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High-throughput Photocatalytic Reactor With in Operando
Characterisation for Fast Screening of Materials for the
Photodegradation of Water-Borne Pollutants

Elisante Maloda Maloda, Likius Shipwiisho Daniel, Dmitry Busko, Andrey Turshatov,

Justine Sageka Nyarige, and Bryce Sydney Richards*

A novel fast-screening photocatalytic reactor system (FaS-PhoReS) using
simulated terrestrial sunlight is conceived and demonstrated. The instrument
is capable of screening, automated data measurement and recording 32
samples at once with no external characterisation devices (e.g.,
spectrophotometer) required. The capabilities of the system are validated in
operando via i) photolysis tests of 12 water-soluble organic dyes to investigate
the photostability under simulated sunlight; and ii) photocatalytic degradation
of the four most photostable dyes — methylene orange, tartrazine 85,
rhodamine B and direct black 38 identified from the photolysis results — using
TiO, thin films prepared by atomic layer deposition. The applicability of the
instrument is also demonstrated: i) using alternate photocatalysts — ZnO
films and TiO, nano-powders; and ii) for the in situ detection of reactive
oxygen species. The findings indicate that FaS-PhoReS exhibits consistent and
repeatable results without being affected by factors such as i) non-uniformity
of light intensity; ii) temperature and humidity; and iii) artefacts due to
evaporation of the dye solution. Methylene orange and tartrazine 85 dyes are
chosen to evaluate photocatalytic degradation, TiO, thin films annealed at
500 to 600 °C and TiO, nano-powders of 0.1 to 0.3 mg exhibiting better
performance.

include pesticides, pharmaceutical com-
pounds, and “forever chemicals” such
as per- and polyfluoroalkyl substances.!!
Many of these micropollutants are not
removed via traditional water treatment
technologies, thus, there is an increasing
demand for a sustainable treatment
solution, which could enable effective
removal at low energy consumption. One
opportunity is solar-driven photocatal-
ysis, based on materials that produce
reactive oxygen species (ROS) when irra-
diated with sunlight. The ROS - such as
hydroxyl radicals (HO®), singlet oxygen
(*0,), and superoxide (*O,~) anions — can
photodegrade water-borne pollutants,
ideally achieving full mineralization.l”
Hundreds of possible organic and in-
organic materials have been proposed
for heterogeneous photocatalysis,*! with
perhaps a far greater number still wait-
ing to be discovered. At the same time,
45 substances are currently listed in the
European Union’s Water Framework
Directive as posing the greatest risk to

1. Introduction

An increasing concentration of water-borne pollutants is being
reported in the environment. Examples of such micropollutants

the aquatic environment. The permutations and combinations of
testing the effectiveness of all photocatalysts against all pollutants
would require ~10 000 experiments. This is before any other vari-
ables are considered — such as concentration of the pollutant, pH
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Figure 1. Overview of the fast-screening photocatalytic reactor system (FaS-PhoReS): an air-mass 1.5 global (AM1.5G) solar simulator illuminates the
32-well tray. In the case of photolysis experiments, each well contains a range of 12 dyes dissolved in water, whereas for photocatalysis experiments,
an additional photocatalyst is placed on the floor of the well. A fraction of the sunlight transmitted through the liquid is coupled into the optical fibre
screwed into the floor of the chamber. These 32 fibers are then connected to a 32-channel multiplexer (MUX) with one output channel connected to
a spectrometer for the measurement of the transmitted wavelengths of light. A computer running Lab-VIEW software automates switching between
channels and collecting spectra such that, over time, any photodegradation (evidenced as bleaching of the dye absorption) due to either photolysis

and/or photocatalysis can be determined.

of the aqueous environment, temperature, as well as the spec-
trum and intensity of the light source, let alone combinations
of materials, whether via heterojunctions or composites, which
would massively increase the number of experiments. Thus, an
in operando high-throughput fast-screening system would be ex-
tremely valuable in achieving accelerated evaluation and optimi-
sation of such systems.

Typically, most researchers in the field of photocatalysis have
employed various batch reactor systems to screen and study the
properties of novel photocatalysts.[*] Subsequently, ultraviolet-
visible (UV-vis) spectrophotometric measurements are used
to evaluate the extent of photodegradation by measuring the
changes in dye absorbance curves (the dye is considered as a
model pollutant) as a function of time (typically hours) after ex-
posure to a light source.l’] For example, researchers have em-
ployed separate instruments such as UV-vis spectrophotometric
techniques, high-performance liquid chromatography (HPLC),
and fluorescence imaging to evaluate the extent of photocatalytic
activity.’*®4¢] The serialized nature of such experiments —, that
is, initially, the pollutants are photodegraded under a dedicated
light source and then the degree of degradation is subsequently
measured using external characterisation techniques — makes
this approach slow and cumbersome. A more elegant solution
that enables both in operando photodegradation and character-
isation is illustrated in Figure 1 and will be presented in more
detail later.

Over the decades, combinatorial synthesis and high-
throughput (HT) screening techniques have been extensively
employed in drug development to generate novel antibodies
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from diverse molecular libraries.”] Recently, several studies
have reported the use of HT methods for screening materials.[®!
For example, Xiang et al.,®°] applied HT screening to evaluate
128 solid-state material libraries. This prompted researchers to
employ HT photocatalytic screening approaches, to eliminate
single sample measurements and to permit multiple samples to
provide large amounts of high-quality data for machine learning
algorithms.

Several studies have focused on assessing novel photocata-
lysts through HT techniques,[®*1% and an overview of these is
presented in Table 1. For example, Schmidt and co-workers em-
ployed different organic dyes to evaluate the photodegradation
performance of TiO, nano-powders doped with transition and
rare earth metals through photometric monitoring.!'®! The study
of Ding et al.,®! employed methylene blue (MB) as a probing
pollutant to examine the efficacy of various novel photocatalysts
under combinatorial synthesis. Yanagiyam et al.,[®!) constructed
an elegant HT screening device for photocatalytic water purifica-
tion using white-light emitting diodes (LEDs) at a low intensity
of 1.65 W m~2. The system allows the simultaneous testing of
132 photocatalytic reactions under consistent visible light expo-
sure, temperature regulation, and stirring. One shortcoming of
the system is the lack of integration of in operando optical char-
acterisation —, that is, sample trays needed to be transferred to a
microplate reader to measure the absorbance — thus limiting the
effective throughput. Stowe and co-workers investigated high-
throughput screening investigations on metal oxide composites
in a 60-fold parallel photoreactor using very high-intensity UV-
LEDs (365 nm, 3840 W m™2).3] Interestingly, the experiment
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Table 1. Summary of HT screening systems for photocatalytic degradation of water-borne pollutants that have been investigated in the literature.

