emission[17–20] 
properties of active nanomaterials embedded in the photonic 
crystal matrix. Conveniently tailored, these effects might allow 
developing humidity sensors based on a fluorescence signal 
readout, whose emission would change as a function of the 

Among the different approaches to humidity sensing available, those based 
on fluorescent signals are gathering a great deal of attention due to their fast 
response and versatility of detection and design. So far, all proposals have 
focused on the use of luminescent probes whose emission is either triggered 
or inhibited by the presence of water that reacts or alters their chemical envi-
ronment, hence inducing the signal change. Here, a novel concept in fluo-
rescent humidity sensing based on combining stimuli-responsive photonic 
resonators with molecular fluorescent probes is introduced. The resonator is 
assembled from humidity-swellable antimony phosphate nanosheets embed-
ding a planar light-emitting probe, whose emission is dramatically modified 
by the changes that ambient humidity causes in its photonic environment. 
Guided by “in silico” optical design of the resonator architecture and sub-
sequent experimental realization, two embodiments of fluorescent photonic 
humidity sensors featuring turn-on and turn-off detection schemes are pre-
sented. The interplay between the luminescent properties of an emitter and 
its photonic environment implies a fundamental advantage as the emitters 
are not chemically altered during the detection process. At the same time, it 
paves the way toward a new generation of photonic humidity sensors which 
can conveniently be interfaced with common fluorescence detection schemes.
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modification of the local photonic environment caused by the 
presence of water molecules in the swellable matrix. In terms 
of performance, when compared to other fluorescent thin 
film devices that do not make use of photonic effects,[21,22] this 
would imply added functionalities, such as predesigned on-off 
signal responses, fast and easy optical-to-electrical signal trans-
lation, and fine tunability of the detector sensitivity to prese-
lected water contents in the atmosphere. From another per-
spective, larger stability and hence longer durability is expected 
as the sensing principle is not based on a chemical reaction 
that involves the luminescent probes, as it is the case for most 
fluorescent humidity sensors.[23–25]

In this work, we present the first fluorescent humidity sensor 
based on a porous and at the same time swellable photonic struc-
ture. The correlation between the photon local density of states 
and the changes induced by the modification of the ambient 
conditions is used to create a sensing architecture that responds 
to variations in relative humidity (RH) with a well-defined, pre-
designed photoluminescence (PL) spectrum. Our resonators 
are composed of thin films of dyed polystyrene nanospheres 
precisely deposited at the desired depth within 2D antimony 
phosphate (H3Sb3P2O14) nanosheets. These are in turn sand-
wiched between two 1DPCs, thus creating an optical cavity and 
allowing for a precise control of the luminescence of the nano-
spheres. Upon humidity changes, the cavity dynamically swells 
as a result of the intercalation of water molecules, hence modi-
fying the local photonic environment of the emitters. This trans-
lates into dramatic changes of the emission properties, which, 
depending on the design employed, may lead to enormous 
enhancements or complete suppression of the fluorescence in 
response to the stimulus. We demonstrate this concept by real-
izing two designs displaying, respectively, turn-on and turn-off 
behaviors of the luminescence with increasing humidity.

2. Results and Discussion

2.1. Optical Simulations/Theoretical Design

We start by designing two different fluorescent optical reso-
nators that show opposite behavior (namely, luminescence 
turn-on and turn-off) versus moisture changes in the environ-
ment. In order to do so, we first carry out simulations of the 
photonic properties of two prototype architectures, based on 
the dielectric properties of the constituent materials. Guided by 
our optical design, we then experimentally realize those archi-
tectures that according to our simulations emulate the desired 
sensing characteristics in an optimal way.

