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Abstract

The development of photoactive materials with self-cleaning and depolluting qualities is a hot
topic in materials science, given their impact on several technologies, in a wide range of
contexts of applications. Anatase phase titanium dioxide (TiO2) is the largest used
photocatalyst, with increasing applications ranging from air quality control to renewable
energies, to green building materials for zero energy communities. Yet, it is partially
transmissive in the near infrared (NIR), which negatively affects the solar reflectance of TiO2
containing materials. In this contribution we describe an unexpected increase in anatase near
infrared (NIR) reflectance observed during environmental exposure. We unveil its complex
mechanisms, based on the contact with nitric acid generated by NOx photocatalytic
degradation, which causes partial reduction and decrease in crystallinity to TiO2. This may
open the way for introducing multiple environmentally beneficial effects on TiOz pollutants
degradation, self-cleaning, and energy performance.

Keywords: TiOz2; near-infrared reflectance; nitric acid; aging; P25.

Introduction

Over the last century, the growth of world’s population has mostly concerned urban areas,
which are responsible for 71% of global energy-related carbon emissions [1]. A manifold
positive contribution to climate change mitigation and in the improvement of air quality of
built environments can be provided by a smart performance-based design of urban envelope
components, mainly roofing [2]. These should retain a surface temperature close to the
ambient temperature under the sun, which reduces the turbulent sensible heat released into the
urban environment [3], and possibly display also some de-polluting features. This objective
may be achieved with vegetative surfaces such as green roofs, that are not always a
technically viable and cheap solution [4], or with man-made materials having high solar
reflectance and thermal emittance, widely known as cool materials [5]. A relevant option is
that of titanium dioxide (Ti0Oz), that may be integrated in building materials in order to spread
its beneficial effect on the largest surface area possible [6—8]. With its high refractive index,
rutile TiO2 is the largest used white pigment, but it is partially transmissive in the near
infrared wavelength range, which negatively affects solar reflectance.

Nevertheless, the benefits in using TiO2 — and in particular the anatase phase — rely,
first of all, on the UV-activated photocatalytic degradation of pollutants mediated by TiO2,
which can mitigate pollution arising from industrial sources, heating and transportation [6].
These may be either organic — industrial wastewaters, volatile organic compounds (VOCs)
emitted by exhausts, combustion gases, etc. [9-11] — or inorganic — nitrogen oxides [12—14].
Moreover, changes in wettability upon UV irradiation lead to a superhydrophilic state which,
coupled with photocatalysis, results in the so called self-cleaning effect [15]. In such
mechanism, the bridging groups used by atmospheric contaminants and soot to adhere to
surfaces are partially photomineralized and subsequently washed away by water, allowing
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materials to retain a cleaner and more reflective surface over time [16—18]. In addition,
reducing the impact of aging on the optical-radiative performance of built environment
surfaces has a strong influence on the thermal comfort and energy consumption of buildings
[19,20], and therefore on the urban microclimate [21]. The actual performance of these
technologies is particularly important as prospects indicate that the cooling needs of buildings
will increase, worldwide, from 4.4% to 35% of the total heating and cooling needs by 2050,
and to 61% by 2100. The largest increases are expected in India, where the residential cooling
energy consumption of 2050 is foreseen to be approximately ten times that of 2010 [22].

Another relevant area where TiO:2 is used as an electrode is that of Dye-Sensitized
Solar Cells (DSSCs), that still face issues because of aging upon environmental exposure
[23,24]. Therefore, a deeper understanding of the modifications over the whole solar spectrum
of TiO2 upon aging is desirable also on the power generation side, in addition to that of
energy saving.

Here we present a novel effect of anatase phase TiO2, which we first noticed during
long-term environmental [25] and laboratory accelerated exposure campaigns [26]: an
increase in reflectance in the near infrared (NIR) wavelength range upon material aging. We
reproduced this effect in the laboratory, envisioning the mechanisms responsible for such
unexpected variation.