Goal of Screening+L9:S15 Light source Photocatalyst Operation HT reactor type Detection method ~ Batch  Refs.
condition size

Assessment of novel photocatalyst White-light ~ TiO,, SnO,, and WO; doped in situ Semi-automatic HT HPLC 45 [5a]

nanoparticles for water purification LED with 70 metals system with HPLC
flasks

Evaluation of nanoparticles for Fluorescent  TiO, doped with Pt, Cu, Fe, Co, in situ HT photocatalytic UV-vis 20 [5b]
photodecomposition of phenol lamp and Ni reactor spectrophotometer

Comparative study of nanoparticles for Xe lamp  TiO, — both undoped and doped in situ HT analysis Plates in UV-vis 96 18]
photodegradation of organic dyes with transition metals spectrophotometer

Investigation of novel photocatalysts of Xe lamp ABO; (A=Y, La, Nd, Sm, Eu, in situ Combinatorial technique Gas chromatograph 16 [9]
ternary oxides for water splitting Gd, Dy, Yb, and B = Al, In)

Investigation of photocatalytic thin films Xe lamp Zn;,Co,O in situ Photoelectrochemical Spectrometer 120 [19]
for H, production from water technique

Evaluation of photocatalytic materials for ~ White- light TiO,, ZnO and a-Fe, 04 in operando HT reactor module Microplate reader 132 [8d]
water purification LED

Discovery of photocatalyst thin films for White-light Co-doped TiO, films in situ 2D pH imaging pH 9 [20]
water splitting LED

Discovery of heterogeneous catalysts for UV-A& C-doped TiO,, bismuth oxides in situ HT instrument Gas chromatograph 50 [27]
H, production vis-LEDs and other ternary oxides

Examining the photoactivity of catalyst Hg lamp TiO,, Nb,Os5, WO3, ZrO, in situ Fluorescence 1,6-hexamethyl- 12 [22]
composites photo-imaging enediamine

probe

Conversion of pharmaceutical UV-LED TiO, in operando  Fluorescence imaging & UV-vis 96 [10€]
contaminants in water HPLC spectrophotometer

Multicomponent photocatalysts for the UV-LED Cd, Ni, Zn, Sr, Ce, Y doped to in situ Fluorescence Imaging  Spectrofluorometer 8 [23]
decomposition of organic pollutants MoS,

Evaluation of photocatalysts for water UV-LED TiO, and ZnO in situ Microplate photoreactor UV-vis 96 [24]
purification wells spectrophotometer

Assessment of photocatalytic activity of UV-LED Various forms of TiO, in operando  Microplate reactor wells ~ Spectrofluorometer 96 [25]
photocatalyst for water treatment

Optimisation of colloidal water oxidation Overhead Metal oxide colloids of IrO, in situ Optical screening Bio-assay 96 [26]
catalysts doped with Pt, Ru, and Os (96-well plates)

Evaluation of composite photocatalysts for  projector ~ StTiO, incl. composites w. WO;, in situ Parallel photoreactor plate reader 60 [8a]

pollutant photodegradation

Bi,O;, CeO,, g-C;N,, ZnO

focused on the degradation of the endocrine-disrupting com-
pound 17a-ethinyl estradiol, however, the determination of pho-
tocatalytic performance relied upon ultrahigh performance lig-
uid chromatography with tandem mass spectrometry coupling
(UHPLC-MS/MS), which is not a technique that can be imple-
mented in situ or in operando. Other works have focused on the
development of in situ and in operando spectroscopies for photo-
catalytic studies. For example, both Hamoud et al.,''l and Coro-
nado et al.,l!?] evaluated infrared, Raman, and X-ray absorption
spectroscopies to understand what mechanisms are taking place
and over what timeframes to improve photocatalyst design. How-
ever, in both cases, the potential of integrating such techniques
into an HT screening system was not examined. Peter et al.,/!%]
reported the screening of five different compounds — methyl or-
ange (MO), MB, phenol, salicylic acid, and rhodamine B (RhB)
— using silver/TiO,-SiO, nanocomposites under a mercury arc
lamp (150 W) producing UV light in the range of 350 — 400 nm.
In particular, the higher degradation rate of MB is due to photo-
catalysis rather than photolysis.

Most of the reported screening reactors employ UV-light
sources. Relatively few works have used sunlight — for which the
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terrestrial standard is the air-mass 1.5 global (AM1.5G) terrestrial
solar spectrum — that contains the full spectrum, extending from
the UV out through the visible and into the near-infrared (NIR)
region. The limited flux of UV sunlight of 1.51 — 2.01 x 10?! pho-
tons s™'m~? in the range of 300 — 400 nm wavelengths reaching
the earth’s surface is a big challenge to the wide range of pho-
tocatalysts. Subsequently, it is naturally more challenging than
when relying on a narrow band of illumination that is specifically
selected to match the region of weak absorption of the pollutant.
Indeed, the International Standards Organisation (ISO) standard
ISO: 10 678 for water purification using ceramic photocatalytic
materials recommends using a UV-A range (320-400 nm) light
source for investigating the photobleaching of a model pollutant
(MB dye). This configuration is chosen as the MB dye absorp-
tion is weak in UV, while that of a photocatalyst such as tita-
nium dioxide (T10,) is strong." Thus, ISO: 10 678 is tightly de-
fined around a specific photocatalyst—pollutant system. However,
in reality, a wide range of pollutants and photocatalytic materials
have their own unique optical properties and ability to generate
arange of different ROS that can break selected chemical bonds,
which will need to be employed. Thus, to further this sustainable
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treatment technology that is driven by sunlight, it is vitally impor-
tant to resolve the fraction of photodegradation that occurs due
to either direct photolysis or photocatalysis.

The visible-light-driven assessment of novel photocatalysts
with visible absorbing organic dyes has been identified by Ohtani
and other research groups as being problematic due to self-
sensitization,!®] for two reasons. First, this may lead to an in-
correct photocatalytic activity, particularly when evaluating non-
visible-light responding photocatalysts. Second, using maximum
absorbance at a single wavelength was also highlighted as a prob-
lem for evaluating photocatalytic degradation.'®! Thus, the use
of a UV-vis-NIR light source and broad absorption spectra of the
organic dye in a wide range of wavelengths has been reported as
the best approach for evaluating the photocatalytic activity.'5*>17]
The present work builds on these guidelines using broadband
simulated sunlight and integration of the entire absorption peaks
for evaluation of true photodegradation.