To this end, we take into account the following considera-
tions: first, our model systems are planar multilayered struc-
tures in which two porous 1DPC mirrors made of alternated 
silica (SiO2) and titania (TiO2) nanoparticles sandwich a cavity 
made of H3Sb3P2O14 nanosheets. As this middle cavity is the 
actual moisture responsive material, we must allow the analyte 
to reach it. This is ensured by using nanoparticle-based 1DPCs 
presenting open textural porosity.[5,26] Second, a thin mon-
olayer of light-emitting nanospheres (d ≈ 30 nm) is embedded 
at a predesigned depth within this middle slab. As emitter 
we chose Firefli Fluorescent Red as a dye molecule whose 

fluorescence lies in the visible spectrum, since it is more 
convenient for detection purposes. Hence, nanospheres of 
polystyrene embedding organic dye molecules, with an emis-
sion maximum at λ ≈ 570 nm and an excitation maximum 
at λ ≈ 534 nm, were selected as building blocks of the light-
emitting layer. A generic scheme of the type of the multilay-
ered sensing system herein employed is depicted in Figure 1a. 
The experimental photoexcitation and PL spectra of the dyed 
nanospheres are displayed in Figure 1b. As photonic crystals 
present an angular-dependent photonic response, our simula-
tions must consider the geometry of our optical characteriza-
tion setup. We thus establish that fluorescent signals would 
be collected in directions quasi-normal to the hierarchical film 
surface. We note that strict definition of the geometry of the 
sensing configuration is a common feature of photonic sen-
sors.[27] Also, our design assumes that the dynamic fluorescent 
response of our sensing material is determined by the relative 
spatial location of the light-emitting layer of nanospheres with 
respect to the optical cavity modes, as obtained from a calcula-
tion of the electric field intensity profile along our ensemble. 
By doing this, we are applying a reciprocity principle that 

Figure 1. a) Schematic model of the fluorescent photonic humidity 
sensor. It shows a thin emitting layer embedded in an optical cavity made 
of H3Sb3P2O14 nanosheets that are surrounded by two dielectric mirrors 
fabricated with SiO2 and TiO2 nanoparticles. b) Excitation (blue) and 
emission spectra (red) of the dye molecules employed in the fluorescent 
sensor. Spatial and spectral distribution of the electric field intensity of 
the c) turn-off and d) turn-on samples at 0% relative humidity (RH). Plane 
wave illumination at normal incidence is assumed in the calculations. For 
the turn-on sample, calculations consider that the thicknesses of the SiO2 
and TiO2 layers are 80 and 82 nm, respectively, and constant over the 
entire humidity range, and the optical cavity is 149 nm thick, the emitting 
layer being positioned in the middle of the cavity. For the turn-off sample, 
calculations consider that the thicknesses of the SiO2 and TiO2 layers are 
65 and 105 nm, respectively, and the optical cavity is 260 nm thick, the 
emitting layer being located at a depth of one quarter of the cavity width. 
Interfaces between different layers in the multilayer are indicated with thin 
white lines, whereas the position of the light-emitting layer is signaled 
with a white dashed line in each case.
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states that the coupling efficiency of light emitted at a given 
wavelength from inside the system to free propagating modes 
along a specific direction may be estimated by analyzing the 
efficiency of the reverse process, that is, the coupling of an 
incoming plane wave of similar wavelength impinging on 
the system along that same direction.[28–31] Thus, from active 
nanomaterials located in regions within the stratified medium 
for which intensification of the in-coupling electric field is 
expected, enhanced PL is also expected as long as the spectral 
positions of such resonance and the PL band coincide at least 
partially. Conversely, emitters placed in regions where the elec-
tric field intensity is depleted will present lower fluorescence. 
As the spectral and spatial positions of those resonances shift 
mainly due to the swelling of the H3Sb3P2O14, a concomitant 
modification of light emission intensity from the embedded 
active layer is expected. Recent results support the validity of 
this approximation for systems in which strict control over 
the position of the emitters is achieved.[17,32] In Figure 1c,d, 
we show the calculated spatial and spectral distribution of 
the normalized electric field intensity, |E|2/|E0|2, which results 
from the coupling of an incident electromagnetic plane wave 
with the two types of multilayers. In both cases, nonpolarized 
normal incidence light with respect to its surface is assumed. 
Optical resonances can be readily identified as bright spots 
in the electric field intensity. The interface between alternate 
layers as well as the position of the light-emitting layer of 
nanospheres are indicated with horizontal white lines (solid 
and dashed, respectively). Figure 1c displays the results for 
the multilayer architecture designed to maximize the elec-
tric field intensity, in the absence of moisture, at the depth at 
which the emitters are located and for wavelengths comprised 
within the emission band of the dye molecules (in-resonance 
configuration). So, when moisture increases, emission will 
take place off-resonance at some point and thus diminish 
(fluorescence turn-off sample). On the other hand, Figure 1d 
shows the opposite behavior: the structure is designed with the 
dye fluorescence off-resonance at zero RH, the in-resonance 
state being reached when moisture rises (fluorescence turn-on 
sample). All details about the structural parameters such as 
the thicknesses of the different layers and the relative position 
of the emitter layer are given in the Supporting Information 
for both resonant structures.