Experimental

Materials

Two distinct sets of samples were used in two campaigns of outdoor long-term exposure. One
focused on uncoated commercial fiber-reinforced mortars, containing TiO2 in mass in the
mortar formulation, constituting the outer skin of pre-cast thermally insulated panels produced
by PIZ SpA [25,27]. The mortar formulation, with special reference to the type and content of
photocatalytic admixture, was previously optimized [28]; composition is reported in Table 1.
The second campaign considered commercial bitumen roofing membrane reinforced with
polyester fabric and coated with siloxane paint, provided by Index SpA. The latter material
was also used in laboratory experimental tests. The coating consisted of a water-based
siloxane paint for cementitious surfaces and slated membranes, containing calcium carbonate
as an extender, as well as dispersant, wetting, and antifoam additives. Both a standard coating
and a photoactive one were tested: the former contained rutile TiO2 white pigments of 300 nm
minimum size, the latter contained both the same pigmentary rutile and anatase TiO2 with
15 nm average particle dimension. Samples for outdoor exposure were cut in 10 cm x 10 cm
squares from a membrane sheet with a thickness of 0.5 cm, while for subsequent
investigations smaller samples 4 cm x 4 cm were cut.

Methods

Long-term outdoor exposure: The natural aging started in Milan in April 2012, with three
replicates per product for each exposure condition. Fiber-reinforced mortars were vertically
exposed, facing north and south. The roofing membranes were exposed low sloped (i.e., 1.5%
slope, that is the minimum for flat roofs) [29]. The solar spectral reflectance was
characterized for unexposed samples, and each six months; here we report the results after
two years.



Table 1. Standard mortar composition — in photocatalytic mortars, 5% of anatase
nanoparticles by cement weight is added [27].
Portland cement (CEM 142.5R) 555 keg/m’

Silica sand 1110 kg/m?
W/C ratio 0.56
Expansive admixture 33 kg/m’
Waterproof additive 22 kg/m?
Glass fibers 20 kg/m®
Antifoaming admixture 1 ke/m’

Accelerated exposure: Accelerated exposure consisted in immersing membrane samples in
different aqueous solutions for 24 h, focusing on two acid solutions — HNO3 and H2SO4 — to
reproduce the contact of the materials with sulfuric or nitric acids generated by pollution or by
Ti02 itself as byproduct of its photoactivity [14,30,31]. The list of solutions employed is
given in Table 2. For each combination, two standard samples and two photoactive samples
were used. Tests were repeated on AEROXIDE® TiO2 P25 powders, as representative of a
standard material commonly utilized in studies on TiO2 photoinduced properties.

Powders were mixed with either deionized water or a solution containing 1% by
weight of HNO3 in proportions 1:3. After 18 h the mixture was partially dried on a hot plate at
50°C, obtaining a white paste. Five samples were then prepared for spectrophotometry
measurements by depositing a uniform layer of 1 g of TiO2 paste on a polyester transparent
sheet.

Table 2. Solutions and immersion times utilized in the accelerated exposure procedures for
standard and photoactive membranes

Solution Concentration pH Duration
[% by weight]

H20 100% 6 24 h

HNO:3 0.25% - 0.5% — 1% 1 24h

H2SO4 0.1% 1 24 h

Photocatalytic activity: Photocatalytic activity of membranes coated with photoactive
paint was tested before and after HNO3 treatment by using a dye discoloration method.
Specifically, thodamine B — a dye with magenta hue — was chosen, as it is commonly
accepted and utilized to test the efficiency of photocatalytic materials as representative of
organic pollutants. Samples were immersed in an aqueous solution of the dye with
concentration 10 M for 3 h, dried and then exposed to artificial light simulating the solar
spectrum (Osram Vitalux lamp, 300 W) with UV intensity at 370 nm of 1 mW cm™. Their
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color before and after irradiation was measured by reflectance spectrophotometry, using a
Konica Minolta CM-2600d spectrophotometer. The software Spectramagic NX was then used
to convert reflectance information into color coordinates L* a* b* in the color space CIELab,
as defined by the Commission Intérnationale de I'Eclairage [32,33]. Rhodamine B
degradation was correlated to the decrease in the a* (red) coordinate of color, representing a
loss of intensity in red and therefore a discoloration of the dye.

Analytical techniques: For XRD (X-ray diffraction) analyses a Philips PW 1830-Cu Ka
radiation instrument was employed (40 kV applied tension, 0.5°/min scan rate).