To date, there have been no reports regarding a screening
method that couples a reactor system with a fast detection
method and automated software to control and facilitate data
measurements and simultaneous recordings of multiple sam-
ples. In this work, a 32-channel HT fast-screening system —which
will be referred to as FaS-PhoReS (fast-screening photocatalytic
reactor system) — driven by simulated sunlight with in operando
characterisation is presented. The system offers the following ad-
vantages: i) it is coupled with a UV—vis-NIR spectrometer and uti-
lizes automated Lab-VIEW software to control and facilitate data
measurements and simultaneous recordings. This allows for the
continuous monitoring of the progress reaction, ii) eliminates
the need to physically transfer the sample to the spectrophotome-
ter, iii) is capable of processing 32 samples at once, which iv) min-
imizes labor and affords a time-saving process compared to exist-
ing techniques, v) utilizes a facile non-contact sensing technique
based on optical fibers to detect light signals through the sam-
ple during the photodegradation process and vi) its vertical ge-
ometry for absorbance measurements alleviates any artefacts on
measurement accuracy caused by evaporation. For evaluating the
performance of the FaS-PhoReS, photolysis of 12 water-soluble
dyes were evaluated, with the most photostable ones being fur-
ther investigated for HT photocatalysis. To examine the photo-
catalytic performance of FaS-PhoReS, TiO, thin films were de-
posited via atomic layer deposition (ALD) onto UV-transparent
fused silica substrates. The degradation of the four most photo-
stable dyes (out of the initial 12) was then investigated. Particu-
lar care was taken to first demonstrate that dye degradation via
photolysis was negligible before proceeding to evaluate dye re-
moval via photocatalysis. To ascertain the efficacy and potential
of the FaS-PhoReS system, this paper addresses the following
research questions; i) How can an HT fast-screening system be
designed to reliably resolve the contribution of both photolysis
and photocatalysis to the photodegradation of water-soluble or-
ganic dyes when illuminated using terrestrial sunlight? ii) Which
water-soluble dyes can be used as a model pollutant for HT fast-
screening and exhibit the greatest photostability when exposed
to simulated sunlight? iii) Which of the ALD-deposited TiO,
thin films annealed at various temperatures exhibits the high-
estremoval efficiency when photodegrading the photostable dyes
under simulated sunlight? iv) Can the FaS-PhoReS system en-
able HT screening of photocatalyst nano-particles (powders) sus-
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pended in the solution? V) Can the ROS type(s) generated also be
determined in operando using the same HT system?

2. Experimental Section

2.1. Design Concept of FaS-PhoReS

When conceiving FaS-PhoReS, the key design criteria for a suc-
cessful system were being able to: i) resolve between photolysis
and photodegradation; ii) achieve a >30-fold gain in automated
throughput compared to single-beaker experiments; and iii) en-
sure that the results obtained are repeatable and not affected by
artefacts. The latter encompasses being independent of any vari-
ations in external parameters such as fluctuations in light inten-
sity, scattering due to suspended particles of photocatalyst, varia-
tions in relative humidity and temperature, as well as variations
in water level — for example, caused by evaporation during the
experiment (several hours). The batch reactor system consists of
an aluminium sample tray, plastic container, optical fibers, mul-
tiplexer, spectrometer and computer with Lab-VIEW software for
controlling measurements. The custom-built aluminium sample
tray (262 X 232 mm) originated from the grass-root technique
drawing of the block diagrams using visio software (detailed de-
sign and drawings presented in Figures S3-S6, Supporting In-
formation). The bottom side of the tray was punctured holes for
screwing the optical fibers for the detection of signals. The holes
were technically designed and aligned on the side-lines to avoid
blocking the optical sensor by the sample. An illustration of the
FaS-PhoReS appears in Figure 1, where the simulated sunlight
strikes the 32-well sample tray containing different dyes dissolved
into water, while several photographs are given in Figure S1, Sup-
porting Information. Sensing is realized via optical fibers that are
screwed into the bottom of the Al tray, thus probing transmitted
light from above the 32 wells.

2.2. Climate Chamber and Solar Simulator

Initially, it was foreseen that accurate control of both ambient
temperature (T,,,) and relative humidity (RH%) of the environ-
ment would be important. For this reason, the entire experiment
was designed to be conducted inside a climate chamber (DM 340-
CS-R, ACS, Italy) that had a solar simulator based on a high-
power double-ended metal halide (MH) lamp (1200 W, Osram,
Germany) mounted on the roof of the chamber. Under full il-
lumination, the T, and RH% could be varied from 15 — 80
+ 1 °C and 10 — 80 = 3 — 5%, respectively, The MH lamp was
selected due to its; i) good match to the AM1.5G terrestrial so-
lar spectrum (IEC standard 60068-2-5)?7! as plotted in Figure 2;
ii) significant UV component, which places a more severe test
on dye photostability requirements; and iii) high power, which
allowed uniform irradiance of 100 + 5 mW cm™ over the 32
wells The uniformity of light intensity over the 262 x 232 mm
sample area is plotted in Figures S2a,b, Supporting Informa-
tion, both in terms of solar irradiance and photon flux (Equation
S1, Supporting Information), respectively. The solar irradiance in
Figure S2a, Supporting Information was measured using a cal-
ibrated silicon solar irradiance sensor (Si-V-1.5TC-T, Ingenieur-
buro, Mencke & Tegtmeyer, Germany). Later in the work, a sec-
ond solar simulator based on a light-emitting diode (LED) lamp
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Figure 2. Spectral irradiance of AM1.5G terrestrial solar spectruml?]
compared to the two solar simulators used in this work — one based on
a metal halide (MH) lamp and the other on a light-emitting diode (LED)
lamp, the former being significantly richer in the UV/blue end of the spec-
trum.

(Sunbrick G2V.12.1.0, 0xD5249239, 9703-45 Avenue Edmonton,
AB T6E 5V8) was evaluated. Although the spectrum exhibited a
significantly smaller UV component, it matches the AM1.5G UV
spectrum, which is much better than the MH lamp. The maxi-
mum illuminated area of this solar simulator is 260 x 260 mm,
which closely matches the dimensions of the Al sample tray (de-
tailed in Subsection $1.2). It emits an average of 100 mW cm™*

which was measured using a silicon solar irradiance sensor.

2.3. Sample Tray and Dyes

As mentioned in Section 2.1, the aluminium sample tray with
UV-transparent borosilicate glass is comprised of a disposable
polystyrene (PS) inner plastic container that holds the samples.
The PS is comprised of a total of 36 wells, each measuring 32 x 30
X 36 mm internally (25 mL maximum volume), noting that only
32 wells are used in FaS-PhoReS (detailed below). Each well of the
PS container is designed to accept a 25 mm-diameter sample, a
size commonly used for photocatalytic membrane testing.[?®]

For the initial validation of the applicability of the FaS-
PhoReS, photolysis experiments were conducted on 12 se-
lected water-soluble organic dyes at various concentrations to
examine their photostability under simulated sunlight. These
dyes include four cationic (positively charged) organic dyes-
MB, RhB, indigotine blue (IB), and basic fuchsine (BF) —
along with eight anionic (negatively charged) dyes; MO, uranine
(U), alizarin reinst (AR), alizarin carmine (AC), nigrosine (N),
terephthalic acid (TA), tartrazine 85 (T85), and direct black 38
(DB38). More information is provided in Table S1, Supporting
information.

