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Abstract: Metal —organic frameworks (MOFs) are a class of porous coordination networks extraordi-
narily varied in physicochemical characteristics such as porosity, morphologies, and compositions.
These peculiarities make MOFs widely exploited in a large array of applications, such as catalysis,
chemicals and gas sensing, drug delivery, energy storage, and energy conversion. MOFs can also
serve as nanostructured precursors of metal oxides with peculiar characteristics and controlled
shapes. In this work, starting from MIL125-(Ti), a 1,4-benzenedicarboxylate (BDC)-based MOF
with Ti as metallic center, mesoporous TiO, powders containing both anatase and rutile crystalline
phases were produced. A challenging utilization of these porous MOF-derived Ti-based oxides is the
optically-based quantitative detection of molecular oxygen (O,) in gaseous and/or aqueous media.
In this study, the photoluminescence (PL) intensity changes during O, exposure of two MOF-derived
mixed-phase TiO, powders were probed by exploiting the opposite response of rutile and anatase in
VIS-PL and NIR-PL wavelength intervals. This result highlights promising future possibilities for the
realization of MOF-derived doubly-parametric TiOp-based optical sensors.

Keywords: O, sensing; MOF-mediated synthesis; MOF-derived TiO,; mixed-phase TiO,; photolumi-
nescence; optical sensor; MIL125-(Ti)

1. Introduction

The detection of gaseous oxygen (O) in gas mixtures and/or aqueous environments
is important for many of applications, such as air quality control, packaging, life sciences,
and automotive and chemical industry [1-4].

The most employed techniques for measuring the O, concentration include Win-
kler titration, electroanalytic methods, pressure-based methods and optics-based (optical)
methods [4].

Optical sensors, or opt(r)odes, are chemical sensors in which the interaction of the
electromagnetic radiation with the sample causes the change of a particular optical pa-
rameter, the resulting change being related to the concentration of the analyte [5]. Optical
sensors can be based on various optical principles (absorbance, reflectance, luminescence,
fluorescence) and can cover different regions of the electromagnetic spectrum (UV, Visible,
IR, NIR). Moreover, optical sensors can allow for the measurement not only of the light
intensity, but also of other related properties, such as lifetime, refractive index, scattering,
diffraction, and polarization [5]. Optical oxygen sensors have become attractive in the
last years thanks to: (a) The lack of oxygen consumption during measurements; (b) The
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full reversibility; (c) The good precision and accuracy; (d) The possibility to employ re-
mote sensing using optical fibers; (e) The ease of miniaturization; (f) The possibility of
performing non-invasive measurements; (g) The possibility of enabling O, imaging both
over large areas and on a micrometer scale [4]. However, optical sensors also exhibit some
shortcomings connected to possible interferences with ambient light, the occurrence of
indicator leaching or photobleaching in long-term applications, and, in some cases, poor
selectivity and limited dynamic range [5].

The most commonly applied methods for optical oxygen sensing are those based
on light absorption or light emission. Compared to absorption-based methods, those
based on molecular emission (luminescence) are particularly attracting because they ensure
extreme sensitivity and good specificity, coupled with a very simple and cheap instru-
mentation. Many O, sensors are based on the effect of the luminescence (fluorescence
or phosphorescence) quenching of oxygen-sensitive probes (OSPs) [4]. The O, concen-
tration is determined by the change in the emission properties of the OSP and real-time
measurements can be performed. After a dynamic collision between molecular (triplet)
oxygen and the excited electronic state of the OSP, a reduction in the luminescent intensity,
as a consequence of the oxygen quenching of the emitting state, is detected, as well as
the luminescent intensity decay time. The precision and the accuracy of luminescence
intensity-based methods are greatly affected by: (i) The fluctuations in the intensity of
the light source; (ii) The detector sensitivity; (iii) The inner filter effects; (iv) The indicator
concentration (bleaching and leaching); (v) The sample turbidity or the sensing layer thick-
ness. However, some of these problems can be minimized or even overcome by measuring
luminescence lifetimes instead of intensities [5].

A variety of fluorescent and luminescent materials ranging from molecules, complexes,
and nanoparticles (NPs) have been proposed and tested in recent years for luminescent-
based sensing. In particular, the photoluminescence (PL) properties of metal oxide nanopow-
ders as ZnO, TiOy, SnO;, WO3 have been studied for the sensing of gases (O,, N3, Hy,
CO, COy) [6]. Among semiconductor materials for gas sensors, metal oxide nanopowders
are particularly interesting, since they exhibit limited or no toxicity, are easy to handle
materials with high sensitivity to external stimuli, and can be grown with excellent crystal
quality using different physical [7-9] and chemical fabrication techniques [6].