Finally, in order to estimate the expected optical response 
of these resonators versus changes in the environmental 
humidity, we make use of the experimental data available for 
the swelling response of H3Sb3P2O14 nanosheets (see our pre-
vious work).[11] As ambient moisture rises, water is gradually 
intercalated between the H3Sb3P2O14 nanosheets and the thick-
ness of the optical cavity increases, and so does the spectral and 
spatial position of the resonant modes. Simultaneously, water 
is adsorbed onto the walls of the porous 1DPC sandwiching 
the cavity,[4,5] which also modifies the optical properties of the 
ensemble and thus the response of the resonator. This is also 
taken into account in our simulations. Our theoretical anal-
ysis reveals that the optical response of the ensemble versus 
increasing moisture is expected to be mainly determined by 
the swelling of the H3Sb3P2O14 cavity, while the adsorption 
of water in the textural pores of the 1DPCs will have a lesser 
effect. In Figure 2, we show the simulated evolution of the 

reflectance (R) (Figure 2a,b), electric field intensity at the posi-
tion of the emitter (Figure 2c,d), and the expected PL extracted 
from a model architecture (Figure 2e,f) for the turn-off and 
turn-on sensors, respectively.

2.2. Sample Fabrication

In the next step, we experimentally realize the two photonic 
model architectures by sequentially spin-coating the different 
layers they are composed of. First, alternate layers of SiO2 and 
TiO2 nanoparticles were deposited from stable colloidal pre-
cursor suspensions to create the first multilayer. Then, the 
humidity-responsive optical cavity was formed by spin-casting 
a suspension of H3Sb3P2O14 exfoliated nanosheets directly 
onto it. Once a homogenous thin film of the predesigned thick-
ness was formed, a monolayer of light-emitting polystyrene 
nanospheres was deposited and then covered by a new layer 
of H3Sb3P2O14. In this way, an embedded layer of emitters 
of ≈30 nm thick is attained. Guided by our simulations, the 
light-emitting layer was positioned in the middle of the optical 
cavity in the case of the fluorescence turn-off system, while for 

Figure 2. Calculated specular reflectance spectra as a function of the 
relative humidity for the a) turn-off and b) turn-on samples. Electric field 
intensity at the emitting layer position of the c) turn-off and d) turn-on 
sample. Estimated emitted intensity of the e) turn-off and f) turn-on 
sensor.
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the turn-on sensor it was located at a depth of one-quarter of 
that width. Finally, the second 1DPC was deposited onto the 
humidity responsive layer. In order to enable the diffusion of 
water molecules through the dielectric mirrors so that they can 
reach the middle layer, both mirrors were designed to be highly 
porous (porosity of ≈ 50% in both silica and titania layers), and 
at the same time highly reflecting, which results from the con-
trast between the average refractive indices of the SiO2 nano-
particle (nav = 1.3) and TiO2 nanocrystal (nav = 1.8). The nav of 
the intermediate nanosheet layer changes from 1.61 to 1.52 
when humidity increases from 2 to 99%, while its thickness is 
enlarged by a factor of 1.75.[11] With these parameters, our cal-
culations indicate that 1DPCs of five layers (starting and termi-
nating with the high refractive index TiO2 nanoparticle layer) 
are sufficient to attain well-defined cavity modes. The experi-
mental thicknesses achieved for the middle nanosheet layers, 
that is, the optical cavities, were 140 ± 15 and 250 ± 15 nm 
(both measured at 0% RH in the scanning electron microscope 
(SEM)) for the fluorescence turn-on and turn-off systems, 
respectively. These values are in good agreement with the theo-
retical designs shown in Figure 1. Figure 3a shows a schematic 
illustration of the sample fabrication. Secondary (left panels) 
and back-scattered (right panels) electron microscopy images 
of the cross-sections of the two types of ensembles are dis-
played in Figure 3b,c. The stratified structure can be readily 
seen in both cases. Since the layer of dyed nanospheres has the 
lower atomic number (Z), its position can be easily identified 
in all images as a darker thin line. Schemes of the two strati-
fied media are superimposed to the back-scattered electron 
images to ease the recognition of each type of slab.