All dye chemicals were purchased from Kremer Pigments
GmbH and Sigma Aldrich (Germany). The dyes were used as
received without further modification. These dyes were selected
based on their accessibility, affordability, potential photostability
under sunlight, and solubility in water, as well as their frequent
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application in photocatalytic research. Additionally, they have
relatively large extinction (photoabsorption) coefficients even at
very low concentrations, facilitating absorption analysis using
spectrophotometry.[?] Only the dyes that exhibited excellent pho-
tostability (minimal photodegradation) were chosen for evaluat-
ing photocatalytic performance. The three relatively low dye con-
centrations — 0.001, 0.01 and 0.1 mM — were selected based on
the literature. The aqueous dye solutions were prepared by us-
ing one liter (1L) of deionized (DI) water (full details given in
Subsection S1.5). In addition, the other family of water-borne pol-
lutants as shown in Table S2, Supporting Information will be ex-
amined in the future.

2.4. TiO, Photocatalysts and Characterisation

TiO, was chosen because of; i) the UV component of sunlight re-
sults in the generation of HO®, one of the most powerful ROS;
ii) good chemical stability and non-photo-corrosion when sus-
pended in the aqueous solution, as well as iii) it is non-toxic and
cost-effective.l*] Initially, TiO, thin films were utilized to explore
the applicability of FaS-PhoReS to the photodegradation of var-
ious water-borne pollutants, motivated by previous work where
TiO, photocatalytic membranes were successfully fabricated.3!!
Two different substrates were used for TiO, thin film deposition;
i) silicon (100) double-side-polished wafers with dimensions of 10
x 10 mm for materials characterisation only; and ii) fused silica
glass substrates of 20 X 20 mm for optical characterisation and
photocatalysis experiments. Further details on substrate prepa-
ration are provided in Subsection $2.4.1 in Supporting Informa-
tion. TiO, thin films were deposited onto both substrates using
an ALD reactor (Picosun R-200, Finland) using titanium tetra-
chloride (TiCl,, 99.999%, Sigma-Aldrich, Germany) and deion-
ized water (H,O) as sources of titanium and oxygen, respectively.
The TiO, thin films were grown at 250 °C for 500 cycles at 4.5 h.
The as-grown amorphous films were annealed in a Thermcon-
cept furnace (KLS 05/13 2016, Fischer GmbH, Germany) from
300 — 750 °C in steps of 50 °C in the air for 1 h. Subsection $2.4.2
(Supporting Information) provides more information regarding
the ALD parameters.

The crystalline phase of the TiO, thin films was analyzed us-
ing X-ray diffraction (XRD, D2 Phaser, Bruker AXS GmbH, Ger-
many) equipped with CuKa (4 = 1.54184 A) radiation operated
at a voltage of 30 kV and a current of 10 mA. The thickness of
the films was measured using X-ray reflectometry (XRR, D8 Dis-
covery, Bruker AXS GmbH, Germany), while the surface mor-
phology and uniformity of the TiO, thin films deposited onto
fused silica substrates were examined using a scanning elec-
tron microscope (SEM, Supra 60 VP, Zeiss, Germany). Optical
absorbance spectra were measured using a UV-vis-NIR spec-
trophotometer (Agilent Cary 7000, USA) in two contexts; i) for
comparative optical absorbance experiments (horizontal versus
vertical geometries — see Subsection 3.2.3); and ii) to determine
the optical bandgap of the TiO, films through Tauc plot anal-
ysis (Equations S2 and S3, Supporting Information). Addition-
ally, TiO, nano-powders, 99.5% (Chempur: CAS No 13463-67-7,
Fine Chemicals and Forschungsbedarf GmbH, Karlsruhe, Ger-
many) with a particle size of 5 nm, were also employed in this
study.
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2.5. Optical Sensing

The glass floor of the sample container was ground to diffuse the
light before it entered the optical fibre to; i) eliminate any sensitiv-
ity in the placement of the sample container; and ii) reduce the in-
tensity of the transmitted optical signal, which often saturated the
spectrometer. The 32 of the solarization-resistant 200 um multi-
mode optical fibers (M112L02, 0.22 NA, Thorlabs, Germany) en-
able UV-vis-NIR optical transmission data to be captured. These
optical signals are sent to the key component in the system that
enables HT — a 32-channel multiplexer (MUX, 32-MU 5V, Wein-
ert Fibre Optics GmbH, Germany). The USB-controlled optical
switch connects all of the incoming 32 channels to be routed to
the single output channel, which is connected to a single UV-vis-
NIR mini-spectrometer (HDX01203, Ocean Insight, Germany)
covering the 200 — 1000 nm wavelength range. Finally, a com-
puter equipped with Lab-VIEW software reads out the optical data
to monitor the degradation pathway.

2.6. FaS-PhoReS Experimental Protocol

The following experimental protocol was conducted using FaS-
PhoReS for all dye degradation experiments — whether photoly-
sis or photocatalysis. The climate chamber was set to a T, , =
23 °C and RH = 40% controlled experimental conditions (Figure
S1, Supporting Information). 20 mL of each dye solution, all with
the same initial concentration, were accurately distributed into 30
wells of the PS containers, as illustrated in Figure S2, Supporting
Information. Wells 31 and 32 were assigned to creating 0% and
100% transmission baseline values, that is, for the latter well 31
containing only water (no dye) monitored changes in the solar
simulator “s intensity, while well 32 was blacked out. It should
be noted that no stirring mechanism was involved during the ir-
radiation. After 10 min in the dark, the lamp was switched ON,
initiating photodegradation reactions. Throughout the degrada-
tion process, the intensity of transmitted light passing through
the dye solution was recorded. For photolysis tests aimed to de-
termine i) which of the 12 dye solutions was the most photostable
and ii) at what concentration (0.001, 0.01, or 0.1 mM). The mea-
surements were taken over a 120 min period, with transmission
spectra recorded every 10 min in each well.