Nowadays, metal oxides are routinely exploited for chemical sensing and are consid-
ered the materials of choice for the preparation of chemoresistive sensors. Interestingly,
some of them (ZnO, SnO,, TiO,) have been shown to be similarly suitable for optical
sensing based on PL response to the analytes [10-14]. TiO; has been proven to be espe-
cially interesting for PL-based sensing due to its phase-dependent photoluminescence
emission [15]. Moreover, TiO, plays a key role in many applications due to its photo-
catalytic properties [16,17] that fostered its utilization in several fields, even including
plasmonic photocatalysis [18] and the preparation of photonic structures such as multi-
layered systems [19,20] or metasurfaces [21], employable in biological sensing [22] and
photocatalysis [23,24]. Moreover, improved properties have been reported for materials
obtained by the hybridization of TiO, with organic or inorganic phases [25-28].

The possible use of TiO, as PL-based probe of O; has been investigated by Lettieri et al.
in studies on TiO; nanostructures having different preparations routes and morphologies.
The evidence indicates that opposite responses to O, exposure are exhibited by rutile
phase (whose near-infrared PL is enhanced by O, adsorption) and by anatase phase
(whose visible PL is instead quenched by Oy) [14,29,30]. A clear understanding for the
origin of such difference has not been reached. However, from an application standpoint,
it is worth underlining that this phenomenon allows using mixed-phase TiO, for the
preparation of inorganic (and hence unconventional) ratiometric O, optical sensors [29].
This finding highlights the potentialities of the photoluminescence-based sensing compared
to conventional conductometric methods based on single-parameter responses.

Starting from such a result, in this work we explored the possibility of producing
mesoporous mixed-phase TiO, from a metal organic framework (MOF) and testing it as a
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dual-emitting O, optical probe. As far as we know, this is the first study evidencing the
performances of the MOF-derived TiO, for this specific application [31].

The preparation of functional materials such as metal oxides, metal carbides, and
carbon-supported metal particles using MOFs as solid precursors is referred to as the MOF-
mediated synthesis route (MOFMS), and has been demonstrated in the recent literature as
an effective and extremely versatile approach [32-35]. Such a method implies the use of
the MOF as a sacrificial template by exploiting the framework collapse at high temperature
under a controlled atmosphere [34,35]. By properly selecting the calcination/pyrolysis at-
mosphere, temperature, heating rate, and holding time, the organic linker of the framework
is completely or partially burnt away or carbonized, establishing a new metal ions/clusters
matrix with well controlled structural properties [34]. The porosity, particle dimension,
carbon content, and functional groups distribution of the MOF-derived material can be
thus finely tuned. During the thermal treatment, the typical MOF porous framework
evolves into metal oxides or mixed metal oxides/carbonaceous porous structures with
metals highly dispersed on the ligand-derived carbon matrix and exposing large amounts
of active sites [36]. MOFMS is a convenient, eco-friendly, and versatile synthesis route.
In contrast with conventional approaches, namely those based on templating strategy;,
MOEFMS allows for the development of highly simplified preparation protocols, free of the
drawbacks related to the template removal [37]. A relevant advantage of the MOFMS is
also the improving of the stability of the obtained materials, and the limitation of the metal
oxides nanoparticle aggregation [36].

In this work, the MIL125-(Ti) has been selected as the TiO, precursor. MIL125-(Ti) is a
highly porous MOF made up of titanium-oxo-hydroxo clusters and dicarboxylate linkers
(TigOg(OH)4(BDC), BDC = benzene-1,4-dicarboxylate), and was proposed for the first
time by Dan-Hardi et al. in 2009 [38]. The MIL125-(Ti) structure consists of cyclic octamers
(built up from corner- or edge-sharing octahedral titanium units) connected to 12 other
cyclic octamers through BDC linkers, leading to a porous, three-dimensional quasi-cubic
tetragonal structure having two types of cages, an octahedral (12.5 A) and a tetrahedral
(6 A) one, accessible through narrow triangular windows of ~6 A [39]. The presence of
triangular windows allows for the strong rigidity of the structure [38].

Two calcination temperatures were explored in the 500-600 °C range, with the aim
of obtaining anatase and rutile mixed-phase TiO,, since the transition from anatase to
rutile occurs in this specific range. The as-synthesized samples, identified in the following
sections as MT-500 and MT-600 (where MT hereinafter stands for MIL125-(Ti)-derived TiO,
and 500 and 600 for the applied calcination temperature) were characterized by TGA, SEM,
HRTEM, N, adsorption—desorption isotherms, XRD and PL, FTIR, and XPS. The effects
of calcination temperature on the specific surface area of the samples, the transformation
of the TiO; crystal phase, and the performances toward O, sensing were investigated for
application as doubly-parametric TiO;-based optical sensors.