2.3. Optical Response to Environmental Humidity Changes

The evolution of R and PL of both fluorescent resonators as 
humidity is gradually increased in a chamber (see Figure S2, 
Supporting Information) is displayed in Figure 4. RH is set by 
means of saturated salt solutions.[33,34] The responses of both 
systems follow the behavior expected from our simulations in 
each case. For the turn-off system, when the spectral position of 
the cavity mode, identified as a dip in R (Figure 4a), red-shifts 
as a result of the swelling of the middle layer, the extracted PL 
(Figure 4c) experiences an initial increase and then a distinct 
drop when RH ≈ 75%. Conversely, for the fluorescent turn-on 
system a qualitatively similar shift of the resonance (Figure 4b) 
gives rise to the opposite response in PL (Figure 4d), as planned, 
with a prompt increase of the emitted signal at RH ≈ 75%. 
In both cases, the variation of PL is a consequence of the dif-
ferent initial relative spectral positions of the cavity mode and 
the emission band of the dyed nanospheres, as can be inferred 
from the field distribution patterns depicted in Figure 2 and 
Figures S3 and S4 (Supporting Information). These results con-
firm that these stratified ensembles provide humidity sensing 
by both fluorescent and reflectance readouts, arising as a result 
of their environmentally responsive photonic properties. Please 
notice that the Bragg mirror resonators were designed to prevent 
the blocking of the excitation wavelength, λ = 475 nm, by the 
photonic stop band. As a reference, we measured the emission 
spectrum of the dyed nanospheres located at the same depth 
within two nanosheet layers like the ones employed to build the 
photonic fluorescent turn-on and turn-off systems, respectively, 
but without the two surrounding dielectric mirrors. Figure 4e,f 

Figure 3. a) Schematic illustration of the sample fabrication via spin-coating using TiO2 and SiO2 nanoparticles, H3Sb3P2O14 nanosheets, and dyed 
nanospheres. b) SEM cross-section image of the turn-off sample with a cavity thickness of 140 nm (at 0% RH) with the emitting layer located in the 
middle of the cavity. c) SEM cross-section image of the turn-on sample with a cavity thickness of 250 nm (at 0% RH) with the emitting layer located 
at a depth of one quarter of the cavity width. Note that the multilayer that is closer to the substrate in both samples shows only three layers due to 
the peeling off behavior of the sample in high vacuum in the FESEM. The entire structure was fabricated to be symmetric and both dielectric mirrors 
were composed of five layers.
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displays the evolution of the maxi mum PL intensity, normalized 
for the two fluorescent humidity sensing ensembles (Figure 4e) 
and for the corresponding references (Figure 4f). The PL of the 
references remains barely affected by the changes in humidity 
in the environment, with both the photoexcitation and PL 
spectra essentially preserving the same shape and intensity for 
the whole range of RH values tested. This comparison confirms 
that the modification of the chemical environment of the dyed 
nanospheres as a result of water intercalation—albeit respon-
sive to humidity—is not enough by itself to produce the changes 
observed in PL. We thus show that the fluorescence switching 
is in fact based on the tailored interplay between photonic and 
emissive modes, that is, the stimuli-responsive photonic environ-
ment acts on the fluorescent properties of the emitters, which 
in turn sensitively depends on the level of moisture in the sur-
rounding atmosphere. Notably, the fluorescence switching 
points can be designed by the photo nic architecture and place-
ment of the emitters so as to address specific sensing applica-
tions. For example, the turning-on/off point of the architectures 
presented herein corresponds to a relative humidity of 75%, 
which renders such systems interesting for environmental moni-
toring applications in the high humidity regime. This regime is 

