W) Check for updates

ChemPhotoChem q Chemistry

Europe
ChemPhotoChem

European Chemical
Societies Publishing

| RESEARCH ARTICLE

Immobilization of Titanium Dioxide Ultrathin Films onto
Porous Membranes via Atomic Layer Deposition for
Photodegradation of Water-Borne Pollutants

Elisante M. Maloda™* | Justine S. Nyarige' | Dmitry Busko' ©© | Andrey Turshatov' | Bryce S. Richards™?

'nstitute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Eggenstein-Leopoldshafen, Germany | *Department of Physics,
Mathematics and Informatics, Dar es Salaam University College of Education, Dar es Salaam, Tanzania | Light Technology Institute (LTI), Karlsruhe
Institute of Technology (KIT), Karlsruhe, Germany

Correspondence: Bryce S. Richards (bryce.richards@kit.edu)
Received: 16 January 2026 | Accepted: 29 January 2026

Keywords: atomic layer deposition | high-throughput screening | photocatalysis | photocatalytic membrane | titanium dioxide

ABSTRACT

Solar-driven generation of reactive oxygen species via photocatalytic membranes is a promising technology for the photodegra-
dation of water-borne pollutants. Here, titanium dioxide (TiO,) ultrathin films (11.9-28.05 nm) were grown on polytetrafluoro-
ethylene (PTFE) and quartz-fiber filter (QFF) membranes via atomic layer deposition. The as-deposited (250°C) films were
i) furnace annealed (300°C-1100°C) for 1 h or ii) via rapid thermal annealing (300-500°C) for 3 min. The presence of Ti coating
onto/into QFF was confirmed, four times more than on PTFE. As-deposited TiO, films on QFF exhibited the crystalline phase of
anatase, while no peaks were observed on PTFE. Films annealed on QFF at higher temperatures did not exhibit a mixed anatase-
rutile phase, regardless of thickness. The films on QFF also exhibited significantly higher absorption of ultraviolet light (<400 nm)
compared to the films on PTFE, which had limited absorption (<360 nm). Nonstoichiometric TiO,_, films exhibited broad absorp-
tion from ultraviolet to the near infrared. The annealed films on QFF demonstrated high photocatalytic performance of about
88%-94% removal of methyl orange and 90%-97% for tartrazine 85 (compared to films on PTFE with 36% and 18%, respectively).
The TiO,_, films demonstrated improved performance compared to pure anatase TiO,, paving the way for improved photoca-
talytic membrane performance.

1 | Introduction technologies for eliminating such water-borne pollutants are
based on advanced oxidation processes (AOPs) [4]. One such
AOP, namely heterogeneous photocatalysis, has been mentioned
as a potentially sustainable technique since the charge carrier

excitation processes can be driven by solar energy [4]. The photo-

The increase in micro-organic pollutants into both surface and
ground-water bodies poses a serious threat to the availability
of clean and safe drinking water [1]. Due to their small size
and molecular weight, combined with their typically low concen-
trations in water, these pollutants pose significant challenges for
many existing conventional wastewater treatment methods [2].
The use of modern filtration technologies based on pressure-
driven membranes is not always capable of reliably retaining

generated carriers participate in redox reactions to produce
in situ reactive oxidative species (ROSs)—such as superoxide rad-
ical anions (O,"7), hydroxyl radicals ("OH), singlet oxygen (0y),
or hydrogen peroxide (H,0,)—that can mineralize a wide range

these pollutants, given their low molecular weight [3], plus
the higher pressures required for nanofiltration or reverse osmo-
sis also increases the energy demand of the process. Alternative

of water-borne pollutants [5].

Among the inorganic metal oxide-based photocatalysts, titanium
dioxide (TiO,)—particularly in its anatase (A) crystalline phase
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FIGURE 1 | Schematic illustrating the (a) electron-hole redox reactions for anatase, (b) anatase-rutile mixed phases for reducing charge carrier

recombination, while (c) an interlocalized of oxygen vacancy (V,,) and titanium interstitial species (Ti**) between the VB and CB narrowing the bandgap,

along with generating electron-hole pairs under light irradiation which then participate in reduction-oxidation reactions to produce ROS for photo-

degradation of the pollutants.

(Figure 1a)—has long been known to exhibit excellent photoca-
talytic properties [6]. This is because (i) the indirect bandgap of
its anatase crystalline form exhibits a longer diffusion length
of charge carriers [4, 7], (ii) the suitable potential edge position
of the conduction band (CB) of about —0.42 eV and valence band
(VB) of 2.87 eV for the oxygen-water redox reaction, respectively
[4, 8], (iii) the low-cost and non-toxic oxide, and (vi) the excellent
chemical and physical stability, thus affording a low degree of
photocorrosion in aqueous solutions [9]. Despite these benefits,
one major limitation of TiO, is its relatively wide bandgap of
~3.2eV (metastable A phase), which can absorb ultraviolet
(UV) photons with wavelengths shorter than 388 nm, and the sta-
ble rutile (R) phase with a slightly lower (~3.0eV) direct
bandgap, enabling activation with wavelengths less than
413 nm [10]. This exhibits a faster recombination rate, which lim-
its the diffusion of generated carriers toward the surface, thus
hindering the production of ROSs [4, 7, 11]. The TiO, photoac-
tivation via UV light absorption accounts for only 4%-6% of the
irradiance of the air-mass 1.5 global (AM1.5G) terrestrial solar
spectrum, leaving the vast majority of visible photons unhar-
nessed. If solar-driven degradation of water-borne pollutants
could be achieved by immobilizing photocatalysts onto porous
substrates to realize photocatalytic membranes, it would natu-
rally offer a sustainable solution to an ever-growing problem.

Many different strategies have been explored to enhance the pho-
tocatalytic performance of TiO,, including surface modifications
via carbon nanostructures [12], A-R mixed phases [13], forming
heterojunctions with other semiconductors [14], photosensitiza-
tion [15], and using plasmonic materials [16]. In addition,
bandgap engineering via realizing substoichiometric (TiO,_,)
materials [17] and doping with other metal ions [4, 18] were also
demonstrated. Such approaches are designed to achieve either an

improvement of charge separation or enhancing the visible light
response, or both. Indeed, the A-R mixed phase and substoichio-
metric modifications have been identified as a pathway for boost-
ing the photocatalytic activity of TiO, [19]. The enhanced
performance of A-R mixed phases is attributed with favorable
Fermi energy-level alignments and synergistic effects between
the interfaces, which influences the flow of photoexcited elec-
trons from the CB (-0.65eV potential edge) of the R to the
CB (-0.42¢eV) of the A, while holes from VB (2.87 eV potential
edge) of A to the CB of R (2.51 eV) as illustrated in Figure 1b, thus
reducing the rate of charge recombination and increasing inter-
facial charge lifetime [20]. For instance, Degussa P25 nanopar-
ticles have been highlighted as the best example of anatase-
rutile TiO, composite with predominantly 75% A- 25% R mix-
ture, which showed an excellent photocatalytic activity [21].

The reduction of stoichiometric TiO, to substoichiometric oxy-
gen-deficient TiO,_, (sometimes referred to as “black TiO,”)
has been reported as a feasible way to improve the light absorp-
tion from UV to the visible range [22]. This enhancement is
attributed to intrinsic electronic disorder and localized trap states
of oxygen vacancies (V,) and titanium interstitial species (Ti**
and Ti**) from the oxidation of Ti*" (as illustrated in
Figure 1c). These features are associated with the creation of
additional intrabandgap energy states below the CB edges
(Ti*" and above the VB edges (Vo), effectively narrowing the
bandgap of TiO, (see Figure 1c). The formation of Ti** traps
the photoelectron, inhibiting photoexited carrier recombination
and improving the charge separation [17, 23]. For example, a
study by Chen et al. [17] reported a bandgap of 1.54eV for A-
TiO,_, nanoparticles and significant solar-driven photocatalytic
activity during degradation of phenol and methylene blue.
Shihao and co-workers [24] also claimed a wide range of light
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harvesting—from UV to near-infrared (NIR)—with black A-TiO,
(1.92 eV) nanoparticles and high performance on rhodamine B
under visible light compared to white A-TiO, (3.1eV).

The use of suspended TiO, nanoparticles in photocatalytic reac-
tor water purification systems faces practical challenges, partic-
ularly in precipitating and recovering them from the slurry for
reuse. To overcome these drawbacks, the idea of immobilizing
TiO, onto and into the porous structure of a membrane has
emerged, which can be either polymeric or inorganic mem-
branes, and the coating could be formed from TiO, nanoparticles
[25] or a continuous TiO, film [26]. Recent work from our group
has demonstrated that when the photocatalyst is immobilized
with porous membranes, then fast photodegradation kinetics
are observed. For example, Berger et al. [27] reported a photoca-
talytic rate of 2.30 x 10~ mol/m? s using TiO, -coated anodized
aluminum oxide membranes, while Lyubimenko et al. [28]
achieved a rate of 2.25 x 10~° mol/m? min using organic photo-
sensitizers coated onto polyvinylidene fluoride membranes.

Among the TiO, film preparation methods, atomic layer deposi-
tion (ALD) is widely recognized as an excellent technique for
growing ultrathin (5-10 nm-thick) layers over the large surface
areas of the substrate [29]. ALD offers accurate thickness control,
very good conformal coverage of high-aspect ratio substrates
(including porous materials), as well as uniform growth for excel-
lent reproducibility and scalability [30]. With these benefits, ALD
was chosen as an optimal method for the coating of TiO, films to
the membranes in this work.

The film thickness is one of the major parameters that strongly
influences the absorption of photons and interfacial charge trans-
fer in photocatalytic reactions [31]. This is due to the fact that
enhancement of photocatalytic performance is highly attributed
to balancing the film thickness, the penetration depth of photons,
and the diffusion length of photogenerated charge carriers from
the bulk to the surface, where the ROS can drive photocatalytic
reactions [32]. While numerous studies have reported the depen-
dance of photocatalytic activity on TiO, film thickness, a compre-
hensive correlation between film thickness and photocatalytic
efficiency has not been well-documented among researchers,
particularly for the ultrathin film thicknesses. For example,
Kédridinen et al. [33] demonstrated higher photocatalytic perfor-
mance with 15 nm-thick A-TiO, films grown on soda lime glass
using ALD compared to thicker films of 65, 130, and 260 nm of
A-R mixed phases, which exhibit fast recombination of the pho-
togenerated carriers due to R-dominant. The study of Levchuk
et al. [34] reported lower performance with 100 nm-thick A-
TiO, films coated onto an aluminum foam substrate via ALD
during the photodegradation of phenol. Vilhunen and co-work-
ers [35] highlighted the low removal efficiency of salicylic acid
with 46 nm-thick A-R (dominant) TiO, films grown on silica
substrates by ALD.