2. Results and Discussion
2.1. MIL125-(Ti), MT-500 and MT-600 Structural Characteristics

MIL125-(Ti) crystals are characterized by a thin disk-like shape (about 600 nm thick
and less than 1.5 um wide) with a rough surface morphology (Figure 1a—c), in agreement
with the results of other authors applying solvothermal synthetic approaches [36,37,40,41].

MT-500 and MT-600 preserve the disk-like shape of the precursor (Figure 1d—i), de-
spite the high calcination temperatures (500 °C and 600 °C, respectively) applied for
their production.

MIL125-(Ti) is thermally stable up to 300 °C, as indicated by TGA in N, environment
(Figure 2a). Before that temperature, a 2% weight loss was observable and ascribable
to the removal of solvent molecules entrapped inside the MOF pores. After 300 °C a
weight loss of about 5%, probably ascribable to hydroxyl groups loss [38], was detected. In
the end, the great weight loss around 550 °C, accounting for 60% mass loss, was due to
the decomposition of the organic ligand, accompanied by the collapse of the framework.
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The white residue at 800 °C was around 38 wt.%. The overall thermal behavior was in
accordance with previous findings [34-36,38—40].

Figure 1. SEM images of MIL125-(Ti): (a—c), MT-500 (d—f) and MT-600 (g—i) at different magnifications.
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Figure 2. (a) TGA profile of MIL125-(Ti) in inert atmosphere (N,) along the DTG signal; (b) TGA
profiles of MIL125-(Ti), MT-500 and MT-600 in air.

Before the calcination procedure for the MT-500 and MT-600 production, the thermal
behavior of the precursor MIL125-(Ti) was probed under oxidative conditions (air) to
properly set the final calcination temperatures (Figure 2b). MIL-125-(Ti) is stable in air up
to 400 °C, and it is fully converted into TiO; after 500 °C. The white residue at 800 °C was
31% of the initial MOF weight (Figure 2b, blue line).
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The MT-500 and MT-600 yields (wt.%) were around 35 wt.% for both samples (Figure 2b).
The TiO, content of MT-500 and MT-600, estimated by full combustion in air in the TG
apparatus [35], was between 96-98 wt.% (Figure 2b) and, as expected on the basis of the
higher calcination temperature, MT-600 contained the highest TiO;, content (98 wt.% vs.
96 wt.% as measured at 800 °C).

The effect of the calcination temperature on the specific surface areas (SSA) and
the pore size distribution of the MOF-derived TiO; was evaluated by N, adsorption—
desorption isotherm measurements. The specific surface area of MIL125-(Ti), calculated in
accordance with the BET method, was 1079 m?2/ g and, based on the shape of N, adsorption
isotherm (Figure 3a), the material exhibits a microporous character (type I isotherm [37]), in
agreement with previously reported findings [34,36,39,40]. A slight hysteresis loop at high
pressure values was also detected and attributed to the mesoporous voids existing among
the crystalline particles [42]. The microporous nature of MIL125-(Ti) was also testified
by the high total pore volume (Table 1). The pores are mainly distributed below 30 A
(Figure 3b), a finding that also agrees with the values reported in literature [36].

(a) ' ' . ' . _(b) L
—=— MT-500 1 —— MT-500

o 4007 —~—wmT600 T 0.012 —— MT-600
k —a— MIL125-(Ti) ol —— MIL125-(Ti)|
()]
© 300+ . -
= o 0.008+ 1
o <
€ °
3 2001 | 8 o006t ]
> =
3 > 0.0041 ]
g 1004 ]
2 0.002 -
< ‘aﬂ"]

04 : : : : ! O .

00 02 04 06 08 1.0 30 60 90 120 150 180
Relative pressure (-) Radius (A)

Figure 3. (a) Ny adsorption isotherms of MIL125-(Ti), MT-500, and MT-600 at 77 K; (b) Pore size
distributions of MIL125-(Ti), MT-500, and MT-600 estimated by applying the BJH model.

Table 1. Materials textural properties.