particularly relevant for ambient room monitoring, since mold 
formation in damp rooms starts around 75% RH, depending on 
the wall material.[35,36] Finally, the reproducibility and stability 
of the response versus several cycles of exposure to increasing 
and decreasing humidity were confirmed by performing these 
sequential experiments several times. These results represent 
the first proof of concept of a fluorescent photonic humidity 
sensor structure. Further studies with encapsulated dyes with a 
wider Stokes shift would allow a higher accuracy on the detec-
tion of humidity changes.

3. Conclusions

In summary, we have proposed and demonstrated a fluores-
cent photonic humidity sensor based on an optical resonator, 
which was designed to present a tailored photoluminescence 
response to changes in ambient humidity. This was achieved 
by including antimony phosphate nanosheets, which swell 
upon water uptake, as a stimuli-responsive cavity layer embed-
ding a light-emitting layer at a well-defined depth, sandwiched 
between 1D photonic crystal mirrors. The gradual swelling 
of the nanosheet layer, caused by water intercalation as the 
humidity is controllably raised, changes the spatial and spectral 
positions of the optical cavity resonances with respect to those 
of the emission band of the embedded dyes. Two different sce-
narios were realized which either show a fluorescent turn-off 
or a turn-on response versus increasing relative humidity. In 
summary, our work paves the way toward the development of a 
new generation of smart photonic devices that do not only dis-
play a gradual reflected or transmitted color variation, but also 
additionally feature a tailorable fluorescent signal read-out. As 
such, specific analytes can sensitively be traced by means of a 
distinct luminescent signal change in response to variations in 
analyte concentration, which bodes well for the development of 
versatile photonic sensing platforms compatible with lumines-
cence detection schemes.

4. Experimental Section
Numerical Calculations: The optical response of the photonic 

structures was calculated using a full wave vector model based on the 
transfer matrix formalism. The PL was estimated by multiplying the field 
intensity at the position of the organic dye molecules with the emission 
spectrum of the dye molecules deposited on glass.

Synthesis of the H3Sb3P2O14 Nanosheets: K3Sb3P2O14 was prepared in 
a two-step solid-state reaction.[37] The precursors KNO3 (99%, Merck), 
Sb2O3 (99.6 %, Alfa Aesar), and NH4H2PO4 (98%+, Acros Organics) 
were ground in a stoichiometric ratio and heated up first to 350 °C for 
12 h with a heating rate of 5 °C min−1. In a second step, the mixture was 
heated to 950 °C for 12 h with a heating rate of 5 °C min−1. To obtain 
H3Sb3P2O14, K3Sb3P2O14 was treated with 8 m HNO3 (250 mL, diluted 
65 wt%, Merck) overnight, filtrated, washed with ethanol, and dried at 
room temperature. This treatment was repeated once more to complete 
the ion exchange reaction.[11] For exfoliation, H3Sb3P2O14 was vigorously 
stirred overnight in pure water (7.3 mmol L−1). The resulting colloidal 
suspension was then centrifuged at 3000 rpm for 30 min to remove 
non-exfoliated bulk material. The supernatant, which consists mainly 
of exfoliated single-layer nanosheets, was collected and centrifuged 
at 18 000 rpm for 30 min to yield the nanosheet pellet. The gel-like, 
colorless wet aggregate was dried at 100 °C.