Despite several reports of immobilizing ALD TiO, films on vari-
ous nonporous supports, membrane substrates have gained
attention since they possess a large specific surface area-to-vol-
ume ratio to accommodate adequate photocatalytic materials
[35]. A comprehensive study of the ultrathin TiO, films (10-
30nm thickness) immobilized onto membranes via the ALD
method for the photocatalytic degradation of pollutants in water
has not been extensively evaluated. Berger et al. [27] reported
removal efficiencies of methylene blue in flow-through single
pass, with a range of 2-15nm thickness of A-TiO, thin films
coated on anodized aluminum oxide ceramic porous membrane
via thermal ALD. The study of Lotfi et al. [36] demonstrated dif-
ferent removal of steroid hormones in continuous single-pass
flow using A-TiO, nanoparticles (10-30 nm) immobilized on pol-
yethersulfone membranes. Hatat-Fraile et al. [25] investigated
the pristine and doped A-TiO, nanoparticles coated on quartz
fiber filters (QFF) via the sol-gel dip-coating technique in the
photodegradation of acid orange 7 dye with dead-end filtration.

The present study focuses on depositing ultrathin TiO, films on
two different types of membranes, first, QFF and, secondly, poly-
tetrafluoroethylene (PTFE) membranes using thermal ALD for
the photocatalytic degradation of two photostable anionic dyes,
methyl orange (MO) and tartrazine 85 (T85) dye aqueous solu-
tion using in operando characterization in a batch reactor, fast
screening photocatalytic reactor system (FaS-PhoReS) as
highlighted in our previous work [37]. These membranes were
chosen because they are: (i) flexible and robust, unlike the brittle
AAO membranes used previously [27]; (ii) they are commercially
available in sheet form; and (iii) offer very contrasting tempera-
ture limits. Specifically, the QFF substrates allowed for high-tem-
perature annealing—and standard furnace annealing (FA) in a
variety of gas ambients performed at up to 1100°C—whereas
the PTFE membranes have a recommended maximum tempera-
ture of 260°C. This greatly limits the possibility of realizing a
polycrystalline TiO, ultrathin film at such low temperatures.
In an attempt to achieve a crystalline TiO, film on low-tempera-
ture substrates such as polymeric membranes, several
approaches have been used, such as microwave furnace [38],
plasma-enhanced [39], and laser irradiation [39], and rapid ther-
mal annealing (RTA), which realizes fast temperature increment
in a short time, as highlighted in Table 1. In this research, the
RTA technique will be employed via voltage settings to achieve
extremely rapid increases in temperature for 3 min, reducing the
required annealing duration from hours (typical for FA) down to
a duration of a few minutes.

Thus, this work aims to develop and test the solar-driven photo-
catalytic membranes via: (i) conformally depositing ultrathin
TiO, film, 11-28 nm-thick onto/into the porous polymeric
(PTFE) and inorganic membranes (QFF), (ii) investigating the
possibility of annealing TiO, films on the PTFE substrates;

TABLE 1 | Summary of the results achieved through RTA for the crystallization of TiO, thin films on low-temperature polymeric substrates.

RTA conditions Resulting phase

Key outcomes Ref

400°C, 1 min Anatase Improved crystallinity exhibited high photocatalytic activity. [40]
850°C, 1 min Rutile Improved crystallinity exhibited low photocatalytic performance.
1200°C-1300°C, 1-10s (150°C/s) Anatase-rutile mixed Improved crystallinity, photodegradation not tested. [41]
600°C, 1 min (600°C/min) Anatase-rutile mixed High crystallinity, photodegradation not tested. [42]
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(iii) exploring the influence of annealing temperatures and sub-
strate choice on film crystallinity and the A-R phase transforma-
tion; and (iv) creating visible light-active reduced TiO,_, films
through forming-gas annealing (4% hydrogen in 96% argon).

Overall, this article addresses four specific research questions: (i)
How does varying the thickness of as-deposited ALD TiO, ultra-
thin films influence crystallinity and photocatalytic perfor-
mance? (ii) How do both the annealing temperatures and
substrate choice influence the crystallinity and A-R phase trans-
formation of the TiO, ultrafilms? (iii) Which of the TiO, ultrathin
films annealed at various temperatures exhibits superior photo-
catalytic degradation of photostable dyes under simulated sun-
light? (iv) Which among the titanium oxide films (TiO, or
TiO,_,) coated onto QFF substrates exhibits the highest removal
efficiency when photodegrading the photostable dyes under sim-
ulated terrestrial sunlight?

2 | Materials and Methods
2.1 | Preparation of Substrates

Four different substrates were employed, two different types of
planar (non-porous) substrates for characterization purposes
only: (i) fused silica glass (Fused Quartz JGS2) and (ii) dou-
ble-sided polished p-type 100 silicon (Si) wafers (International
Wafer Service, USA) as well as two different porous membranes:
(iii) 300 pm-thick QFF (QFF: Advantec Sterlitech, QR-100,
Germany), chosen due to their excellent chemical resistance,
low light absorption, and thermally stability up to 1100°C; and
(iv) 28 pm-thick polytetrafluoroethylene (PTFE) membranes
(Fluorotex-G-400—0.2-FG, Kogel Filter GmbH, Germany) that
can withstand a maximum temperature of 260°C. The thickness
of the membranes was measured using a height gauge (Mitutoyo
952625, Japan). The QFF and PTFE membrane supports were cut
using scissors into several pieces of 30 X 150 mm from larger rect-
angular sheets (203 x 254 mm for QFF and 500 X 300 mm for
PTFE) for the deposition process without additional cleaning.

2.2 | Deposition of ALD TiO, Films

The pristine TiO, ultrathin films were grown on QFF, PTFE,
fused silica, and Si substrates using an ALD reactor (Picosun
R-200, Finland) in thermal mode, with 300-700 cycles in 100-
cycle increments. Titanium tetrachloride (TiCly, 99.9%, SAFC
Hitech, USA, CAS: 7550-45-0) was used as the Ti source and
deionized water as the oxygen source to grow TiO, films at a
deposition temperature of 250°C. Both precursors were sealed
into two separate stainless steel cylinder bubblers to achieve
TiO, films via a hydrolysis reaction. Ultrahigh-purity nitrogen
(N2 99.999%) was used as a carrier gas to transport the precursor
molecules into the chamber and to remove redundant ligands.
During deposition, both bubblers were kept at room temperature
(23°C) to ensure sufficient vapor pressure. For a single deposition
run of TiO, films, a total of 12 substrates were loaded into the
ALD chamber: two pieces of Si (10 x 10 mm), eight pieces of
fused silica (20 x 20 mm), one QFF sheet (30 x 150 mm), and
one PTFE sheet (30 x 150 mm). The deposition chamber was
evacuated for 2 h to achieve a pressure of 9 hPa. One ALD sub-
cycle consisted of a 0.1 s pulse of TiCl, to be adsorbed onto the

substrate to form Ti, followed by 9 s of purging with N, to evacuate
unreacted TiCly, then a 0.1 s pulse of H,O to react with Ti, and 13 s
of purging with N, to remove byproducts such as CO,, H,0O, and
HCI. The process was repeated sequentially, subcycles of TiCl, / N,
/ H,0 / N,, to achieve monolayer growth of TiO, on the substrates,
with the number of cycles ranging from 300 to 700. After the depo-
sition period, the ALD was switched off and left to cool to room
temperature. The TiO,-coated membrane sheets were then cut
into three sizes—10x10mm (surface morphology testing),
10 x 20 mm (optical characterization), and 20 x 20 mm (photoca-
talytic performance)—followed by postannealing.

2.3 | Postdeposition Annealing of TiO, Films

Three different annealing systems were used in this work: (i) a
photonic curing system (Novacentrix Pulse-Forge 1200) was
employed primarily for achieving rapid heating rates (rapid ther-
mal annealing) for the low-temperature PTFE substrates; (ii) a
muffle furnace (Thermo Concept KLS 05/11) was used for FA
in air; and (iii) a quartz tube furnace (GSL-1500X, MTI
Corporation, USA/China) was used for annealing in forming
gas (4% hydrogen in 96% argon). Two temperature regimes were
investigated: (i) the lower temperature range of 300°C-500°C (both
FA for 1h and RTA for 3 min) was intended to investigate the
effect of temperature on the phase transformation of the as-depos-
ited amorphous TiO, ultrathin films into the crystalline anatase
phase and (ii) the higher-temperature range of 600°C-1100°C
was chosen to realize A-R mixed phases. The as-deposited TiO,
ultrathin films coated onto high-temperature-stable substrates
(QFF, along with silica and Si) were FA at a heating rate of
5°C min™" from 300°C to 1100°C in air for 1h under the same
conditions. The TiO, films on PTFE were only annealed at
300°C in FA due to instability at high temperatures. For RTA,
the system was first simulated under the specified settings of volt-
age, pulse length, and number of pulses, which corresponded to
the required temperatures. Then, TiO, films coated onto all sub-
strates were annealed from 300°C to 500°C (in 50°C steps) for
3 min in air. It was observed that at RTA temperatures greater than
500°C, the PTFE membrane started to melt. As-deposited TiO,
films were coated on QFF and underwent FA in a forming gas
atmosphere to produce reduced TiO,_,. Table S1 summarizes
the deposition and annealing conditions of all samples, while
Table S2 highlights RTA voltage settings versus achieved anneal-
ing temperatures.