Sample SSA, mzlg Viot, cm3/g
MIL125-(Ti) 1079 0.666

MT-500 120 0.504

MT-600 14 0.103

The isotherms of the MT-500 and MT-600 shown in Figure 3a can be classified as type
IV [43], and both exhibited a hysteresis loop at relative pressures P/Pj above 0.5, which
is characteristic of mesoporous materials. As the calcination temperature increased, the
SSA decreased from 1079 m?/g of pristine MOF to 120 m? /g and 14 m?/g of MT-500 and
MT-600, respectively (Table 1). The external surface area of the samples has been also
evaluated by using the t-plot method. It was found that the external surface area and
the specific surface area (BET method) coincided in the case of the MT-500 and MT-600
samples, confirming the mesoporous nature of the two materials. In the case of MIL-125(Ti),
the external surface area is 139 m?/g, in line with the highly microporous nature of such
sample. The mesopores distribution, evaluated by the BJH model, moved from an average
value of 40 A of the parent MOF, to an average value of 55 A and 65 A for MT-500 and
MT-600, respectively (Figure 3b).
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SSA values below 250 m? /g for MOF-derived TiO, have also been reported by other
authors [44]. It is worth noting that commercial TiO, powders are characterized by lower
SSA and scarce porosity [26] compared to those achievable by MOF mediated synthesis.

Wang et al. [44] affirmed that, on the basis of the MIL125-(Ti) structure, at the beginning
of conversion due to the homogenous reaction conditions, the formation of many tiny
TiO, subunits takes place, leading to nanosized TiO, particles, also at a low calcination
temperature (350 °C). Moreover, since each Ti atom is surrounded by six O atoms in MIL125-
(Ti), long-range atomic migration is not needed, allowing for the partial preservation of the
MOF porous structure inside of a porous TiO; network [44].

The crystallinity change from MOF network to TiO;, was testified by XRD. The diffrac-
tion pattern of the as-synthesized MIL125-(Ti) (Figure 4 (top)) showed diffraction peaks at
20=6.8,9.8,11.7,15.0, 154, 16.6, 18.1, 19.0, 19.6, 22.6, 23.5, 24.3, and 29.7°, which were in
agreement with the typical MIL125-(Ti) diffraction pattern [36,40].

T b T i T L T . T b T ¥ T

— MIL125<(Ti) ]

Intensity (au)

Intensity (au)

T

10 20 30 40 50 60 70 80

2 Theta (°)

Figure 4. (Top) panel: XRD pattern of MIL125-(Ti); (Bottom) panel: XRD patterns of MT-500
and MT-600.

After the calcination at 500 and 600 °C, the diffraction peaks ascribable to the pristine
MIL125-(Ti) were completely lost (Figure 4 (Bottom)).

The XRD pattern of MT-500 exhibited intense peaks at 25.8°, 38.7°, 48.3°, 54.4°, 55.4°,
63°, 69.5°, and 75°, typical of the crystal planes of the anatase phase [35]. Less intense
diffraction peaks at 27.1° and 36.1°, ascribable to rutile phase, were also detected.

When the calcination temperature reached 600 °C, the rutile crystalline phase (peaks
at 27.8, 36.1, 41.3°, and 54.4° assigned to the (110), (101), and (211) planes of rutile [35])
prevails over the anatase phase, however such phase was still present. This finding implies
that both MT-500 and MT-600 were characterized by a mixed anatase/rutile phase.

The weight fraction of anatase phase in both MOF-derived TiO; nanoparticles was
evaluated on the basis of the intensities of the anatase (101) and rutile (110) diffraction
peaks [45], and resulted in 97.8% and 10.6% in MT-500 and MT-600, respectively.

The average crystallite sizes of the dominant phase were evaluated using Scherrer’s
formula and were 10.3 nm for MT-500 (evaluated on the basis of the anatase (101) diffraction
peak) and 35.6 nm for MT-600 (evaluated on the basis of the rutile (110) diffraction peak).
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These results indicated that a higher calcination temperature allows for the production of
TiO, particles with a larger crystallite size [36], accompanied by a lower SSA.

The microstructures of MIL125-(Ti) and of the MOF-derived TiO, (MT-500 and MT-
600) were investigated by low- and high-magnification TEM imaging (Figure 5). The TEM
imaging clearly evidences the TiO, crystal growth for MT-500 and MT-600, in agreement
with the findings from the XRD analysis, while any particles were distinguishable in the
MOF network, confirming the absence of TiO,.

I

Figure 5. TEM images of MIL125-(Ti): (a—c), MT-500 (d—f) and MT-600 (g—i) at different magnifications.
Distinctive interplanar spacings are evidenced in yellow (enlargements of selected areas are also
reported for a better visualization of the interplanar distances).
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Mixed lattice fringes were present in both MT-500 and MT-600 samples. The lattice
fringes of MT-500 presented dominant interplanar distances of 0.350 nm assigned to the
(101) planes of anatase [46], while lattice fringes with an interplanar spacing of 0.325 nm,
assigned to the (110) plane of rutile, were largely present in MT-600. The interplanar
distance of 0.238 nm between the fringes perpendicular to the (101) planes of rutile [47]
was also evidenced in the MT-600 sample (Figure 5h).