The four most photostable dyes (MO, T85, RhB and DB 38)
from these photolysis tests were then selected for photocataly-
sis experiments at a concentration of 0.01 mM. A total of 22
ALDTIO, thin film samples onto fused silica substrates (2 X 2 cm)
were distributed into 22 wells, with two additional wells desig-
nated for control experiments. The dye solutions of 20 mL in
the wells were incubated for 12 h to achieve the adsorption of
molecules on the active site of the photocatalysts. Photodegra-
dation of mixed dye solutions with an initial concentration of
0.01 mM was also tested without and with TiO, films annealed
at 600 "C. The mixed solution containing i) MO + T85, ii) MO
+ RhB, iii) T85 + RhB, each of 10 mL, and iv) MO + T85 +
RhB, each of 6.5 mL, were distributed into the PS wells. Sim-
ilarly, a photocatalytic degradation experiment using zinc ox-
ide (ZnO) films coated-fused silica by the molecular precursor
method (MPM) was also demonstrated. During the photocatal-
ysis, transmitted signals were recorded at 20 min intervals over
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a total duration of 360 min. After the experiment, photocatalyst
samples were sonicated in ethanol and rinsed with DI water five
times to ensure that any remaining dye molecules were removed.
The samples were then dried at room temperature for 12 h before
being used for the next experiment. To ensure the reusability of
the samples, each experiment was repeated three times for one
dye. Moreover, the photocatalytic degradation test in the dark was
carried out for a period of 6 h using ALDTiO, thin films annealed
at 600 °C into the 20 mL of dye aqueous solutions (MO, T85, RhB
and DB38) in the well. The aim is to investigate the degradation
efficiency via adsorption of dye molecules into the surface of TiO,
in the dark. The photocatalytic efficiency was evaluated by UV-
vis-NIR spectrophotometer (Agilent Cary 7000, USA) by measur-
ing the absorbance of the aliquot sample (2 mL). The degree of
photodegradation efficiency was determined by the integrated ab-
sorbance at the entire wavelength of the major absorption spectra
for each dye. Moreover, FaS-PhoReS has demonstrated the use
of TiO, nano-powders (99.5%, CAS No 13463-67-7, fine chemi-
cals purchased from Chempur GmbH, Karlsruhe, Germany) for
two runs without stirring of the solution (full detailed in Sec-
tion 3.4.3). Furthermore, the reactive oxygen species (ROS) de-
tection — hydroxyl (¢OH) radical and superoxide (*O,~) anions
were also studied with FaS-PhoReS using Coumarin (Cou), 99%
and nitroblue tetrazorium (NBT), 99% purchased from Sigma
Aldrich chemicals. The aim was to determine whether the setup
system can probe the eOH radicals and *O,™ anions generated
during the photocatalytic degradation of Cou and NBT, respec-
tively. In addition, the FaS-PhoReS set-up experiment (Figure S7,
Supporting Information) under solar simulated LED lamp (Sun-
brick G2V.12.1.0, 0xD5249239, 9703 — 45 Avenue Edmonton, AB
TG6E 5V8) at uncontrolled experimental ambient conditions was
also conducted (full details given in Subsection $1.5.2). In this
study, all degradation data were analyzed using Equations S4 and
S5, Supporting Information for absorbance and photodegrada-
tion (%), respectively. Further information about the photodegra-
dation experimental protocol is provided in Section S1.6.

3. Results and Discussion

3.1. Proof-of-Principle Operation

To illustrate the performance of FaS-PhoReS, photodegradation
was demonstrated in two wells, without and with a photocata-
lyst under identical experimental conditions. An equal volume of
20 mL of a 0.01 mM methyl orange (MO) solution was placed in
both wells. The solar simulator (MH lamp) was triggered ON for
360 min and measurements were recorded at 20 min intervals
in ambient conditions of 23 °C and RH of 40%. MO was cho-
sen for demonstration because it is one of the most stable dyes
based on the photolysis results in this study. The photodegrada-
tion performance was computed by integrated absorbance in the
330-580 nm broad absorption range of MO. Figure 3 presents
the degradation of MO dye as a function of time — both as pho-
tolysis (no photocatalyst, Figure 3a,b) and using ALDTiO, thin
film (20.5 nm thickness) annealed at 600 °C (Figure 3c,d). The
results clearly show a trend of photodegradation in the presence
of a photocatalyst and no significant change under the photoly-
sis process. In addition, the TiO, photocatalytic test in the dark
was conducted for 6 h, as presented in subsection S1.6.1. The
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Figure 3. Time evolution spectral change and photodegradation of 20 mL MO dye aqueous solution with an initial concentration of 0.01 mM after 360 min
due to a,b) photolysis and c,d) photocatalysis in the dark and light on using ALD-TiO, thin film annealed at 600 °C. The inset photos demonstrate the
large degree of photodegradation that is achieved by photocatalysis, whereas via photolysis, this was almost zero. Single-run measurement.

observation revealed almost no degradation efficiency after 6 h
in the dark, indicating that degradation efficiency is only reached
due to photocatalysis rather than the adsorption of dye molecules.

3.2. Robustness of FaS-PhoReS Measurements

To demonstrate the robustness of the FaS-PhoReS across all 32
wells, the light intensity uniformity, T, dependence, influence
of RH%, and the effect of evaporation in dye solution were in-
vestigated. These demonstrations were conducted using MO dye,
one of the most stable dyes in this study. The goal was to com-
prehend the impact of these artefacts on the strengths of FaS-
PhoReS in studying the true photocatalytic activity during the
photodegradation process and to prevent artefacts from adversely
affecting the results.

3.2.1. Influence of Uniformity of Light Intensity

The distribution of the simulated solar irradiance over the sam-
ple tray (Figure S2a, Supporting Information) shows a minimum
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0f 93 mW cm 2 across the upper and lower wells and a maximum
0f 106 mW cm? at the centre. The measurements were taken in
the climatic chamber at T,,;, = 23 °C and RH = 40%. To demon-
strate that, the slight non-uniformity light intensity had a min-
imal effect on the results, the direct photolysis and photocataly-
sis experiment of MO dye at a 0.01 mM concentration was con-
ducted. 20 mL of MO solution was distributed in 30 wells with-
out photocatalysts and irradiated for 360 min. Similarly, 30 wells
with 20 mL MO aqueous solution in the presence of ALDTIO,
films annealed at 600 °C were also performed. Wells 31 (contain-
ing only water) and 32 (kept in the dark) served as references
for monitoring light intensity. The key observation of these pho-
tolytic degradation results (see Figure S8a, Supporting Informa-
tion) shows only a slight variation, with the lowest and highest
average values across all the 30 wells during the 360 min period
differing by just 1.0% (absolute), from 97.9 to 98.9%, respectively.
Moreover, the minimal influence of light intensity variation is
also supported by the integrated absorbance results of various
dyes across the 30 wells during photolysis, as shown in Tables
S3-S8, Supporting Information. Moreover, the photocatalysis re-
sults demonstrated that non-uniform light intensity had a mini-
mal impact, as illustrated in Figure S8b, Supporting Information
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Figure 4. The influence of a) ambient temperatures ranging from 10 to 80 °C and b) relative humidity 20 to 80% on the photocatalytic degradation of
20 mL MO dye solution of an initial concentration of 0.01 mM for 360 min using ALD-TiO, thin films annealed at 600 °C in a single-run measurement.

of Supporting Information The observation revealed an average
efficiency of 88 + 6% due to spatial variation. The overall findings
confirmed that the variation in light intensity distribution within
the wells of the system had only a slight effect on the results.