2.4 | Characterization of TiO, Films

The crystallinity of TiO, films on all substrates was investigated
using an X-ray diffractometer (XRD, D2 Phaser, Bruker,
Germany) with CuKa radiation (4 = 0.154184 nm, scan rate =
0.02°/s, 20 = 10°-80° range). The possible orientations of
TiO, patterns—both A and A-R mixed phase—were compared
with International Centre of Diffraction Data (ICSD) 9852 and
16636, respectively. The thickness of the TiO, films was mea-
sured on fused silica substrates using X-ray reflectometry
(XRR, D8 Discover, Bruker, Germany). The film thicknesses
on the QFF and PTFE membranes were assumed to be similar
to those measured on the planar fused silica substrates since all
the samples were deposited under the same conditions and
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environment. A scanning electron microscope (SEM: Zeiss Supra
60VP, Germany) was used to examine the uniformity and surface
morphology of the TiO, films on the QFF and PTFE membranes,
while the elemental compositions were analyzed via energy-dis-
persive X-ray (EDX) spectroscopy (EDX, Vega 3, Tescan, Czech
Republic with XFlash 610 M detector, Bruker, USA) mounted
onto the SEM. The TiO, film roughness on the QFF and
PTFE membranes was measured using atomic force microscopy
(AFM: CP-II Scanning Probe Microscope Instruments) and
examined in terms of mean surface roughness, S, (nm), peak
height, S, (nm), and root mean square height, RMS (nm). The
optical absorption of the TiO, films on the QFF and PTFE mem-
branes, as well as fused silica substrates, was measured using an
integrating sphere setup in the UV-vis-NIR spectrophotometer
(Agilent Cary 7000, USA) from 300 to 1000 nm. The TiO,_, and
pure TiO, films coated on silica were then directly fixed into the
holder and mounted in the middle of an integrating sphere. In
contrast, the pristine and TiO, coated QFF and PTFE membranes
were placed inside a quartz cuvette (4 X 1 cm) filled with deion-
ised (DI) water that was then mounted in the center of the inte-
grating sphere. This ensures that all scattered light in the porous
samples is accounted for in the same operational conditions as
during photocatalytic experiments.

2.5 | Photodegradation Prototype Experiment

The photocatalytic performance of the TiO, and TiO,_,, ultrathin
films was evaluated via the degradation of two dye aqueous sol-
utions, methylene orange (MO) and tartrazine 85 (T85), using
FaS-PhoReS, which enables in operando photodegradation of
up to 32 wells containing different photocatalytic materials
and/or optically active pollutants under metal halide (1200 W
MH-lamp, Osram, Germany) full simulated spectrum
(Figure 2, magenta curve) from a climate chamber (DM340-
CS-R, ACS, Italy). The full spectrum of the MH lamp allowed

15L mW/cm?]
= = « AM1.5G spectrum, line = 86
—— UVA-LED spectrum, line = 100
12 L ——— MH-full spectrum, line =100 |
: I

MH-UV filtered spectrum, l;,; = 68
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1 i 7
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FIGURE 2 | The spectral irradiance of the solar simulator metal
halide lamp (full spectrum - magenta and UV filtered - green) and
UVA-LED (blue) used in this work compared to the AM 1.5G terrestrial
solar spectrum (black). I;,; represents the integrated light intensity avail-
able in the respective wavelength region.

uniform irradiance of 100 mW/cm? over the 32 wells of the tray
sample. The decrease in dye concentration was monitored by a
UV-vis-NIR spectrometer coupled to the system by measuring
light intensity through well-contained aqueous solutions and
TiO, films, The recorded intensity was used to determine the
amount of light absorbed by the dye molecules. The preparation
of the dye aqueous solutions and the FaS-PhoReS experiments
was conducted similarly to those in a previous work [37].

Briefly, before photocatalytic experiments were conducted,
20 mL of DI water was disseminated in 31 wells and irradiated
using a metal halide lamp for 120 min, while well 32 was blacked
out (0% light transmission) for all the experiments, both for the
baseline correction during the data analysis. For photocatalytic
experiments, 20 mL of 0.01 mM MO aqueous solution was con-
sistently dispensed into 31 wells. One well without TiO, was
reserved for the control experiment (photolysis), and 30 wells
were loaded with TiO, ultrathin films, both as-deposited and
annealed, coated onto the QFF and PTFE membranes. The sam-
ple tray was left in the dark for ~ 15 min before turning the solar
simulator on. After the 360 min experiment, the MO aqueous sol-
utions were removed, and the TiO, ultrathin films-coated mem-
branes were rinsed with DI water to remove contaminated dye
molecules and then dried at ambient temperature for 12 h for the
repeat experiment. Each photodegradation experiment was per-
formed in triplicate to ensure the consistency of the results and
the reusability of the samples. Similar procedures were repeated
for the 0.01 mM T85 solution using a different set of similar TiO,
ultrathin films. For testing the photocatalytic degradation of
TiO,_,-coated QFF substrates, the standard (UV-rich MH-full
spectrum) solar simulator was employed and MH-UV filter
(Figure 2 - green curve) formed from a 10 mm-thick polycarbon-
ate sheet that blocked all light below 400 nm.

Furthermore, as shown in Figure 2 of the irradiation sources,
MH-UV-filtered (green curve - below 400 nm) and UVA (blue
curve) illumination from a 365nm light-emitting diode (LED,
iSFL XS, Opsytec Dr. Grobel, Germany) were also employed
to check whether the photocatalytic performance of TiO, and
TiO,_, photocatalytic membranes (PCMs) under simulated
MH-full spectrum (magenta curve) was partially attributable
to dye photosensitization, as previously observed by Ohtani
et al. [43] and Rochkind et al. [44]. The 365nm UVA-LED
was fixed at a height of 11 cm above the sample wells to achieve
an average light intensity of 98 + 2 mW/cm? measured using a
radiometer (RMD Model 814401, Opsytec Dr. Grobel, Germany)
connected to a sensor (UVX-A-B, Opsytec Dr. Grobel, Germany).
The height was adjusted to achieve an average intensity of
100 mW/cm?, which is comparable to 100 mW/cm? of the
MH-full spectrum (280-1100nm) and roughly corresponding
to 86 mW/cm? integrated irradiance from 300 to 1100 nm of
the air-mass (AM) 1.5 global (G) terrestrial solar spectrum (black
curve) [45]. The 68 mW/cm?* of MH-UV filtered in the 400-
1100 nm range. The annealed (500°C) 700 cycles TiO,_, and
TiO, thin films-coated QFFs were placed in the wells containing
20 mL of 0.01 mM initial concentration of MO and T85 dye aque-
ous solution for a 360 min period of irradiation. To test the
adsorption degradation in the dark, the TiO, thin films coated
on QFF (600°C) were immersed in 20 mL of MO and T85 aqueous
solutions in the well were performed for a period of 6 h. At an
interval of 1h, 2mL aliquot of each sample was collected from
the 20mL and placed into a quartz glass cuvette for the
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absorbance measurement (300-800 nm) and replaced after mea-
surement. The photodegradation efficiency was evaluated by
measuring the absorbance of the aliquot sample using a UV-
vis-NIR spectrophotometer (Agilent Cary 7000, USA).

3 | Results and Discussion

3.1 | TiO, Thin-Film Characterization: Thickness
and Crystallinity

The thicknesses of as-deposited (250°C) TiO, films (Table 2) on
the planar fused silica substrate as a function of the number of
ALD cycles were determined using XRR. The growth rate of the
films on fused silica substrates was calculated to be 0.04 nm/
cycle. The results reveal a significant increase in thickness for
the as-deposited films as a function of ALD cycles (see Figure
S1). The annealing temperatures were found to have a negligible
influence on the film thickness, as shown in Table S3; thus, no
further XRR determination of thickness for other ALD cycles was
performed. A slight decrease in the thickness of the annealed
TiO, films is ascribed to the densification of the thin film and
a decrease in impurity concentration of chlorine from the
TiCl, precursor, and hydrogen from the water oxidant, which
often declines at elevated temperatures due to thermal decompo-
sition of ligands [46, 47].

To confirm the crystal phase structures of the TiO, ultrathin films
grown on QFF and PTFE membranes (also on fused silica and Si
as reference) from 300 to 700 ALD deposition cycles, XRD meas-
urements were carried out. Figure 3 illustrates XRD patterns of
the as-deposited and annealed TiO, films onto QFF and PTFE
membranes, along with ICDS anatase (9852) patterns for refer-
ence. From Figure 3a, the as-deposited TiO, on QFF indicates a
significant increase in A peak intensity as a function of film
thickness. It is worth mentioning that the growth rate of TiO,
on QFF is likely due to the reactive sites of hydroxyl groups that
contribute to the increase in deposition rate. These create reac-
tion mechanisms for the precursor in ALD reactions to produce
films. No A peaks were detected for the as-grown TiO, on PTFE
(Figure 3b), regardless of the thickness. This is likely due to the
hydrophobic nature of PTFE, which lacks hydroxyl reactive
groups, suppressing the ALD hydrolysis reaction and lowering
the growth rate of TiO, [48]. The low growth rate of PTFE mem-
brane was confirmed by growing 700 cycles TiO, thin films
(250°C) onto a planar PTFE substrate. The growth rate is less
than half (0.017 nm/cycle) compared to that on fused silica
and Si, with the film remaining amorphous (Figure S2) even after
FA at 300°C. The as-deposited films on fused silica and Si (see
Figure S3a,b) only exhibited an A peak from 500 cycles, likely
because the effective volume of the deposited film is significantly
less than that deposited into the porous membranes. Shi et al.
[49] also observed that on Si substrates, the anatase phase was
only present for TiO, films deposited with more than 400 cycles.

TABLE 2 | Thickness of as-deposited (250°C) TiO, ultrathin films on
fused silica substrates measured using XRR.

ALD cycles 300 400 500 600 700

Thickness (nm) 11.90 15.60 20.30 23.87 28.05

Figure 3c-f presents the XRD patterns of the polycrystalline ana-
tase TiO, ultrathin film (700 cycles) deposited on QFF and PTFE
after postannealing at the lower temperature range of 300°C-
500°C via both RTA and FA. The TiO, films coated on QFF mem-
brane, both annealed via RTA (Figure 3c) and FA (Figure 3e),
displayed a strong anatase peak at 25.6°, corresponding to the
(101) plane, as well as other weaker reflections corresponding
to the (103), (004), (112), (200), (105), and (211) planes. These
results matched well with ICDS reference patterns of anatase
and also aligned well with the report of Badovinac et al. [50],
who used ALD TiO, films on quartz glass, and Hatat-Fraile
et al. [25] TiO, nanoparticles on QFF. The XRD peak intensities
increased with annealing temperatures, both for FA and RTA
samples. The TiO, films on PTFE membrane (Figure 3d,f) indi-
cate a very weak (101) anatase peak that increases very slightly as
the annealing temperature rises from 300°C to 500°C in RTA and
at 300°C in FA. In addition, at temperatures >300°C (FA) and
>500°C (RTA), respectively, the PTFE membranes exhibited
signs of melting (see Figure S14). For completeness, the XRD pat-
terns of the as-deposited and annealed (RTA and FA) TiO, films
for all other thicknesses (600-300 cycles) and coated onto all sub-
strates—QFF, PTFE, silica, and Si—are given in Figures S4-S12.
For the TiO,_, films (500 cycles), the XRD diffractograms are pre-
sented in Figure S13a,b, with a clear anatase phase being pre-
sented on QFF and a smaller (101) anatase plane being
observable on silica substrates.