UV-Vis-NIR reflectance measurements were carried out between 300 and 2500 nm,
with a spectral resolution of 5 nm, with a Perkin Elmer Lambda 950 spectrometer, equipped
with a 150 mm integrating sphere. The slit in the Vis range was set to 2 nm from 300 to 860
nm, and in servo mode for the rest of the scan, with a characterized area of approximately 15
mm x 15 mm between 1500 and 2500 nm. For the naturally exposed samples, just the central
portion of each was characterized, while for those immersed in acid, two non-overlapping
spots per sample were measured. The error bars in the graphs identify the range. Broadband
values were then computed considering the solar spectral irradiance distribution for clear sky
conditions and air mass equal to 1 [34]. ps and pn2 are, respectively, the solar reflectance and
the broadband reflectance in the range between 1500 and 2500 nm.

A Perkin Elmer Frontier IR was used for ATR-FTIR characterizations (Attenuated
Total Reflectance-Fourier Transform InfraRed spectroscopy).

Results

Outdoor exposure campaigns were first carried out on commercial materials: fiber-reinforced
mortars [27] and bituminous roofing membranes coated with siloxane paint, both exposed in
triplicate and both in a standard formulation and in a photoactive one, the latter containing
anatase TiOz. The reflectance of samples with standard composition decreased, especially in
the wavelength range between 400 and 2200 nm, consistently with previous work [29,35], due
to the complex of UV aging, soot and other particulate deposition (Figure S1, Supporting
Information). Yet, after natural aging, the reflectance of anatase containing samples increased
in the last portion of the NIR wavelength range (Figure 1, S1, and S2, Supporting
Information). The overall trend in broadband NIR reflectance (700-2500 nm) still indicated a
decrease, as the trend inversion only occurred at approximately 1500 nm, but above such
threshold the trend was monotonously increasing with respect to the initial optical properties
of the material (Figure S3, Supporting Information).

Further analyses were aimed at reproducing the observed effect in laboratory: we
focused such investigations on membranes, as the simpler composition and smoother surface
would allow to produce less artifacts. Pristine membranes were immersed for 24 h in diluted
solutions of nitric acid, sulfuric acid, or tap water: each was aimed at simulating compounds
either present in the environment or possibly generated by TiO2 photocatalytic activity, with
which the membrane surface would therefore come into contact. In particular, nitric acid and
sulfuric acid may be generated by the degradation of main atmospheric pollutants NOx and
SO2, which produce NO3~ and SO4*, respectively. Equations 1 and 2 describe the case of
nitrates formation, as more likely to be observed in current environments where large
quantities of NOx are released [14,30,31,36].



H,0/0, —%" 5 HO" (aas) + 05~

2 (ads) (1)
HO®+0;5~

NO, —H9*% 5 NO, " (ats) —22— HNO, 4, (2)

The contact with organic substances or particulate matter were not considered as
possible causes of NIR reflectance increase, as their presence on the surface would cause the
opposite modification in surface properties [35]. Moreover, during immersion tests, sulfuric
acid was found to cause exceeding damage to the paint, which was not observed with natural
aging, and was therefore discarded from subsequent investigations (Figure S3, Supporting
Information).

The effects induced by such immersions were evaluated by attenuated total reflectance

Fourier transform infrared reflectance (ATR-FTIR) and X-ray diffraction (XRD).
Immersion of membranes in both acid solutions increased their reflectance between 1500 nm
and 2500 nm, while immersion in water did not give any change in their NIR optical response,
nor in their composition (Figure 1b and S3, Supporting Information). Both ATR-FTIR (Figure
Ic) and XRD measurements (Figure S4, Supporting Information) on membranes coated with
photoactive paint only revealed a partial disappearance of calcium carbonate (CaCOs3)
constituents of the paint (main peak at 29.3° in XRD, and peaks at 712, 872, 1390 and
1798 cm’! in ATR-FTIR). This is compatible with the acid environment in which the material
was processed, but at the same time cannot be considered as responsible of the observed
increase in NIR reflectance, given the high reflectivity of CaCOs. Therefore, no relevant
information could be drawn on the source of the effect observed.