3.2.2. Influence of Ambient Conditions

This section describes the impacts of a T, and RH during pho-
todegradation experiments using the FaS-PhoReS. The demon-
stration was based on the T, , and RH range of the climatic
chamber when the solar simulator (setting of 55% of the light
intensity, which is equivalent to one sun) was running. 20 mL
MO photostable dye with an initial concentration of 0.01 mM was
used alongside pristine anatase ALDTiO, thin films with a film
thickness of 20.5 nm, annealed at 600 °C. The experiment was
carried out over 360 min to evaluate the effects of these environ-
mental conditions on the photodegradation process.

The influence of T, in the range of 10 to 80 °C at a constant
RH of 40% on the photocatalytic degradation of MO dye solution
is presented in Figure 4a. The temperature range was selected
based on the T, limit settings of the climatic chamber in the
presence of RH and simulated sunlight (see Table S9, Supporting
Information). The results reveal a rapid increase in photodegra-
dation from the temperature of 10 to 20 °C, followed by a more
gradual increase from 20 to 80 °C. Photodegradation was mini-
mal at 10 °C, intermediate between 20 and 40 °C and very high at
50 and 80 °C. In addition, significant evaporation of the dye so-
lution was observed with an initial 20 mL volume reducing to 15,
13,11, 9, and 8 mL at temperatures of 10, 20, 30, 40, and 50 °C,
respectively. At 80 °C, evaporation increased dramatically, leaving
only 1 mL. This result highlights the robustness of FaS-PhoReS
to operate effectively within the 20 to 50 °C temperature range
with a volume of 20 mL.

The low photocatalytic activity at 10 °C is attributed to an in-
sufficient activation energy, which limits the adsorption of dye
molecules and desorption of the degraded products from the
TiO, surface, leaving the active sites for adsorption of other
molecule dyes.??) In contrast, temperatures ranging from 20 to
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80 °C significantly increased photodegradation efficiency. The in-
crease in temperature enhances the mass transfer rate, leading to
high diffusion and mobility adsorption of MO molecules and des-
orption of final products from the surface of the photocatalyst.!*’]
The equilibrium between adsorption-desorption ensures that the
active sites on the surface of photocatalysts remain available, al-
lowing continuous adsorption of MO molecules. Therefore, an
increase within this optimum temperature range likely promotes
greater interaction between dye molecules and the photocata-
lysts. This observation agrees with the reported optimal range of
20 to 80 °C for photocatalytic performance.3?]

Figure 4b illustrates the effect of varying RH levels (20, 40,
60, and 80%) on the photocatalytic degradation of MO dye at
a constant temperature of 23 °C. The results show a slight de-
crease in degradation from 85 to 75% as RH increases from 20
to 80%. The increase in RH promotes the increase in adsorption
of water molecules on the surface of TiO,, which blocks numer-
ous vacant adsorption sites on the adsorbent to adsorb MO dye
molecules.’?*3*] This competitive adsorption between the water
and MO molecules onto the absorptive sites of the TiO, at high
humidity weakens the photodegradation efficiency.**]

3.2.3. Influence of Evaporation

As noted in Section 2.2.2, significant amounts of evaporation oc-
cur at various temperatures, influenced by the temperature and
convection level in the laboratory environment. Normally, when
water evaporation occurs in a cuvette, the absorbance measured
using a UV-vis spectrophotometer will be higher over time as
the dye concentration becomes greater. This scenario represents
the “horizontal geometry” of absorbance measurement, where
light passes through the cuvette (or well) of fixed dimensions
as illustrated in Figure 5a. In contrast, FaS-PhoReS employs a
‘vertical geometry’ for absorbance measurements (Figure 5c,d),
offering an elegant solution that mitigates the impact of evap-
oration on measurement accuracy. While evaporation still oc-
curs and increases the dye concentration, it simultaneously re-
duces the optical path length through the dye solution layer. As a
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Figure 5. Large artefacts during the optical absorbance measurements can result due to evaporation, depending on the geometry of illumination. The
horizontal illumination of a dye solution in a cuvette (e.g., measured using a classical UV-vis-NIR spectrophotometer) is shown at a) time zero and b)
several hours later. The vertical illumination achieved via the FaS-PhoReS of a dye solution in a well is shown at c) zero time and d) several hours later.
To quantify these illustrations, the absorption spectra MO (0.01 mM) dye solution measured over a 14 h period under AM1.5G simulated sunlight from
the MH lamp is plotted using e) a cuvette in a conventional UV—vis-NIR spectrophotometer and f) and the well of the sample tray in the FaS-PhoReS,

respectively.

result, the overall number of dye molecules remains unchanged.
This means that the absorbance (optical density) measured using
FaS-PhoReS in the vertical geometry remains accurate provided
that enough water remains to keep the dyes dissolved.

The influence of dye solution evaporation on these two geome-
tries was demonstrated using 0.01 mM MO solution in the beaker
under a photolysis approach with the FaS-PhoReS illuminated
by an MH lamp in the climatic chamber. After 14 h, the volume
of the MO solution in the beaker was decreased from 40 mL to
10 mL. An aliquot of 2 mL of MO was collected in the cuvette
at 2 h intervals and measured using a UV-vis-NIR spectropho-
tometer. The absorption spectra of the MO dye solution plotted
in Figure 5e,f, as a function of irradiation time, were measured
using i) the conventional horizontal geometry of a UV-vis-NIR
spectrophotometer and ii) the vertical geometry of FaS-PhoReS,
respectively. The result demonstrates that the UV-vis-NIR spec-
trophotometer showed a significant increase in absorption spec-
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tra (Figure 5e) due to changes in dye molecule concentration dur-
ing evaporation. In contrast, the absorption spectra measured us-
ing FaS-PhoReS (Figure 5f) remain unchanged despite the dye
molecules increasing in concentration over time, resulting from
evaporation. This is attributed to the fact that the reduction in
the optical path length in the vertical geometry is linearly propor-
tional to the increase in the dye molecule concentration. This out-
come underscores how the unique system design of FaS-PhoReS
effectively prevents artefacts associated with evaporation from af-
fecting the results.