Further, TiO, ultrathin films (11.9-28 nm thick) were annealed
at elevated temperatures from 600°C to 1100°C to investigate the
transformation of the as-deposited films into A-R mixed phases.
The findings indicate that (Figures S4-S11) the TiO, films on
QFF exhibit an increasing crystallinity, but the A does not trans-
form into R, even despite the high annealing temperatures. Thus,
the A structure is retained, even though the thermodynamic
transformation to R is known to typically occur at temperatures
above 650°C [51]. This retarded phase change is likely due to the
ultrathin layer of TiO, grains coated on the QFF fibers, which
limits the coalescence and growth into larger structures for
the A-R phase transformation [52]. A similar trend has been
reported in the literature for ALD TiO, thin films deposited onto
QFF for application in solar cells [51]. In contrast, an A-R mixed
phase is observed in the TiO, films deposited onto Si for anneal-
ing temperatures above 800°C. In a final attempt to produce an
A-R mixed phase on the QFF, a lower ALD deposition tempera-
ture of 150°C was used with 700 cycles and then underwent FA at
1100°C. Again, under these conditions, while an A-R mixed
phase was observed on the Si substrate, none could be detected
on the QFF. These findings indicate that the transformation of
amorphous and anatase TiO, ultrathin films into A-R mixed
phase is not only temperature dependent, but also influenced
by the film thickness and nature of the substrate employed.
The results are in agreement, where 17-20 nm-thick TiO, films
deposited onto Si substrates via ALD exhibited A-R mixed phase
after annealing at 800°C-1000°C [49].

3.2 | TiO, Thin-Film Characterization:
Morphology

To investigate the surface uniformity of the TiO, ultrathin films,
two samples, the films deposited with 700 cycles and annealed
via FA at 1100°C (QFF) and RTA at 500°C (PTFE), were chosen
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XRD patterns of the as-deposited (250°C) TiO, ultrathin films on (a) QFF and (b) PTFE from 300 to 700 cycles, as well as the pristine

(uncoated) membranes. The XRD patterns of 700 cycles TiO, ultrathin films that have undergone RTA, on (c) QFF and (d) PTFE, as well as FA samples,
again, on both (e) QFF and (f) PTFE. For clarity, the XRD reflections resulting from the QFF (*) and PTFE (*) substrates are marked.

for SEM analysis. Figure 4 shows the surface morphology of the
QFF substrate, before (pristine, Figure 4a) and after coating with
TiO, and undergoing FA at 1100°C (Figure 4b). The pristine QFF
exhibits a smooth surface of the microfibers, whilst the TiO,-
coated QFF has a granular structure attached to the surface of
the microfibers. The SEM image of coated QFF revealed no
agglomeration of TiO, on the microstructure of the fibers. The
SEM images for the pristine PTFE membrane (Figure 4c) and
after coating with TiO, (700 cycles) annealed at 500°C in RTA
(Figure 4d) appear very similar. Although a small anatase peak
was evident in the XRD analysis (Figure 4f), this cannot be seen
here. For comparison, the SEM images of 700 cycles TiO, films

grown on fused silica (Figure S15) indicate a homogeneous and
compact structure covering the entire surface of the substrate
without pinholes, which agrees with ALD-TiO, SEM images
reported by Birnal et al. [53] and Szindler et al. [54] In addition,
Figure S15a—c indicates an increase in crystallite appearance as a
function of temperature due to agglomeration of several grains.
EDX cross-sectional analysis was employed to investigate the
depth profile of the TiO, coating and how this extends into
the internal pore structures of the 300 pm-thick QFF and
280 pm-thick PTFE membranes. A linescan of the Ti counts from
the EDX signal is plotted in Figure 4e, where 0 pm represents the
top surface of the membrane and ~300 pm the bottom. There are
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FIGURE 4 | Plan-view SEM images of the surface morphologies of:
(a) uncoated (pristine) QFF and (b) TiO,-coated QFF membranes (700
cycles) annealed at 1100°C via FA, (c) uncoated (pristine) PTFE and
(d) TiO,-coated PTFE (700 cycles) annealed at 500°C via RTA; (e) the
titanium (Ti) counts from EDX line scans performed over the cross sec-
tion of both photocatalytic membranes (700 cycles TiO,) on QFF (FA at
1100°C) and PTFE (RTA at 500°C).

two key observations here. First, the amount of Ti reaches a max-
imum toward the middle of the membrane and is significantly
lower at the top and bottom surfaces. This is not expected to
be an artifact of the EDX measurement, since its resolution is
~3 pm for the 15 keV electron beam that was used for these sam-
ples, which is much smaller than the membrane width. Secondly,
the Ti counts are four times higher on the QFF sample compared
to the films on PTFE, confirming that TiO, coating did occur on
the hydrophobic PTFE, but at a significantly lower growth rate
than on the hydrophilic QFF surface.

To examine the surface roughness of the TiO, layers, the thickest
film (700 cycles, 28.05 nm) coated onto QFF was chosen for AFM
analysis using a scanning area of 1.2 x 1.2 pm and quantified by
mean surface roughness, S, (nm), peak height, S, (nm), and root
mean square height, RMS (nm). Figure S16a indicates the AFM
scanned area of the QFF fiber coated with TiO,, while Figure
S16b-d displays the 3D AFM roughness topography of the as-
deposited and annealed TiO, ultrathin films coated on QFF.
Figure S16b shows the uniform grains and smooth surface area
of a fiber-coated TiO, before annealing. The results reveal the fol-
lowing values: S,=1.32nm, S;=21.5nm, and RMS=1.74nm.
The film annealed at 500°C (see Figure S16c) revealed an increase
in surface roughness (S, = 3.71 nm, S, = 69.8 nm, RMS = 5.22 nm),
indicating the growth of the crystallites as a result of agglomerated
grains. At an elevated temperature of 1100°C (see Figure S16d), the
highest values of 15.6nm (S,), 97.0nm (S,), and 18.7nm
(RMS) TiO, films were demonstrated. The AFM topography
indicates a rough surface with dense columnar-shaped crystals
(Figure S16d).

3.3 | TiO, Thin-Film Characterization: Optical
Properties

To investigate the UV-vis response to the TiO, ultrathin films
grown on both QFF and PTFE membranes, the optical absorbance
was measured. Figure 5 displays the optical absorbance of the 700
cycles TiO, films coated onto (i) QFF, before and after FA at
300°C-1100°C (Figure 5a); (ii) PTFE, before and after RTA at
300°C-500°C annealing (Figure 5b); as well as (iii) reduced
TiO,_, films to the QFF that underwent FA in forming gas for
1h at 500°C (Figure 5c) covering the UV-vis-NIR range. The pris-
tine QFF and PTFE exhibit an absorbance of less than 0.1.

As shown in Figure 5a, there is a noticeable increase in UV absor-
bance from 0.83 (250°C) to 1.08 (700°C), both below the absorp-
tion edge of 395 nm, and a slight increment beyond it up to 1.15
at 1100°C, with the absorption edge shifting down to 370 nm. It is
found that there was an increase in integrated absorbance (inte-
grated between 300 and 450 nm) as function of temperature from
54.50 (250°C), 58.78 (300°C), 64.87 (500°C), to 67.33, (700°C) and
a decrease to 65.25 (900°C), 57.23 (1000°C), and 54.89 (1100°C).
The variation in integrated absorbance is attributed to differences
in maximum absorption and shifting in the absorption edge.

The TiO, films coated on PTFE (Figure 5b) follow a similar trend
of increase in absorbance as a function of annealing temperature.
As can be observed, the as-deposited film (250°C) absorbs a max-
imum of 0.26 below the absorption edge of 350 nm with an inte-
grated absorbance of 13.65 extended to about 0.29 (300°C) up to
0.45 (500°C) with RTA with an integrated absorbance of 15.71
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FIGURE 5 | UV-vis-NIR absorption spectra of pristine QFF, PTFE, as-deposited, and annealed (FA and RTA) TiO, ultrathin films (700 cycles)
coated on (a) QFF, (b) PTFE, and (c) absorbance comparison between TiO, versus TiO,_, ultrathin films on QFF, both undergoing FA at 500°C,

but the former in air and the latter in forming gas (4% H, and 96% Ar).

and 20.84, respectively, while maximum of 0.48 at 300°C (FA)
with the integrated absorbance of 22.71. The results indicate that
TiO, films onto QFF absorb light four times as much as those
coated onto the PTFE. This is attributed to the amount of
TiO, on membranes, as evident from XRD and SEM analysis.
In addition, the absorbance of the as-grown and annealed
(RTA and FA) TiO, films for all other thicknesses (300-600
cycles) coated on the QFF and PTFE is illustrated in Figures
S17-S20 (700 cycles).

Figure 5c illustrates the comparison of the absorbance between
the pure A-TiO, and reduced A-TiO,_, films coated onto QFF
substrates—both at 700 cycles and annealed at 500°C (see also
Figure S21). The observation revealed a clear change in color
from the normal white appearance of the QFF membrane
(TiO, films annealed in air remain stoichiometric and do not
change the color) to the light-brown color of the substoichio-
metric TiO,_, resulting from forming gas annealing. The brown
color formation is likely due to the absorption tail in the spec-
trum of TiO,_,, which is associated with the presence of oxygen
vacancies. The TiO, exhibits absorbance of 0.80 at 300 nm and is
negligible at wavelengths greater than 400 nm. In contrast, the
TiO,_, sample exhibits a high absorbance in the UV (maximum
of 0.99) as well as a significant broadening of the light absorp-
tion, extending through the visible out as far as 1000 nm. The
large UV absorption peak for both TiO,_, and TiO, is ascribed
to the intrinsic bandgap absorption of crystalline A [53], while
the extension of light absorption into the vis-NIR range could
be attributed to the presence of localized midbandgap states of
oxygen vacancies at the upper level of the valence band [23].