The phase transition from MOF to TiO, has been also monitored by FTIR spectroscopy.
The FTIR spectrum of MIL125-(Ti) (Figure 6 (top)) was characterized by the following
absorption signals: a large broad band centered at 3430 cm !, assigned to ~OH stretching;
strong bands at 1657 and 1408 cm !, assigned to the vibrational stretching frequencies of
the carboxylate (-COO™) groups of the ligand units; bands at 1013 and 740 cm !, ascribable
to the vibrations of benzene rings; bands between 400 and 800 cm~ 1, attributed to O-Ti-O
vibrations [36,40,42].
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Figure 6. (Top) panel: Height normalized MIL125-(Ti) FTIR spectrum; (Bottom) panel: Height
normalized MT-500 and MT-600 FTIR spectra.

The FTIR spectra of MT-500 and MT-600 (Figure 6 (Bottom)) did not contain bands
ascribable to the MOF precursor, but only broad bands typical of TiO; [48] (e.g., the wide
band in the region 800-4500 cm !, typical of Ti-O and/or Ti-O-Ti bonds and O-H bending
mode around 1650 cm 1), confirming the complete conversion into TiOj.

The complete conversion of MIL125-(Ti) into TiO, was also probed by X-ray photoelec-
tron spectroscopy (XPS) measurements. The full survey spectrum of the MT-500 (Figure 7)
demonstrated that the material contained the typical signatures of a mixed phase TiO, (the
survey of a commercial P25 specimen is reported in Figure 7 for comparison).
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Figure 7. XPS surveys of MT-500 (red line) and P25 (black line).

2.2. Oy Sensing Measurements

In this section the PL spectra and the O, detection properties of both MT-500 and
MT-600 are reported.

Figure 8 reports the PL spectra for the MT-500 obtained at 325 nm excitation in ambient
air (black curve) after 20 min exposure to flowing N (blue curve). The gas flows were set
at a constant value of 300 standard cubic centimeters per minute (sccm) in all cases.

100 LI 2L J ' L B B ' LN B B J ' L B B ) ' L BB A | ' LN B B} ' LN B B J
I —— MT-500, Air |
m 80f- —— MT-500, N,

e s i
:; 60| -
5 4o -
E s i
- 20 -
m -3 -
ol -

I | ' 2 0 0 0 l 2 0 0 0 l 2 0 0 0 l 2 8 0 0 ' 2 0 0 0 ' 2 0 0 0

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 8. Room-temperature PL spectra of MT-500 acquired in air (black curve) and, after 20 min, ex-
posure to flowing N at 300 sccm flow (blue curve). The cyan-colored region indicates the wavelength
interval (i.e., 480-750 nm) used to extract the wavelength-integrated data reported in Figure 9B.

The PL spectra measured in ambient air (black curve) showed an emission band
in the visible range extending up to about 750 nm and a near-infrared (NIR) emission.
The shape of the PL band in the interval 430-460 nm was affected by the presence of the
long-wave pass filter, the use of which is necessary to prevent the detection of a second
order diffraction peak of the excitation light that could significantly alter the detected PL
spectrum. Nonetheless, the spectral intensities were accurate for wavelengths longer than
460 nm. The NIR photoluminescence had the typical characteristics of that observed in
rutile TiO,, suggesting that rutile phase is present to some limited extent, detectable by
means of photoluminescence, as confirmed by the XPS survey (Figure 7).
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Figure 9. Time dynamics of MT-500 PL intensity integrated over the wavelength intervals 780-900 nm
(A) and 480-750 nm (B) as the sample is exposed to variable concentrations of dry air: The highlighted
gray regions indicate exposure to pure nitrogen. The air percentages are indicated in figure.

As the sample was exposed to flowing nitrogen (N3, 300 standard cubic centimeters
flow), the NIR-PL band disappeared quickly (it became undetectable in ~1 min), while the
visible PL emission intensity increased. The blue curve in Figure 8 has been obtained after
20 min of Ny exposure, a time sufficient to stabilize the growth of the PL intensity.

The time dynamics of the PL modulation for the two emission bands was investigated
by measuring the PL spectra during exposure to flowing Air-N, mixtures at different
relative concentrations.

Figure 9 shows the total PL intensity numerically integrated over the intervals 780-900 nm
(near-infrared range) and 480-750 nm (visible range). The PL intensities are measured in
count per seconds (cps) units. It was observed that the near-infrared emission of the MT-500
senses the presence of O, in air, which causes an enhancement of the PL intensity. However,
the variations were not sensitive to the investigated concentrations, as the variation of the
PL intensity already saturated at the first exposure of 2% air (i.e., 0.4% O, concentration).
The data in Figure 9B indicates a quenching of the total visible PL intensity of the sample,
with a response that is not totally saturated by the air exposure.