3.2.4. Influence of Solar Simulator Spectrum
As illustrated in Section 2.2.3, significant effort was dedicated to

employing a solar simulator with significant UV components,
along with controlling the T, and RH%. To test whether these
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Figure 6. The photocatalysis of 20 mL MO (0.01 mM) dye solution after 360 min using two different solar simulators under FaS-PhoReS: MH lamp
(top row) and LED-SolSim (bottom row) — plotted as a,b) time-dependent spectra and c,d) the degree of photocatalytic degradation in the dark and the
presence of light with ALD-TiO, films annealed at 600 °C in a single-run measurement.

were needed, a FaS-PhoReS system using a solar simulator based
on an LED lamp in the environment with no T, and RH%
control was evaluated. The output spectrum of LED is plotted in
Figure 2, where the amount of UV light is only 3.2 mW cm™
(very similar to AM 1.5G UV content) compared to the 32 mW
cm~2 supplied by the MH lamp in the climatic chamber — noting
that both systems have an overall light intensity of 100 mW cm™2.
An experiment was performed to investigate the photocatalytic
degradation subjected to these two solar simulators illuminating
FaS-PhoReS for 360 min. The 20 mL of 0.01 mM MO dye solution
with an ALD-TiO, thin film (annealed at 600 °C) were employed
in both setups. The experimental details for LED-SolSim were
presented in Subsection S1.5.2 of Supporting Information.
Figure 6a,b describe the decrease in absorption spectrum
curves due to photocatalysis, while Figure 6¢,d illustrate
photodegradation— representing an integration of each entire
spectrum — after 360 min of the irradiation using the MH lamp
(Figure 6a,c) and the LED-SolSim (Figure 6b,d). The spectral ab-
sorption shapes from the two sources are similar because an
equal volume of 20 mL MO dye solutions was used during the
study. The results reveal negligible photodegradation under di-
rect photolysis for both sources of light energy. The high pho-
tocatalytic degradation of 90% was observed using an MH lamp
while the volume was reduced to 14 mL. In contrast, the LED-
SolSim achieved the removal of 79%, and the dye solution de-
creased to 18 mL. The significant reduction in volume is at-
tributed to the evaporation due to the huge amount of UV light

Adv. Mater. Interfaces 2025, 12, 2401000 2401000 (10 of 24)

in the MH lamp compared to LED-SolSim. This also explains
the dissimilarities of the photocatalytic performance between the
two different sources of light. In addition, the achievement per-
formance is also ascribed to the dissimilar experimental condi-
tions, such as humidity and temperature control in the respec-
tive setup. Furthermore, the photocatalytic dark experiment was
carried out for 6 h, as illustrated in subsection S1.6.1. The results
reveal almost no change over 6 h. This suggests that degrada-
tion efficiency is only due to photocatalysis instead of adsorption.
However, the findings reveal that FaS-PhoReS performed almost
well in both experimental setup environments. This shows that
the system can work at any source of light with sufficient energy
for the photodegradation provided the coverage area of the tray
sample. Thus, controlling the T, and RH% are not important
parameters given the unique geometry of the Fas-PhoReS mea-
surement.

3.3. Photostability Screening of 12 Organic Dyes under
Simulated Sunlight

The FaS-PhoReS under the climatic chamber (MH lamp) was em-
ployed to examine the photolytic properties of six different water-
soluble dyes that have been applied in the literature as model
water-borne pollutants; namely methylene blue (MB), rhodamine
B (RhB), tartrazine 85 (T85), methyl orange (MO), terephthalic
acid (TA) and direct black 38 (DB38) and the addition of six other
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Figure 7. The photolysis time-dependent absorption spectra of eight strong absorbing dyes (each of 20 mL into the well) at a concentration of 0.1 mM
over a period of 120 min undergoing photolysis under simulated air-mass 1.5 global (AM1.5G) sunlight (MH lamp of FaS-PhoReS system): a) methylene
blue (MB) b) basic fuchsine (BF) c) methylene orange (MO) d) tartrazine 85 (T85) e) direct black 38 (DB38) f) indigotine blue (IB) g) rhodamine B
(RhB) h) uranine (U). The presented absorption spectra results are from one well among the five wells containing each dye solution for single-run

measurement.

new dyes namely indigotine blue (IB), basic fuchsine (BF), ura-
nine (U), alizarine reinst (AR), alizarin carmine (AC), nigrosine
(N). The goal was to investigate and identify the dye(s) with suit-
able absorbance at low concentrations (0.001, 0.01, or 0.1 mM)
and assess their photostability when exposed to a broad spectrum
of simulated sunlight (100 mW cm~2). The assessment was car-
ried out for 120 min for the quick identification of the stable dyes
before conducting further studies for a longer irradiation time.
The measurements were taken for one run with five wells con-
taining equal volumes of the same dye solution, and the average
photodegradation was computed. It is important to note that the
various intermediate products produced during the photodegra-
dation pathway have been reported in the literature.[**! The pho-
tolytic characteristics of the dyes are contingent upon the chemi-
cal composition of the compounds, aromatic rings, and the abil-
ity of photon energy to penetrate the dye solution to dissociate
water molecules to generate hydroxyl radicals, which promote
photodegradation.*]

Figure 7 illustrates the absorption spectra at 0.1 mM concen-
tration of eight dyes that exhibit substantial absorption with a
chemical structure presented in Table S1, Supporting Informa-
tion. Four dyes — AR, AC, N, and TA — did not exhibit significant
optical absorption even at the highest concentration of 0.1 mM
(plotted in Figures S17-S20, Supporting Information) and were
therefore not further investigated in this study. As indicated in
Figure 7, the results reveal high absorption spectra for the con-
centration of 0.1 mM compared to 0.01 and 0.001 mM as pre-
sented in Figures S9-S16, Supporting Information. The differ-
ence in absorbance on the same dye is due to differences in dye
molecules present in initial concentrations. Two dyes (MB and U)
exhibit a significant decrease in absorption, four others (BF, IB,
RhB, BD38) display a slight change, while two of them (MO and
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T85) exhibit almost no change after 120 min of exposure. The
difference in absorption bands depends on the amount of pho-
ton penetration into the dye solution due to the dissimilar aro-
matic rings of the chromophore group of each dye.*”] The high
disappearance in absorption bands of MB and U is due to dye
molecules absorbing more photons. However, MO and T85 pos-
sibly absorb the photons, they could not be degraded probably
due to insufficient energy of photons to break the bonds.

The average integration photodegradation of the eight strongly
absorbing dyes at all three dye concentrations is depicted in
Figure 8 when exposed to simulated sunlight for 120 min. Note
that the photodegradation performance was computed by inte-
grated absorbance in the major absorption spectra of each dye.
The observation indicates a significant decrease in photolytic
degradation of the MB, U, BF and IB, while gradual for the MO,
T85, RhB and DB38 with increasing initial dye concentration (see
Table S10, Supporting Information). The low photodegradation
in 0.1 mM is due to high optical density, suppressing the light
penetration into the dye solution. In addition, the non-degradable
dye molecules in 0.1 mM can be explained by less permeable
photons compared to 0.01 and 0.001 mM concentrations. This
is attributed to the amount of dye molecules present in the solu-
tion, which enhances the penetration of photons.*8! Note that the
system can work with other water-soluble pollutants that exhibit
absorption in the 300-1100 nm range due to the limitation of a
wavelength range of light source.