The deposition of inorganic nitrates and sulfates on the material surface was also
discarded owing to two reasons. First, in absence of anatase phase TiO2 no variation was
observed, which makes sense in outdoor exposure where acids formation is ascribed to
photocatalytic reactions driven by anatase, but is not compatible with the hypothesis of
nitrates or sulfates deposition once the material is artificially immersed in acids (Figure SS,
Supporting Information). Moreover, the result of surface interactions of the material with
nitric acid is stable: on subjected samples aged in HNO3 and further immersed for 24 h in
water, the increase in NIR reflectance was not cancelled, nor further increased, while sulfates
and especially nitrates are generally highly soluble in water. The effect observed with the
environmental exposure was also persistent, already after the first months of aging.

This led us to hypothesize the occurrence of chemical modification of anatase due to
contact with acid solutions. In fact, strong acids on anatase phase TiO2 may yield to an
increase in porosity and surface area and the stable adsorption of nitrates, together with
anatase surface protonation and increase in Ti*" states [37,38].

To isolate the sole effect of TiO2 in predominant anatase phase, tests were repeated on
commercial TiO2 P25 powders, containing approximately 70 to 80% of anatase and 20 to
30% of rutile [39]. An analogous increase in NIR reflectance was seen on TiO2 P25 powders
immersed in HNO3; compared with those immersed in deionized water (Figure 2a).
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Figure 1. (A) Solar spectral reflectance of modified bitumen roofing membranes coated with
a commercial paint containing anatase TiO., before (new) and after 2 years (2y) of natural
aging. (B) The same membranes before (new), after immersion in nitric acid (24 h 1% HNGQO:),
and then after additional immersion in deionized water (24 h 1% HNO: + 24 h H:0O). Insets
visualize the aspect of specimens before and after exposure. (C) ATR-FTIR transmittance
(arbitrary units) of the same membranes before and after immersion in nitric acid and then in
deionized water.

Powders were then characterized by X-ray diffraction (XRD, Figure 2b) and scanning
electron microscopy (SEM, Figure 3). No relevant variation was observed in the general
aspect of powder clusters after immersion in water or in nitric acid, indicating that effects
observed on NIR reflectance were not originated by alterations in the aggregation state of
particles at the microscopic and submicroscopic level, although nanoscale morphological
variations may actually appear on single nanoparticles. XRD characterization demonstrated
that the immersion in nitric acid causes a decrease in the crystallinity of TiO2 P25 powders, as
attested by the decrease in both anatase and rutile main peaks intensity (at 25.2° and 27.6°,
respectively), with rutile almost complete disappearance. The anatase peak also showed a
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clear broadening, with an increase in full width at half maximum by 20%, indicating a
decrease in crystallite size (Figure 2b — see Supplementary Material for detailed information).
Since in the materials on which this effect was observed the photoactive admixture was only
anatase, our attention will now focus on this polymorph.
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Figure 2. (A) Solar spectral reflectance of P25 powder after 24 h of immersion in HNO3 or in
deionized water. ps and pn2 are, respectively, the solar reflectance and the broadband
reflectance in the range between 1500 and 2500 nm. The error bars identify the range. (B)
XRD intensity peaks of same powders, main anatase peak (A) at 25.2°, main rutile peak (R) at
27.6°.

Figure 3. (A) SEM of P25 after immersion in DI water. (B) SEM of P25 after immersion in
HNOs. Magnifications 40 kX.

Finally, the influence on photocatalytic activity of the optical and structural
modifications identified on the TiO2 P25 samples was investigated. These measurements only
represent a preliminary investigation, as more in-depth tests are being evaluated for a more
precise characterization. In spite of the preliminary character of these results, the method
chosen allowed to identify an alteration of the powders photocatalytic activity, causing a
decrease in efficiency by approximately 15-20% (Table 3). This is likely to be ascribed to the
strong decrease in TiO2 crystallinity.



Table 3. Photocatalytic efficiency assessed with rhodamine B test. Dye discoloration
percentages at different irradiation times in presence of membranes coated with photoactive
paints, after 24 h immersion either in water (label: M-H) or in nitric acid (label: M-N).