The different behaviors reported in Figure 9 can be qualitatively interpreted by con-
sidering the different amount of rutile vs. anatase surface sites available for O, adsorption.
The sample MT-500 had a small quantity of rutile (about 2% in relative rutile vs. anatase
weight fraction, according to the XRD data discussed before). Hence, despite the large
specific surface area, the number of sites on rutile surfaces available to the O, molecules
is much lesser than that on anatase surfaces. Hence, it has to be expected that the surface
concentration of adsorbed oxygen species (e.g., superoxide ions O, *) saturates at lower
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air densities for the rutile. In fact, Figure 9A indicates that the PL intensity of rutile nearly
saturates as the sample is exposed to gaseous flows of about 2% air concentration (i.e.,
0.4% O, concentration), while higher concentrations do not produce a very significant
PL enhancement.

The situation is quite different for the visible PL, originating from anatase TiO,,
reported in Figure 9B and showing that the response to increasing O, concentrations
remained significant. The combined effect of large SSA and the anatase being by far the
dominant phase implies a much larger amount of adsorption sites on anatase, so that the
saturation effect is reached at larger concentrations.

Another feature to be noticed for the total (i.e., integrated over the entire 480-750 nm
interval) visible PL is that it showed an overall drift vs. time, as evidenced in Figure 9B.
Nevertheless, if we select only the PL emission at longer wavelengths, the drift effect is
reduced, while the overall response and sensitivity improves. This is shown in Figure 10,
where the PL intensity integrated in the 530-600 nm interval (panel (a)) is compared with
that integrated in the 680-750 nm interval (panel (b)). The blue curves indicate the air
concentration (percent units). The employed experimental parameters were the same as
those used to obtain the results of Figure 9.
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Figure 10. Time dynamics of MT-500 PL intensity integrated over the “green” and “red” wavelength
intervals, defined as 530-600 nm interval (a) and 680-750 nm (b) as the sample is exposed to variable
concentrations of dry air. The blue curves indicate the air concentration in percentage units.

It can be seen that the drift behavior mostly affected the “green” component (black
curve), which was the dominant contribution to the total emission, and in fact the behavior
of the black curve in Figure 10a closely resembled that of Figure 9B.
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Considering the PL intensity associated to the “red” components (Figure 10b), the PL
stability and reversibility significantly improved. The reasons behind such difference are
not completely established. However, some considerations and hypothesis can be made.

Previous works have reported that the visible PL of anatase PL is likely made of
the superposition of two distinct recombination processes, one leading to light emission
at shorter wavelengths (about 450-600 nm) and the other to light emission at longer
wavelengths (about 670-750 nm) [11,15]. The first of the two processes—leading to “green”
PL—has been attributed to the recombination of trapped electrons with photogenerated
holes, also in consideration of its larger sensitivity to O, exposure [49]. In Figure 10, we can
indeed see a larger sensitivity to O, exposure for the PL response at shorter wavelengths
(Figure 10a), with PL decreases of about 55%, 65%, and 70% of the initial value observed for
air percentages of 5%, 10%, and 20%, while for the same air percentages the corresponding
PL values in Figure 10b are about 78%, 52%, and 62%; i.e., their sensitivity to O, is lesser
than that of the short wavelength components (green PL).

The green PL also exhibited an unstable baseline, i.e., a decay of the PL intensity
during illumination. This phenomenon might be explained as follows: The green PL has
been attributed to the radiative recombination of free conduction band electrons and/or
electrons trapped in shallow states with photogenerated holes trapped in sites close to
oxygen vacancies [11,15,50]. Under this hypothesis, a progressive oxidation of TiO, would
cause a decrease in the intensity of the green PL. Such a process might be caused by
dissociative adsorption of O, molecules close to a surface oxygen vacancy site, stimulated
by the presence of surface excess charge carriers (due to UV illumination) [14,51,52].

On another hand, according to the previously mentioned studies [11,15,50] the “red
component” represented in Figure 9B is caused by the radiative recombination of electrons
trapped to defect sites of various origin with photogenerated holes. The better stability of
the PL intensity in Figure 9B, in comparison with that of Figure 9A, might be a consequence
of the fact that oxygen vacancy defect sites are much more involved in the “green” PL than
in the “red” one.