The optical bandgaps (E,) of the TiO, and TiO,_, films were eval-
uated using the Tauc relation, illustrated in Figure S22. The cal-
culated bandgaps are in the range of: (i) 3.20-3.26 eV for TiO,
films on QFF, comparable with the bandgap of anatase reported
by Hatat-Fraile et al. [25], Arlos et al. [ 55], and Kim et al. [56]; (ii)
3.4-3.6eV for TiO, films on PTFE, which agrees with the
expected bandgap of amorphous TiO, [49]; and (iii) the
TiO,_, film has a value of 3.10eV (Table S4). The latter value
agrees with the 3.09 eV bandgap for TiO,_, reported by Wang
et al. [57] and Bazzanella et al. [58]. However, it should be
emphasized that the localized defect states of oxygen vacancy
states (which remain unknown) could result in greatly varying
values.

3.4 | TiO, PCMs: Photodegradation Analysis
Using FaS-PhoReS

The photocatalytic performance of the TiO,-coated QFF and
PTFE-based PCMs was evaluated using the ratio of the dye absor-
bance (A,/A,), which is proportional to the concentration ratio
(C,/C,) at a particular time of irradiation, where A, and A, are
the integrated absorbance at t = O min and at any given time
interval ¢ min, respectively. The integrated absorbance (A) was
evaluated over a 330-580 and 320-510 nm wavelength range,
covering the absorption spectrum of the two chosen dyes, MO
and T85, respectively, using Equation (1):

Almax

A=Y () ¢))

where a; is the absorbance of each band with respect to time
intervals, while A, —and A,  are the absorbance at the mini-
mum and maximum wavelengths of the spectra.

Figure 6 demonstrates the time evolution of absorption spectra of
MO and T85 dyes dissolved in water at a concentration of 0.01
mM due to photocatalysis with TiO, PCMs based on QFF and
PTFE, measured in operando using a FaS-PhoReS. Previous
research on TiO,-coated planar silica substrates demonstrated
that the design of FaS-PhoReS ensures that the results are inde-
pendent of (i) evaporation of the aqueous dye solution and also
(ii) not strongly affected by environmental parameters such as
temperature and humidity [37]. MO and T85 were chosen due
to their demonstrated excellent stability under simulated sun-
light in a previous work [37], which means that photolysis makes
a negligible contribution to the total photodegradation observed.
Figure 6a,b illustrates that the initial absorbance was about 0.50
for MO and 0.45 for T85, respectively, across the 2.0 cm dye solu-
tion in the well (corresponding to an optical absorption coeffi-
cient of 2.46 x 10* L-M~'.cm™" for MO [2, 59] and 2.1761 x 10*
LM~ cm™" for T85) [60]. A significant decrease in the absorption
spectra of MO (Figure 6a) and T85 (Figure 6b) over time occurs
due to the ROS generated by the TiO,-coated (700 cycles, FA at
600°C) QFF-based PCMs. After 360 min of light exposure, both
dyes have been significantly photodegraded, and the level of
absorbance remaining is in the range of about 0.05 (MO)-0.02
(T85). In comparison, it can be seen that only a slight reduction
in dye absorbance (0.35 for MO and 0.4 for T85) is observed over

ChemPhotoChem, 2026

9 of 19

35UBO |17 SUOWILIOD SAIIERID B|qeat|dde au Aq pausenob afe sapiJe YO ‘asn JO S3|NJ J0j AriqiT uluUQ AB|IM UO (SUOIPUOD-PUE-SLLLBY WD AS | 1M AReiq 1PU1UO//SAYIY) SUORIPUOD PUe SWS | U1 89S *[9202/70/.0] Uo Afeiqi auluo 4|1 ‘91Bojouyda ] In4 Iniisu| Jeynisie| Aq ZTe005202 21d0/200T 0T/ 10p/wod A 1M Akelq 1putuo-adoine-Ans Iweyo//:sdny woij papeo|umod ‘€ ‘9202 ‘2e6029€2


https://MO)�0.02
https://3.20�3.26

06 -(a) L] L] 1
05F
ol A
\u.; O/
3 1A
c 03F f//\
@
8 o
o iy 5
R A
< v
/e
iy \
0.1 {/
0.0 [
(c)
05F
I 04
[0]
e
€ 03
£
o
2 02}
<
0.1
0'0 Il Il

300 400 500 600 700
Wavelength (nm)

T (b) 0 min

360 min

300 400 500 600 700 800

Wavelength (nm)

FIGURE 6 | In operando photodegradation testing using FaS-PhoReS, showing the time evolution (0-360 min) absorption spectra of 20 mL of two
dyes at a 0.01 mM concentration—(a) MO and (b) T85—using a TiO,-coated (700 cycles, FA at 600°C) QFF PCM. The same testing is then conducted
using a TiO,-coated (700 cycles, RTA at 500°C) PTFE-based PCM on the same two dyes: (c) MO and (d) T85.

the same timeframe when using the annealed TiO, (700
cycles, RTA at 500°C)-coated PTFE-based PCMs, as shown in
Figure 6¢,d. This is symptomatic of the limited thickness and
poorer crystallinity of the TiO, films on the PTFE-based PCM.
Additionally, Figure S23 presents the temporal variation of
absorption spectra of MO and T85 dye solution due to 700 cycles
of TiO, films coated onto the planar silica.

3.5 | TiO, PCMs: Removal is a Function of Film
Thickness

To evaluate whether the photocatalytic degradation might be
limited by film thicknesses, and specifically by the limited diffu-
sion length of charge carriers, FaS-PhoReS experiments similar to
those described above were conducted using as-deposited TiO,
coated onto the QFF-based PCMs. Figure 7a,b demonstrates that,
first, the dyes were not removed by photolysis alone (a directional
reaction of sunlight with the dye), indicating the photocatalysis
was responsible for the removal. Second, the removal efficiency
of both dyes steadily increased as a function of TiO, film thick-
ness. For example, the removal efficiency of 45% for MO was
measured for the thinnest films (300 cycles, 11.90 nm), increasing
to 49%, 54%, 63%, and 66% as the film thickness increased to
15.60 nm (400 cycles), 20.30nm (500 cycles), 23.87 nm (600
cycles), and 28.05nm (700 cycles), respectively (see Figure 7a).
The removal efficiency trend and values were very similar for
T85 (Figure 7b), with values of 47%, 53%, 57%, 65%, and 68%

being measured for the same range of sample thicknesses. The
monotonic increase in the photodegradation efficiency as a func-
tion of thickness (11.90-28.05 nm) is due to an increase in UV
maximum absorbance of 0.66, 0.74, 0.78, 0.8, to 0.85 (Figure
S17). This suggests that the lower removal with thinner films
is attributed to inefficient harvesting of photons, which then
improves at greater thicknesses. Further, from the thickness
range investigated here (11.9-28 nm), it is important to note that
the performance is not limited by the diffusion lengths of the
excited charge carriers, which manage to penetrate from the bulk
to the surface of TiO, to drive the redox reaction [61]. In addition,
Figure S24a,b illustrates the removal efficiency of MO and T85
dye solutions using TiO, films coated onto planar silica.

Furthermore, the turnover numbers of degraded dye molecules
and apparent quantum yields (AQYs) as a function of film thick-
ness (11.90-28 nm) were also assessed to evaluate the photocata-
lytic performance of the ultrathin TiO, films coated on the fused
silica substrate (more details in Sections S12 and S13). The results
show the turnover number of 0.33 for MO at a thickness of
11.90 nm, decreasing to 0.23 at 28.05nm (Table S6). This trend
is due to an increase in the number of degraded dye molecules
as the film thickness grows. It suggests that the number of dye
molecules adsorbed onto TiO, as a function of film thickness likely
blocks the active sites. A similar pattern was observed for T85, with
a turnover number of 0.34 at 11.90 nm, then declining to 0.24 at
28.05 nm. The low estimated turnover numbers are likely related
to the ultrathin layer of TiO, which generates fewer active sites.
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FIGURE7 |

In operando degree of removals as a function of film thickness of the as-deposited TiO, ultrathin films on QFF during the photocatalytic

degradation of 20 mL of the 0.01 mM (a) MO and (b) T85 dye aqueous solution after 360 min. For completeness, the negligible removal occurring due to
photolysis and in the dark with TiO, coated-QFF (600°C) is also plotted.

The estimated AQYs were found to increase from 4.71 x 10™%
(11.90 nm) to 8.09 x 1077% (28.05 nm) during the photocatalytic
degradation of MO (Table S8). The increase is attributed to an
extension of the optical absorption as a function of TiO, film
thickness. The lower AQY values are likely attributed to the
ultrathin layer of TiO, films. A similar observation was also noted
for degradation of T85 in which the AQY increased from
4.80x1077% to 8.48x1077%. The AQYs in this work, which
are limited to the TiO, thin layers, were significantly lower than
those calculated by Ralph Stephen [62] in the 6 X 1073-1.5 x 1072
range in the degradation of phenol using P25 TiO, nanoparticles
with a size of 30 nm, which obviously have a significantly larger
specific surface area than thin films [63].