Figure 4. Reflectance spectra of the a) turn-off and b) turn-on sample 
measured at different values of the relative humidity (RH). Normalized 
emission spectra of the c) turn-off and d) turn-on sample for different RH 
values. e) Maximum photoluminescence intensity as a function of RH 
for the turn-off (blue) and turn-on sample (red). f) Maximum photolumi-
nescence intensity as a function of RH for the corresponding reference 
samples.
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Preparation of the Colloidal Suspensions: The dried nanosheets 
were redispersed in a water-ethanol mixture (60 wt% ethanol) with a 
concentration of 21 mmol L−1. To ensure homogeneity and the complete 
exfoliation into single-layered nanosheets, the suspension was sonicated 
for 2 h. TiO2 nanoparticles were synthesized using a procedure described 
elsewhere.[5] Colloidal SiO2 nanoparticles with a particle diameter 
of 30 nm were purchased from Sigma Aldrich (LUDOX-TMA). Both 
suspensions were diluted with methanol to 3.4 and 2.3 wt%, respectively, 
and directly taken for layer preparation after 10 min sonication.

Fabrication of the Photonic Structures: All layers comprising the photonic 
resonators were fabricated via spin-coating. Zero-fluorescent microscope 
slides (Proscitech, cut to 2 × 2 cm2 pieces) employed as substrates were 
cleaned with oxygen plasma. Porous dielectric mirrors made of five layers 
were deposited via spin-coating. SiO2 and TiO2 colloids were deposited 
using 6000 rpm rotation speed, with an acceleration of 5000 rpm s−1 for 
1 min, the first and the last layers of the stack correspond to the high 
refractive index material, that is, TiO2. Afterward, the samples were 
heated for 15 min at 80 °C before the cavity deposition. The cavity was 
composed of H3Sb3P2O14, which was deposited in 6/8 steps (turn-off/
on sample). Spinning conditions for each deposition step were 3000 rpm  
and 5000 rpm s−1. The samples were heated for 15 min at 80 °C after 
each deposition step. The position of the emitters was determined 
during the cavity fabrication. After three (turn-off sample) or two (turn-on 
sample) nanosheet deposition steps, the commercially available Firefli 
Fluorescent Red dyed nanospheres (R25, Thermo Fisher Scientific) were 
deposited without dilution or further purification directly on top of the 
nanosheets using 3000 rpm and 5000 rpm min−1 for 1 min. To remove 
the excess of emitters, samples were washed with pure methanol at 
3000 rpm and 5000 rpm min−1. After heating again at 80 °C for 15 min, 
the rest of the cavity was deposited on top of the emitter layer and another 
3/6 deposition steps (turn-off/on sample) were applied, respectively. 
Finally, a porous 1DPC composed of five layers was deposited on top of 
the cavity in the same fashion as described above. Finally, the samples 
were heated at 80 °C for 30 min.

Optical Characterization: Specular reflectance spectra were 
measured from areas of 1 × 1 mm2 using a fiber coupled spectrometer 
(USB2000+, Ocean Optics) attached to a microscope (DM2500, Leica). 
To obtain the reflectance changes with relative humidity change, 
dielectric mirrors stacks were kept over saturated salt solutions at around 
25 °C in a stainless steel chamber with a transparent glass window.[31,32] 
Fluorescence measurements were carried out using a commercial 
spectrofluorometer (Fluorolog-3 Horiba Jobin Yvon). The photoemission 
spectra were measured from 450 to 700 nm with a step of 3 nm using 
an excitation wavelength of 440 ± 3 nm. All this photoluminescence 
characterization was performed collecting emitted light at an angle of 
11.25°. Spectroscopic ellipsometry and porosimetry measurements 
were carried out with a Sopra PS-1000 SAM, whereby the sample was 
equilibrated at all water vapor relative pressure values for 15 min. The 
resulting spectra were fitted with the software Sopra SAE applying the 
Cauchy–Lorentz model. The nanoparticle layer thickness was estimated 
to be constant and only the refractive indices were fitted for the whole 
relative pressure range. For the nanosheet thin films, both the layer 
thickness and the refractive index were fitted. Before all measurements, 
the nanoparticle samples were heated for at least 30 min at 200 °C and 
the nanosheet thin films for 30 min at 80 °C in vacuum to make sure 
that the pores are empty.

Structural Characterization: Field-emission SEM cross-section images 
were collected by a Zeiss Merlin working at 1.5 kV using both back 
scattered as well as secondary electrons.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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