We consider now the samples calcinated at 600 °C (MT-600). Figure 11 shows the PL
spectra of the MT-600 sample obtained at 325 nm excitation in flowing air (black curve)
after 20 min exposure to flowing N (blue curve). The experimental parameters involved
were the same as that of Figure 8.
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Figure 11. PL spectra of the MT-600 sample acquired in air (black curve) after 20 min exposure to
flowing N (300 sccm flow): The spectra are acquired at room temperature. The wavelength interval
used as definition for “VIS-PL” and “NIR-PL” are highlighted.

The PL spectra are clearly indicative of mixed-phase TiO,, as they evidence the co-
presence of a near-infrared and a visible PL band, labelled hereinafter as NIR-PL and VIS-
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PL, respectively. In accordance with previous investigations on mixed-phase TiO; [29,30],
NIR-PL was enhanced, while VIS-PL quenched due to exposure to O,.

The time dynamics of the PL modulation for the two emission bands was investigated
by measuring the PL spectra during exposure to flowing Air-N, mixtures at different
relative concentrations. The data are shown in Figure 12, referring to air concentrations of
0% (i.e., pure nitrogen flow), 2%, 5%, 10%, 20%, 10%, 5%, 2% and 0%.
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Figure 12. Time dynamics of the NIR-PL emission (a) and of the VIS-PL emission (b) during exposure
of MT-600 to variable concentrations of dry air: The highlighted gray regions indicate exposure to
pure nitrogen.

The data in Figure 12a evidence the enhancement of NIR-PL intensity caused by
O;,. The PL intensity levels were reasonably reversible. As expected for Langmuir type
kinetics characterized by a maximum surface density of adsorption sites [30], the response
was not linear vs. concentration. Figure 12b shows instead the results obtained for the
VIS-PL intensity. In this case, it is evident that the O, adsorption completely saturated the
response: after the first exposure to 2% air (i.e., 0.4% O;), the PL became unsensitive to
further variations of O, concentrations.

As predicted, the combination of a lower SSA (compared to MT-500) and a small
amount of anatase in the sample led to a situation which is somehow reversed with respect
to the one reported in Figure 9: the PL modulation of anatase now easily saturates at 2%
concentration, with a relatively fast response. This result might be as promising for the
detection of O, at much lower concentrations. On the other hand, the larger amount of rutile
phase available for O, adsorption gives a NIR-PL response which responded to all of the
investigated concentrations, even though it exhibited the expected sub-linear responsivity.
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3. Materials and Methods

All the chemicals (ACS grade) used in this work were supplied by Merck-Life Science
Srl (Milan, Italy).

3.1. Materials Synthesis

The Ti-based MOF (MIL125-(Ti)) was synthesized by adapting the procedure proposed
by Wang et al. [44] and here briefly summarized: Exactly 3 g of benzene-1,4-dicarboxylic
acid (BDC or terephthalic acid) were dissolved in mixture of N,N-dimethylformamide
(54 mL) and methanol (6 mL) and stirred at room temperature for 30 min and then mixed
with 1.6 mL of Ti(OiPr)4. The mixture was then heated up and kept at 150 °C under reflux
and stirring for 24 h. The MIL125-(Ti) white crystals were recovered by filtration and
purified by several washings with methanol. The crystals were dried and activated under
vacuum at 50 °C for 5 h and stored. The yield of the reaction was ~53% with respect to the
starting amount of BDC.

MT-500 and MT-600 (where MT stands for MIL125-(Ti)-derived TiO,) were prepared
as follows: Exactly 2 g of MIL125-(Ti) white crystals were placed into a ceramic crucible
and heated up to 500 or 600 °C. The material was calcinated for 1 h in an air environment,
obtaining a white powder. Both MT-500 and MT-600 yielded around 35 wt.% with respect
to the parent MIL-125(Ti).

3.2. Materials Characterization Methods

Thermogravimetric analyses were conducted both in oxidative (air) and inert (N;) envi-
ronments on a Perkin-Elmer STA6000 thermogravimetric analyzer (gas flux 40 mL min~1)
from 50 °C up to 800 °C at a heating rate of 10 °C min~—!. Samples were loaded in an
alumina crucible thermally preconditioned up to 950 °C for an accurate evaluation of the
mass losses.

Textural properties were measured by N, adsorption at 77 K on a Quantachrome
Autosorb 1. The samples were outgassed under vacuum at 120 °C for 10 h before the
analysis and the data were processed in accordance with the BET method for SA evaluation
and the BJH model for evaluation of the pore size distribution. The external surface area of
the samples has been evaluated by using the t-plot method.

FTIR spectra in the 450-4000 cm ™! range were recorded on a Perkin-Elmer Frontier
MIR spectrophotometer in transmittance mode. The spectra were acquired on KBr pellets
(1 wt. %), collecting 8 scans and correcting the background noise.