3.6 | TiO, PCMs: Removal Is a Function of
Annealing Temperature

The results in Figure 8 summarize the removal efficiency of MO
and T85 in the dark and presence of light due to direct photolysis,
pristine QFF, PTFE, and as a function of temperatures with 700
cycles of ultra-TiO, thin films coated on the QFF and PTFE. The
results exhibit almost no photodegradation efficiency with pris-
tine QFF and PTFE. Figure 8a illustrates the photocatalytic deg-
radation efficiency of about 66% of MO with as-deposited (250°C)
TiO, film-coated QFF. An increase in the degree of removal to
about 72% with annealing at 300°C is seen. The highest removals
of 88%—-94% were observed from 500°C to 700°C, remained stable,
then declined for annealing above 900°C, and dropped to about
76% at 1000°C and 66% at 1100°C. The trend of the degree of
photodegradation was also observed for T85 (Figure 8b) with val-
ues of 68%, 76%, 90%-96%, 78%, and 74% following the similar
trends of temperatures as for MO. The minimal photodegrada-
tion at lower annealing temperatures is ascribed to the weak crys-
tallinity phases, which are limited by the grain boundary defect
states that act as detrimental sites for the photogenerated charge
carriers [7, 64]. The higher removals with films annealed at
500°C, 700°C, and 900°C are ascribed to the increased optical
absorption, attributed to the high degree of crystallinity of the

anatase with a large active surface area of the crystallite that
can absorb sufficient light energy [50]. The decline of performance
at high annealing temperatures (>1000°C) is ascribed to the inac-
tive surface area of TiO, crystals, which reduces the ability to
absorb photons. Figures S25-S27, for other film thicknesses coated
onto the QFF substrate, also exhibit a similar trend of photocata-
lytic degradation. The photographs in Figure S28 represent the
well arrangement containing the dye solution and 2x2cm of
QFF coated with TiO, films before and after 360 min of light irra-
diation during the photocatalytic degradation.

Figure 8c demonstrates the removal efficiency of 12.5% (MO)
with as-deposited (250°C) 700 cycles TiO, films-coated PTFE
and from 13% to 33% when annealed (300°C-500°C) at RTA.
The performance was increased up to 36% at an annealing tem-
perature of 300°C in FA. A similar trend was observed for T85
(Figure 8d) with removals of 6%-9% in RTA and 18% in FA.
The poorer performance is attributed to weaker absorption of
photons, caused by the greatly reduced TiO, growth rates on
the hydrophobic PTFE membrane (as explained in the XRD
and EDX analysis above), thus lowering the photocatalytic activ-
ity. A similar trend is exhibited for other films (300, 400, 500, and
600 cycles) coated on/in the PTFE as presented in Figures S29
and S30, while Figure S31 photographs illustrate the photocata-
lytic performance of the TiO, films coated - PTFE, before and
after photodegradation of the MO and T85 dye solution.
Besides, Figures S32 and S33 display removal efficiencies with
TiO, films (300, 400, 500, 600, and 700 cycles) coated on a planar
silica substrate as the reference.

Furthermore, Table S7 presents the turnover numbers of MO and
T85 dye molecules with a 700 cycle TiO, film as a function of
annealing temperature. The findings reveal that the increase
in MO turnover numbers from 0.27 (300°C) to 0.35 (700°C) is
attributed to the increase in the degree of crystallinity of the
TiO,. The decline of turnovers up to 0.02 at 1100°C is ascribed
to the change in surface roughness of active TiO, crystals at very
high annealing temperatures. This is because larger crystals at
elevated temperatures exhibit signs of grain coarsening, leading
to reduced surface area [52]. A similar trend was observed for
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FIGURE 8 | In operando removal efficiency of 20 mL of 0.01 mM initial concentration of (a) MO and (b) T85 dye aqueous solution after 360 min in
the dark and under the presence of light under direct photolysis, pristine QFF, and as-deposited (250°C) 700 cycles TiO, ultrathin films-coated QFF and
annealed films in FA for 1 h in air, whereas removal efficiency in (c) MO and (d) T85 is due to pristine PTFE and as-deposited (250°C) 700 cycles TiO,
ultrathin films-coated PTFE and annealed at 300°C in FA and RTA from 300 to 500°C for 3 min.

T85, with turnovers increasing from 0.27 at 300°C to 0.35 at
700°C and then dropping to 0.02 at 1100°C. In addition, the esti-
mated TiO, molecules of the annealed films (Table S7) are
slightly lower than those of the as-deposited TiO, films (Table
S6) due to a decrease in the thickness of the annealed films,
which is attributed to the densification of the thin film and
decrease in the concentration of chlorine and hydrogen impuri-
ties from the TiCl, precursor and the water oxidant, respectively,
which often decline at elevated temperatures [46, 47].

Moreover, the increase in AQYs (Table S9) from 9.64 X 10”7% to
1.20 X 107%% in the degradation of MO with annealed (300°C-
700°C) 700 cycles TiO, is attributed to film crystallinity, which
increases the lifetime of charge carriers to generate sufficient
ROSs. The decline of the AQY at 900°C from 2.19 x 107% to
5.97 x 10%% at 1100°C is ascribed to the inactive specific surface
area of the TiO, crystals at elevated temperatures [65, 66]. The
trend was also observed for T85, in which the AQY increased
from 9.58x1077 to 1.25x107°% and then dropped to
5.73 x 10%% at 1100°C. The calculated values are low compared
to the study of Emeline et al. [67], which reported AQY of 5.7 x
107%% during the photodegradation of phenol with P25 TiO,
nanoparticles with size of 30 nm. The study by Yan et al. [43]
reported significant AQYs of 0.2% and 0.3% with sulfur-doped
titania (S-TiO,) and P25 TiO, nanoparticles on MB degradation.

On the other hand, the author also reported a minimal AQY of
5 x 107°% under visible light, attributed to the low absorbance of
the diluted MB solutions. The great difference between our esti-
mated AQY values and those reported in the literature is likely
due to the thin layer of TiO, materials and the low diffusion rate
of adsorption—desorption equilibrium on the surface of the pho-
tocatalysts [68].

3.7 | TiO, PCMs: Performance of
Nonstoichiometric TiO,_, Films

Previously, the optical absorption of oxygen-deficient A-TiO,_,
(700 cycles, FA at 500°C in forming gas) ultrathin films coated
on QFF substrate was shown to be significantly higher than that
of pure anatase (700 cycles, FA at 500°C in air for 1 h) films. In
this section, the photocatalytic performance of both of these
QFF-based PCMs is compared using the photodegradation of
MO and T85 dye aqueous solutions. The results in Figure 9a,b
demonstrate that the degree of photodegradation due to a
TiO,_,, coated PCM (red curve) indeed outperforms that of
the TiO, -coated PCM (magenta curve) by about 98% (MO)
and 100% (T85), respectively, both under the MH full spectrum.
The MH lamp used in FaS-PhoReS has a relatively rich UV spec-
trum [37], which then begs the question: how do the TiO,_,
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FIGURE 9 | The comparison of the degree of photodegradation of 20 mL of 0.01 mM initial concentration of (a) MO and (b) T85 dye solution after
360 min in the dark, with solar simulator MH lamp (full spectrum and UV filtered) and UVA-LED using the annealed (500°C in air for 1 h) pure ultrathin
TiO, films and TiO,_, treated at 500°C for 1h in flow of H, (4%)/Ar (96%), both coated on QFF.

samples perform under a solar spectrum that contains no UV? To
answer this, a 10 mm-thick polycarbonate sheet was placed
between the solar simulator and the sample trays of FaS-
PhoReS. This effectively removed all UV below 400 nm from
the spectrum, plus also reduced the overall intensity by 8%
(see Figures 2 and S36) due to increased reflectance losses in
the system. From Figure 9, it can be seen that the performance
of the TiO,_,-coated PCM under the MH-UV filtered spectrum
results revealed low removal (32% MO and 38% T85 removals,
yellow curves); however, it is significant that this contribution
comes from visible light alone. In contrast, the pure TiO,-coated
PCM achieved removal efficiencies of 12% for MO and 10% for
T85 (blue curves) under the same filtered illumination. The
increased removal of TiO,_, films compared to pure TiO, in
the visible range, is attributed to interband energy levels of oxy-
gen vacancies, which narrows the bandgap [17, 69]. In addition,
the oxygen vacancy improves charge carrier separation and
increases the diffusion length from the bulk into the surface
of TiO,_, to participate in the production of superoxide ions
and hydroxyl radicals, which potentially degrade the dye mole-
cules [57]. Interestingly, the TiO,_, showed (Table S7) higher turn-
over numbers of 0.37 (MO) and 0.38 (T85), compared to 0.33 (MO)
and 0.34 (T85) for the stoichiometric A-TiO, The higher turnover
due to TiO,_, is attributed to the presence of the oxygen vacancies,
which boost the photocatalytic performance.

Furthermore, to test for possible photosensitization effects of MO
and T85 dye on the PCMs, an experiment using UVA-LED
(365 nm) illumination was performed, which was then compared
to MH-UV filtered (visible light, A > 400 nm) as well as the MH-
full spectrum of simulated sunlight. As shown in Figure 8a for
TiO,, the MO removal is 91% under UVA-LED (green curve)
compared to 12% with MH-UV filtered (blue curve), and the lat-
ter is eight times lower than the removal with MH-full spectrum.
A similar pattern appears when using the T85 dye (Figure 8b),
where 88% removal was achieved under UVA-LED illumination
and 10% with the MH-UV filtered lamp, while 100% removal
occurred with the MH-full spectrum. The 10%-12% removal effi-
ciencies of the dyes under visible illumination are attributed to

dye photosensitization of the TiO,. It should be noted that this
removal is very limited compared to the much higher perfor-
mance of the TiO, PCM under both UV light and MH-full spec-
trum, indicating that the efficiencies are indeed mainly
dominated by TiO, bandgap photoexcitation, rather than MO
and T85 photosensitization. For the TiO,_, PCMs, the level of
removal efficiency under the MH-UV filtered illumination was
significantly higher at 32% and 38% for MO and T85 illumination,
as shown by the yellow curves in Figure 8a,b, respectively. The
removal of both dyes via TiO,_, under UVA-LED illumination
remained high, the removals were 95%-97% (violet curves in
Figure 8a,b), while near-100% removal was achieved under
MH-full spectrum illumination (red curves in Figure 8a,b).
Future work experiments will aim to resolve whether the
increased dye removal under visible illumination is predomi-
nantly caused by dye sensitization, as in the case of TiO, above,
or color centers in the TiO,_, via action spectral [70] and anero-
bic reductive photocatalysis [71].