Material Percent discoloration
lh 2h 3h 4 h 5h
M-H 35.5 44.4 53.5 55.7 57.2
M-N 27.2 36.6 42.3 452 48.1
Discussion

We hypothesize the following reaction mechanism to explain the variations in the optical

behavior of anatase TiO2 in presence of HNO3 on the surface, which in natural environments

can be produced by the photodegradation of NOx by anatase and consequent hydrolyzation of

NOs™ to HNOs (Figure 4) [14]:

1. The acid environment causes on TiO2 morphological effects: increase in surface area;
chemical ones: hydroxylation, protonation, adsorption of NOs", increase in Ti*" surface
defects; and structural ones: partial degradation of TiOz crystal structure, as revealed by
XRD peaks loss of intensity and simultaneous broadening [37,40].

2. Such effects may yield to higher optical density, and therefore reduce transmittance and
increase backscattering. The recorded increase in reflectance is proportional to the
wavelength (Figure 1b, Figure 2a), and higher for longer exposure to nitric acid (Figure
S2a, Supporting Information).

Surface modifications of titania pastes upon treatment with nitric acid have been
previously shown to increase the absorbance in the 400-800 nm wavelength range, enhancing
the light-harvesting effectiveness of DSSCs, and the incident photon-to-current conversion
efficiency because of increased forward scattering [41]. It was also found that the NO3™ ions
produced after immersion in HNO3 may coat the TiO2 and block the path of backward
electron transfer [42]. Our results in the visible wavelength range are consistent with the
literature. The increase in the reflectance in the near infrared wavelength range is interesting
as that portion of the spectrum is not used for energy conversion by DSSCs activated by
visible light, and an increased back-scattering might contribute to reduce the surface
temperature of DSSCs, and therefore increase their efficiency.

The increase in reflectance observed in the laboratory can be translated into an actual
reduction of surface temperatures by approximately 2°C in peak conditions, for instance for a
highly insulated roof. This is still a small change, but already relevant for the building
performance. However, there is large potential for the improvement of methods to retain - and
in the specific case to increase - a high solar reflectance, which may lead to much larger
reduction in surface temperature, and therefore in cooling loads. Furthermore, materials with
high NIR reflectance are also reported to be less impacted by aging than materials with same
solar reflectance, but higher response at shorter wavelengths [29], namely where the
detrimental and degrading action of UV and black carbon is strongest [35].
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Figure 4. Schematic representation of reactions occurring at the surface of anatase phase TiOx.
Left: TiO2 in presence of NOx, crystal structure and atoms coordination highlighted (facet 101
was chosen as representative in the structure inset) [40]. The yellow arrows represent light
hitting the TiO2 surface and being reflected or transmitted. Right: as a consequence of
sunlight (UV) irradiation in humid environment, NOx are converted to NO3~ which in turn are
hydrolyzed to HNOs; nitrates adsorb on the protonated TiO:2 surface resulting from the acid
environment, with increase in oxide defect density Ti" and decrease in crystallinity
(amorphous structure inset) [40].

Conclusions

On account of these observations, we can conclude that this study opens the door for HNO3
treatment of TiO2 as a method to develop TiO:2 pigments for self-cleaning construction
materials with improved optical-radiative properties. This is supported by the maintaining of
all the cited properties also after rinsing the material with water: thus, modified materials
could be safely used after eliminating HNO3, which would be harmful to the environment and
to the surrounding materials. Finally, the HNOs treatment proved to be only partially
detrimental towards the TiO2 photocatalytic activity, likely on account of a lower crystallinity
and partial occupation of active sites by NOs", which is an adverse effect that needs to be
addressed and minimized. Yet, surface protonation would help improving two fundamental
aspects in the development of highly efficient photocatalysts. First, the material formulation
may be improved thanks to an easier dispersion of particles, reducing tendency to
agglomeration. Then, its selectivity may be enhanced, specifically towards the adsorption of
alkaline pollutants — for instance, tobacco alkaloids — potentially increasing photocatalytic
activity against specific species. These aspects open the way to new advances in the field of
photocatalytic and self-cleaning materials.
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