X-ray powder diffraction (XRD) analysis in the 20 range 5-80 © was performed on pow-
der samples by using a Philips PW1730/3710 automated diffractometer (CuK« radiation).

Morphological properties of the materials were probed by a FEI Inspect™ S50 Scanning
Electron Microscope (SEM). The powdered samples were previously dried and sputter-
coated with a thin layer of gold to avoid charging.

XPS analysis was performed at the electron spectroscopy for chemical analysis (ESCA)
microscopy beamline at the Elettra Sincrotrone Trieste, with the hosted scanning photoe-
mission microscope (SPEM) using a 650.2 eV X-ray beam. The SPEM system employed
Fresnel lenses, allowing the achievement of a spot diameter down to ~130 nm. The system
was operated in microspot mode [53] and the ESCA—SPEM measurements were related to
an illuminated area of about 70 um diameter and a penetration depth of about 1 nm.

HRTEM images were acquired using the atomic resolution analytical JEOL JEM
ARM200F microscope operated at 200 kV. The samples were observed in conventional
TEM (CTEM) and HRTEM modes at magnifications ranging from 4 x 10* to 2 x 10°. The
preparation of the samples was the following: the powders at first were gently crushed in
an agate mortar and dispersed in ethanol, then a droplet of this suspension was deposited
onto a 200 mesh carbon lacey TEM Cu grid and allowed to dry at room temperature.

The PL measurements in controlled environment (i.e., flowing gas mixtures) were per-
formed via an in-house designed system allowing to perform PL measurements at variable
excitation wavelength for samples exposed to controlled gas flows. More specifically, the
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system consisted of a test chamber equipped with a UV-transparent (fused silica) optical
window and connected to a mass flow controller system, allowing to set-up the desired
mixtures of pure nitrogen and air. The excitation light was provided by a monochromatized
Xe lamp coupled with a double-grating monochromator (180 mm effective focal length).
The PL light was focused via a system of achromatic converging optical lenses and to
a multimode optical fiber (core diameter = 1000 pm), coupled with the entrance slit of
an f = 320 mm effective focal length monochromator. The detection of the PL spectra
was performed by a cooled CCD camera. The data were acquired and post-processed
via a home-made LabVIEW routine, correcting the raw data to account for the spectral
responsivity of the various optical components. All intensities were expressed in counts
per second (cps) units.

3.3. O, Sensing Measurements

PL intensity measurements were performed during exposures to O, /N, flows of
different O, concentrations, alternating to sample recovery in Nj flows. In a typical
experiment, a powder sample was loaded in the chamber and then exposed to flowing
N, for the first 20 min while illuminated. Next, air flow at a variable concentration was
introduced in the gas mixture, maintaining the total flow fixed at 300 standard cubic
centimeter per minute (sccm). The air concentration was changed at regular steps of
10 min each. The air flow was interrupted in the final step and the sample was exposed
to pure nitrogen for 20 min. The sample was excited at a fixed wavelength of 325 nm. PL
acquisition was carried out each 30 s at an integration time of 1 s.

The O, concentration in the test chamber was maintained at the desired values by
means of a computer-controlled mass flow control system, mixing and flowing dry N,
(99.9995% purity) and dry air (20% O, 80% N, impurities concentration < 5 ppm). The
total gas flow was kept constant during the entire experiment at a value of 300 sccm.

4. Conclusions

Mixed-phase TiO; has been produced from a Ti-based, metal-organic framework
(MIL125-(Ti)) by a post-synthesis heat treatment in an air environment at two different
temperatures (500 and 600 °C).

Lower calcination temperature leads to a larger surface area in MOF-derived TiO,
without significantly activating the anatase/rutile transition. We showed that the obtained
sample is tailored for the use of anatase PL, which exhibits responses to air densities in the
2-20% range. The situation is reversed as a higher calcination temperature is employed,
leading to anatase/rutile transition and allowing O, detection via the NIR-PL signal.
The results suggest that an optimized thermal treatment of the metal-organic framework
(with suitable values of the calcination temperature and process duration) might allow a
reasonably good responsivity for both the TiO, phases towards O, sensing. Moreover, the
experimental evidence indicated that the red component of anatase PL could be employed
to improve the baseline stability. This is, to the best of our knowledge, the first study
aimed to test the performances of the MOF-derived TiO; as doubly-parametric optical
sensors for O, detection. Further experimentation will focus on the possibility to improve
the responsivity of both NIR and VIS PL components—and thus employ a double-signal
ratiometric scheme—and to test the detection of lower concentrations of O;.
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