The findings also highlight an AQY of about 1.29 X 107°% for MO
(Table S9) with TiO,_, under MH-full spectrum, slightly higher
than 1.27 x 107°% with UVA-LED and double that under MH-
UV filtered light (8.34 x 1077%). The higher AQYs are attributed
to the fraction of UV-energetic photons in the MH-full spectrum
and UVA-LED that induce energetic charge carriers compared to
less energetic photons under MH-UV filtered. A similar trend
was also noted for T85, in which the AQYs of about
1.30x 107°%, 1.28 x107°%, and 8.94x107'% were estimated
under MH-full spectrum, UVA-LED, and MH-UV filtered,
respectively. The obtained values differ from those of the study
of Ali and Kim [72], which reported the AQYs in the 3.22-
9.11 X 107°% range during the degradation of methylene blue
with TiO, nanotubes and reduced graphene TiO, nanotubes.
The difference is likely attributed to the ultrathin layer of our
TiO, samples and possibly due to the low rate of activation of
dye molecules into the active surface and deactivation of final
products from the surface of TiO, [68]. Furthermore, Figure
S34 presents removal efficiencies with 700 cycles TiO,_, film-
coated silica as the reference.
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3.8 | TiO, PCMs: Photocatalytic Reaction Kinetics

Building on the results of the previous section, the same two
PCMs, 700 cycle TiO, (250°C-1100°C, and TiO,_, ultrathin films
coated on QFF, were chosen to study the photocatalytic kinetics.
To quantify the photocatalytic activity, the Langmuir-
Hinshelwood kinetic model was employed to estimate the photo-
catalytic degradation rate constant [73]. The linear fitting of
Equation (2)

A
In (X:) = — kyppt )

to experimental data was employed to determine the pseudo
apparent rate constant (Kapp min™'), where A, is an initial dye
absorbance before irradiation, A; is the absorbance as a function
of irradiation time, and ¢ is the residence time. The values of k,pp,
were determined from the slope via the linear fitting of the
regression coefficient (R?), ranging from 0 to 1. The higher value
of the correlation coefficient R close to 1 describes the best fit to
the experimental data, and the higher value of k,;, indicates the
better photocatalytic activity.

Figure 10 illustrates the linear relationship of In(4,/A,) against
irradiation time, and Table 3 displays the values of R* and kapp
during the photodegradation of MO and T85 dye solution in the
absence and presence of the TiO, ultrathin films. The findings
revealed the values of R? in the range of 0.97-0.99, which reflects
a very good fitting of the experimental data, except during the
photolysis, which revealed a value of 0.74. These values indicate
that the photocatalytic degradation of MO and T85 dyes follows
pseudo-first-order kinetics. The results reveal the lowest k,p, of
1.78 X 10~° min™" for MO and 1.72 x 107® min™" for T85 during
the photolysis.

In contrast, Figure 10a revealed a lower kp,,, of 0.0026 min~ for
as-deposited TiO, films and a higher value of 0.0062 min™" for
annealed at 500°C due to degradation of MO. At a higher anneal-
ing temperature of 1100°C, the rate dropped to 0.0036 min™".
Interestingly, the TiO, films exhibited the highest k,,, of
0.0073 min~". Figure 10b for T85 follows a similar trend with
a lower rate of 0.0025min~' with as-deposited films and
0.0058 min™* of annealed (500°C) and dropped to 0.0031 min™*
at 1100°C, while 0.0075 min~' was achieved with TiO,_, The
findings signify that TiO,_, performed better than the

(a)
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g
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FIGURE10 | The L-H photodegradation kinetics due to 700 cycles TiO, (250°C-1100°C) and TiO,_ films-coated QFF on 20 mL of 0.01 mM initial
concentration of (a) MO and (b) T85 dye aqueous solution after 360 min of light irradiation.

TABLE3 | Pseudo-first-order kinetic photocatalytic constants (k,p,) and linear regression coefficients (R?) for photocatalytic degradation of MO and

T85 dye aqueous solutions using TiO,-coated QFF membranes annealed in either (i) air (TiO,) at 300, 500, and 1100°C or (ii) forming gas at 500°C

(TiO5_y).

Sample Model pollutant Parameters Photolysis 250°C 300°C 500°C 1100°C
TiO, coated QFF MO Kapp (min™") 1.78x107° 0.0026 0.0049 0.0062 0.0036

R? 0.74 0.99 0.99 0.99 0.97
T85 Kapp (min™") 1.72x107° 0.0025 0.0038 0.0058 0.0031

R? 0.76 0.97 0.98 0.99 0.99

TiO,_, coated QFF MO kapp (min™") 1.78 x107° — — 0.0073 —

R? 0.74 — — 0.99 —

T85 kapp (min™") 1.72x 107 — — 0.0075 —

R? 0.76 — — 0.98 —
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FIGURE11l | The photodegradation performance of 700 cycles TiO, ultrathin films-coated QFF annealed at 600°C for 1 h in air for the degradation of
20 mL of 0.01 mM (a) MO and (b) T85 during six consecutive reaction cycles, whereas (c) represents the images of the QFF coated with TiO, fresh sample

before the 1 run and then after each run (1-6).

stoichiometric TiO, films. Additionally, Figure S35 illustrates the
photocatalytic kinetics for other annealing temperatures, and
Table S5 highlights their linear correlation coefficients and deg-
radation rate constants.

3.9 | TiO, PCMs: Robustness

To check the robustness of the TiO,-coated membranes over mul-
tiple photodegradation cycles, the photocatalytic removal and
stability of TiO, (700 cycles, 600°C)-coated QFF-based PCMs
were tested for a total of six runs: three for degrading MO and
the other three for T85, as illustrated in Figure 11. The TiO, films
coated on QFF were chosen because they exhibited the best pho-
tocatalytic performance. For these test experiments, 20 mL of
0.01 mM MO was dispersed into the wells containing the TiO,
films for the 1% run for 360 min. Subsequently, the 274 and 37
runs of MO were conducted after the films were washed with
DI water. After MO runs were completed, the films were rinsed
with DI water five times to ensure no MO dye molecules were
contaminated and then stored at room temperature for 12h
before T85 runs. Then, T85 degradation experiments were carried
out for three consecutive runs in a similar manner.

Figure 11a,b presents the degree of photodegradation of MO and
T85 after three simultaneous runs for each. Figure 11c depicts the
images of the QFF coated with TiO, ultrathin film surface mor-
phology appearance before and after the 1%, 2™, and 3" succes-
sive runs for MO and the 4™, 5, and 6™ runs for T85. The results
reveal removal efficiencies of 96%, 95%, and 93% for the 1%, 2°9,
and 3™ repeats of MO, respectively, with minimal deviation. For
T85, efficiencies of 94%, 91%, and 89% were observed for the 4P,
5™ and 6™ runs, respectively. The decrease in efficiency is likely
due to delamination of QFF throughout the cycling tests. This is
evident with QFF surface morphology appearance as indicated in
Figure 11c, where slight damage to the structure starts appearing

within the first three repeats. This then worsens during the 4 to
the 6" repeats, where the QFF membrane begins to swell and/or
the TiO, film starts to delaminate due to prolonged interaction
time with the dye solution, thus slightly reducing its perfor-
mance. The results reveal the reusability of the films with rela-
tively high retention of performance. Thus, the TiO, ultrathin
films on QFF are fairly stable for long-term applications with
a very slight decrease in degradation efficiency.

4 | Conclusion

In this study, the as-deposited (250°C) ALD TiO, ultrathin films-
coated QFF demonstrated an increase in XRD peak intensity as a
function of thickness (300 cycles /11.90nm to 700 cycles
/28.05nm), while no peaks were observed for films on the
PTFE membrane. The annealed TiO, films-coated QFF revealed
a significant increase in peak intensity with FA and a slight incre-
ment with RTA (300°C-500°C). At elevated annealing tempera-
tures from 600°C to 1100°C, TiO, films-coated QFF did not
exhibit A-R mixed phases, except the films grown on silicon
wafers, which displayed mixed phase above 400 cycles at anneal-
ing temperatures beyond 800°C. The annealed TiO, films coated
on PTFE exhibited weak anatase peak intensity for 700 cycles,
and below it, no peaks were observed. The SEM images con-
firmed the presence of TiO, coated on the membrane fibers,
while the EDX profile revealed that the TiO, film deposited onto
QFF is about three times greater than on PTFE. The high UV
absorption below 395 nm was achieved with TiO, films coated
on QFF compared to films on PTFE, which absorbs below
360 nm. The TiO,_, films extended light absorption to the vis-
NIR region. The bandgaps of 3.2 and 3.4 eV were achieved with
TiO, films coated on QFF and PTFE, respectively, whilst the
value of 3.10 eV was achieved for TiO,_, films. In photocatalytic
testing, it was found that the removal efficiency of MO is linear
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with increasing film thickness from 47% (11.9nm) to 67%
(28.05nm). A similar trend was observed for T85 from 49% to
65%. The annealed TiO, films coated on QFF exhibited an
increase in removal efficiency to about 80%-97% as a function
of temperature range up to 900°C and dropped to about 76%
and 66% at annealing temperatures of 1000°C and 1100°C,
respectively. The TiO, films coated on PTFE demonstrated very
minimal performance. The best performance was achieved with
TiO,_, films, which showed efficiencies of up to 98% for MO and
100% for T85. Photocatalytic performance under MH-UV filtered
showed negligible removals compared to UVA and MH-full
spectrum.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Thickness and growth rate of
as-deposited (250°C) TiO, films onto planar silica as a function of ALD
cycles. Supporting Fig. S2: XRD patterns of the as-deposited (250°C) and

annealed (300°C) 700 cycle TiO, films on pure PTFE. Supporting Fig.
S3: XRD patterns of the as-deposited (250°C) TiO, films on (a) fused silica
and (b) Si for 300, 400, 500, 600, and 700 cycles, compared with the ICSD
reference of anatase TiO,. Supporting Fig. S4: XRD patterns of the 700
cycles TiO, ultrathin films coated on (a) QFF and (b) Si, both annealed at
FA from 600-1100°C. Supporting Fig. S5: XRD patterns of the as-depos-
ited 600 cycles TiO,-QFF and annealed at (a) RTA - (b) FA, TiO, -PTFE
(c) RTA- (d) FA and TiO, -silica (e) RTA-(f) FA, along with ICSD refer-
ence patterns of anatase. Supporting Fig. S6: XRD patterns of the as-
deposited 600 cycles TiO,-Si and annealed in the FA, along with ICSD
reference patterns of anatase and rutile TiO, Supporting Fig. S7: 500
cycles XRD patterns of as-grown TiO, film-coated QFF and annealed
at (a) RTA - (b) FA, TiO, - PTFE (c) RTA-(d) FA, TiO, - silica (e)
RTA-(f) FA along with ICSD reference of anatase. Supporting Fig.
S8: 500 cycles XRD patterns of as-grown TiO, films-coated- Si annealed
in the FA, along with the ICSD reference of anatase. Supporting Fig. S9:
XRD patterns of the as-deposited 400 cycles TiO,-coated QFF and
annealed in the (a) RTA), (b) FA, both along with ICSD reference patterns
of anatase. Supporting Fig. S10: XRD patterns of the as-deposited 400
cycles TiO, coated onto Si annealed in the FA, along with ICSD reference
patterns of anatase. Supporting Fig. S11: 300 cycles XRD patterns of as-
grown TiO, films coated on the QFF and annealed at (a) RTA - (b) FA,
TiO, - PTFE (c) RTA-(d) FA, and TiO,.coated silica (e) RTA-(f) FA, along
with ICSD reference of anatase. Supporting Fig. S12: 300 cycles XRD
patterns of as-grown TiO, films coated onto Si, annealed in FA, along
with the ICSD reference of anatase. Supporting Fig. S13: 500 cycles
XRD patterns of TiO, thin films coated on the (a) QFF and (b) fused
silica. Supporting Fig. S14: SEM surface morphologies of 700 cycles
ALD TiO, thin films coated on PTFE annealed at 600°C RTA.
Supporting Fig. S15: SEM surface morphologies of 700 cycles ALD
TiO, ultrathin films coated on silica; (a) as-deposited and annealed at
(b) 500°C and (c) 1100°C - both in FA. Supporting Fig. S16: (a) QFF
fiber-coated TiO, films, while 3D AFM surface morphology images of
700 cycles TiO, films coated on QFF (b) as-deposited (250°C) and at
annealing temperatures of (c) 500°C and (d) 1100°C in the FA.
Supporting Fig. S17: UV-vis absorbance of the as-deposited and
annealed (FA) TiO, ultrathin films coated on the QFF (a) 300 cycles,
(b) 400 cycles, (c) 500 cycles, and (d) 600 cycles. Supporting Fig. S18:
UV-vis absorbance of the as-deposited and annealed (RTA) TiO, ultra-
thin films coated on QFF (a) 300 cycles, (b) 400 cycles, (c) 500 cycles, and
(d) 600 cycles. Supporting Fig. S19: UV-vis absorbance of the as-depos-
ited and annealed TiO, ultrathin films coated on PTFE (a) 300 cycles, (b)
400 cycles, (c) 500 cycles, and (d) 600 cycles. Supporting Fig. S20: UV-vis
absorbance of the 700 cycles TiO, ultrathin films coated on QFF annealed
in (a) FA, (b) RTA, and (c) on PTFE in RTA. Supporting Fig. S21:
Absorbance of the 700 cycles TiO,., ultrathin films compared to TiO,,
both coated on fused silica and annealed at 500°in forming gas.
Supporting Fig. S22: Tauc plot bandgap of the as-deposited TiO, ultra-
thin films coated on (a) PTFE and (b) QFF, while (c) comparison of TiO,
versus TiO,., both annealed at 500°C. Supporting Fig. S23: Time evo-
lution absorption spectra for uncoated silica on (a) MO and (b) T85, while
(c) and (d) are respectively due to 700 cycles (28.05 nm) TiO, film-coated
silica annealed at 600°C in the FA. Supporting Fig. S24: Influence of
film thickness of TiO, films coated on planar silica as a reference on
the photocatalytic degradation of 20 mL of the 0.01mM (a) MO and
(b) T85 dye solution after 360 min. Supporting Fig. S25: In operando
removal efficiency of 20 mL of the 0.01 mM initial concentration of (a)
MO and (b) T85 dye solution in dark (TiO, film annealed at 600°C)
and presence of light under 700 cycles TiO, ultrathin films coated
QFF annealed in the FA from 350 to 800°C in air for 1h, while (c)
MO and (d) T85 annealed in the RTA (300-500°C) for 3 min.
Supporting Fig. S26: Removal efficiency of 20 mL of the 0.01 mM of
(a) MO an (b)T85 dye solution after 360 min in dark (TiO, film annealed
at 600°C) and presence of light with as- deposited (250°C) and annealed
(300-1100°C in FA) 500 cycles TiO, coated-QFF, while (c) MO and (d) T85
with as- deposited (250°C) and annealed (300-1100°C in FA) 600 cycles
TiO, coated-QFF- both after 360 min. Supporting Fig. S27: Degradation
performance in dark (TiO, film annealed at 600°C) and presence of light
with as-deposited (250°C) and annealed (300-1100°C in FA) 300 cycles
TiO, films coated-QFF on degradation of 20 mL of the 0.01 mM (a)
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MO and (b) T85, while as-deposited (250°C) and annealed (300-1100°C in
FA) with 400 cycles (c) MO and (d) T85 - both after 360 min. Supporting
Fig. S28: The photographs representing the well arrangement containing
the dye solution and 2 x 2 cm of QFF coated with TiO, films for 500 cycles
(1 to 15 well), and 700 cycles (16 to 30) to demonstrate the photocatalytic
degradation of (a) MO, (b) T85 before light illumination and (c) MO, (d)
T85 after 360 min of light irradiation. Supporting Fig. S29: The removal
efficiency of 20 mL of the 0.01 mM (a) MO and (b) T85 dye solution after
360 min with as-deposited (250°C) and annealed (300°C in FA, 300-500°C
in RTA) TiO, ultrathin films coated on PTFE for 300, while (c) MO and
(d) T85 with 400 cycles annealed in FA at 300°C and RTA from 300-
500°C. Supporting Fig. S30: Removal performance in dark (TiO, film
annealed at 600°C) and presence of light with as-deposited (250°C)
and annealed (300°C in FA, 300-500°C in RTA) 300 cycles TiO, films
coated-PTFE on degradation of 20 mL of the 0.01 mM (a) MO and (b)
T85, while as-deposited (250°C) and annealed (300°C in FA and 300-
500°C in FA) 400 cycles on (c) MO and (d) T85 - both after 360 min.
Supporting Fig. S31: The photographs (a, b) representing the well
arrangement containing the dye solution and 2 x 2cm of PTFE coated
with TiO, films for 300 cycles (1 to 6), 400 cycles (7 to 12), 500 cycles
(13 to 18), 600 cycles (19 to 24) and 700 cycles (24 to 30 well) to demon-
strate the photocatalytic degradation of (a) MO, (b) T85 before light illu-
mination while (c) MO, (d) T85 after 360 min of irradiation. Supporting
Fig. S32: In operando removal efficiency of 20 mL of the 0.01 mM of (a)
MO an (b)T85 dye solution in dark (TiO, film annealed at 600°C) and
presence of light with as- deposited (250°C) and annealed (300-1100°C
in FA) 300 cycles TiO, coated-silica, (c) MO and (d) T85 with as- depos-
ited (250°C) and annealed (300-1100°C in FA) 400 cycles, while (¢) MO
and (f) T85 with as- deposited (250°C) and annealed (300-1100°C in FA)
500 cycles TiO, coated-silica- both after 360 min. Supporting Fig. S33:
Degradation performance in dark (TiO, film annealed at 600°C) and pres-
ence of light with as-deposited (250°C) and annealed (300-1100°C in FA)
600 cycles TiO, films coated-silica on degradation of 20mL of the
0.01 mM (a) MO and (b) T85, while (c) MO and (d) T85 with as- deposited
(250°C) and annealed (300-1100°C in FA) 700 cycles TiO, coated-silica-
both after 360 min. Supporting Fig. S34: In operando removal efficiency
of 20 mL of 0.01 mM initial concentration of (a) MO and (b) T85 dye aque-
ous solution after 360 min in the dark and the presence of light under
direct photolysis, pristine silica and 700 cycles TiO, ultrathin films
coated-silica annealed (500°C) under forming gas (5%H,/95%Ar).
Supporting Fig. S35: The negative logarithmic plot of L-H photodegra-
dation kinetics due to 700 cycles of TiO, films coated-QFF on (a) MO and
(b) T85 dye aqueous solution with an initial concentration of 0.01 mM
after 360 min. Supporting Fig. S36: (a) UV-vis-NIR transmittance
(%) of polycarbonate sheet (10 mm) and (b) UV unfiltered and filtered
simulated light intensity (metal halide lamp) used during the photocata-
lytic experiment tests. Supporting Table S1: Annealing temperature
range. Supporting Table S2: RTA voltage settings versus achieved
annealing temperatures. Supporting Table S3: XRR film thickness as
a function of annealing temperatures. Supporting Table S4: Band gaps
of the as-deposited TiO, and TiO, ultrathin films. Supporting Table S5:
Kinetic parameters evaluated during photodegradation of MO and T85
using TiO, films coated-QFF as a function of annealing temperatures.
Supporting Table S6: Calculated turnover numbers of dye molecules
degraded to the number of TiO, molecules due to photocatalytic degra-
dation of MO and T85 with as-deposited (250°C) TiO, thin films coated
onto silica substrates. Note that the number of TiO, molecules for the
TiO, samples were assumed to be the same as for the TiO, (anatase)
sample. Supporting Table S7: Calculated turnover numbers of dye mol-
ecules degraded to the number of TiO, molecules due to photocatalytic
degradation of MO and T85 with annealed TiO, and TiO, films (700
cycles) coated onto silica substrates under MH-full spectrum. Note that
the number of TiO, molecules for the TiO, x samples were assumed to be
the same as for the TiO, (anatase) sample. Supporting Table S8:
Estimated AQY due to photocatalytic degradation of 0.01 mM MO and
T85 dye molecules using stoichiometric as-deposited (200°C, 11.9 -
28.05nm) TiO, (300 — 700 cycles) thin films under MH- full spectrum.
Note that the number of TiO, molecules for the TiO, samples were
assumed to be the same as for the TiO, (anatase) sample. Supporting
Table S9: Estimated to photocatalytic degradation of 0.01mM MO

and T85 dye molecules using stoichiometric annealed (300 - 1100°C)
700 cycles TiO, and sub-stoichiometric TiO, (TiO,.x) thin films. The light
sources employed were either i) the full spectrum of the MH lamps; ii) the
filtered spectrum of the MH lamp (A > 400 nm); or iii) the UV-LED
(365 nm). Note that the number of TiO, molecules for the TiO, , samples
were assumed to be the same as for the TiO, (anatase) sample.
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