The increase in degradation of MB, U, BF and IB dyes is proba-
bly ascribed to more photons absorbed by the dye molecules that
enhance the high generation of ¢OH radicals, which have a high
affinity with chromophore bonds.[*! This is due to the fact that
oOH radicals oxidize the dye molecules into smaller molecules
through photochemical reactions. Joseph et al.,[**! also reported
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Figure 8. The photolysis average photodegradation of eight dyes (each of 20 mL into the well) with initial concentrations of a) 0.1 mM; b) 0.01 mM; and
) 0.001 mM after 120 min. The presented results are the average of five wells for single-run measurement.

high photolysis of MB in a water-based solution when exposed
to ultraviolet lamps (UV-C, UV-B and UV-A) and a solar lamp,
each with 10 mW cm~2. In contrast, it is clear from Figure 8
(see also Table S10, Supporting Information) that photodegrada-
tion of MO, T85, RhB and DB38 dyes for three concentrations
is significantly below 8% after 120 min, thus exhibiting excellent
photostability. Further testing with these four dyes (MO, RhB,
DB38 and T85) was conducted, exposing them for 15 h of simu-
lated sunlight (as plotted in Figure S21, Supporting Information).
Overall, the results here are consistent with what the literature,
as discussed below — nothing that unfortunately only the lamp
power is often reported and not the light intensity. DB38 was re-
ported to be photolyzed up to 7.0% when exposed to a mercury
vapour lamp (80 W).I% Kader et al.,!*!] observed a 5.3% degrada-
tion of MO after 5.5 h of exposure to five UV (20 W) lights. Similar
observations under UV-C light at a wavelength of 245 nm were
also reported by Boukhedou et al.,[*?] and Bendjama et al.,[*}] us-
ing a source of UV-C (15 mW cm~2) at 254 nm. Guettai and Amar
also documented 5.5% photolysis of MO when exposed to UV-
lamps (2 X 15 W) after 5 h of irradiation.**] Subsequently, the
authors demonstrated non-photodegradable MO when exposed
only to visible light. A similar trend of non-photolyzed MO un-
der UV-vis light irradiation was observed after 9 h.*] The study
conducted by Bouarroud; et al.,*®] reported very low photodegra-
dation of T85 under direct photolysis when it was exposed to UV
lamps (18.6 W m~2, 365 nm) and sunlight (853 W m™2) after
90 min of irradiation. The group of Utami et al.,[**] demonstrated
that RhB did not degrade when subjected to visible light but was
vulnerable to photolysis under UV light (8 W) at an irradiation
time of 90 min. In addition, the negligible removal of RhB was
witnessed by the study of Alakhras et al.,*”l using UV light after
80 min and Alle et al.,[*®] with UV-A lamps (14 W m~2, 365 nm)
for 120 min. Furthermore, Guimaraes et al.,*”) demonstrated re-
moving 2% of Rh-19 exposed to UV light (65 W, 254 nm) after
5h.

This study demonstrated that a high concentration of 0.1 mM
(high absorption) promotes retardation of degradation due to
limited penetration of photons into the solution as reported by
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Bouarroudj et al.?®l This observation agrees with the work re-
ported by Soltani and Entezari,!’®! and the work of Bendjabeur
et al.,l’! The concentration of 0.01 mM revealed an intermediate
absorbance and photodegradation due to a little dye molecules
that do not intercept the depth of the photons to penetrate. Thus,
the primary concentration of 0.01 mM was selected as an ideal for
photocatalytic investigations in the FaS-PhoReS. This is the same
concentration specified by the International Standards Organi-
zation (ISO) (ISO-10678) for MB and is considered the most ac-
ceptable for such purposes,'*! Moreover, the study revealed that
MB, U, BF and IB are highly photolyzed whereas RhB and DB38
exhibit minimal photolysis, with MO and T85 demonstrating ex-
ceptional photostability. These results suggest that the low degree
of photodegradation observed in MO, RhB, DB38 and T85 un-
der photolysis makes them ideal candidates for investigating the
photocatalytic degradation of the novel photocatalysts in a broad
range of the spectrum. This is because most of the photons can
penetrate the depth of the dye solution to reach the active sites
of the photocatalyst with insignificant photosensitization. This
addresses the challenges associated with using organic dyes in
the visible light range as highlighted by Ohtani et al.,'**] and,
thus, clears the path for the further development of solar-driven
photocatalytic technologies.

3.4. HT Photocatalytic Screening of Four Photostable Dyes under
Simulated Sunlight

3.4.1. Structural, Morphological and Optical Properties of ALD TiO,
Thin Films

Before detailing the photocatalytic results, it is first necessary to
briefly describe the structural, morphological and optical prop-
erties of the ALD-deposited photocatalytic TiO, thin films (more
detailed information on deposition can be found in Subsection
$2.4.2 of Supporting Information). The XRD patterns of all sam-
ples — the uncoated silicon and fused silica substrate, as well as
the as-deposited and annealed TiO, thin films — are presented in
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Figure S28, Supporting Information. The absence of any peaks
in the as-deposited films indicates that it is in an amorphous
phase, which agrees with previous studies using thermal ALD.[?]
This is in contrast to the findings for plasma-enhanced ALD TiO,
films, where Lee et al.,>3 as well as Cheng and Chen [88], al-
ready observed the anatase structure at deposition temperatures
0f 250 °C. The TiO, films deposited onto both substrates and an-
nealed at temperatures ranging from 300 to 750 °C were poly-
crystalline, exhibiting the main anatase (101), while the (004) and
(200) peaks were not observed. A slight increase in the intensity
of the main peak (101) was noted for the TiO, films deposited
onto silicon with increasing annealing temperatures from 300 to
750 °C, as plotted in Figure S28a, Supporting Information, which
suggests a slight enhancement in the degree of film crystallinity
with temperature. The same increase was not observed for TiO,
films deposited onto fused silica substrates (Figure S28b, Sup-
porting Information), partially due to the large overlap with the
background signal from the amorphous substrate. No evidence
of the rutile phase was observed in any samples, even for sam-
ples annealed at 750 °C, which agrees with other reports. Hsu
etal.,® reported a similar result with ALD TiO, annealed at tem-
peratures ranging from 350 to 750 °C in nitrogen gas for 30 min.
Moreover, Dang et al.,[>*] also observed no phase transformation
from anatase structure to rutile phase when the PE-ALD TiO,
thin films were heated from 500 to 900 °C in the air for 1 h. The
study of Pheamhom et al.,*®! similarly found no change in the
anatase crystal structure of the ALD TiO, films at annealing tem-
peratures ranging from 450 to 650 °C in the air for 1 h.

The SEM images (Figure S29, Supporting Information) indi-
cate the surface morphologies of the TiO, thin films, both as-
grown and annealed at temperatures of 300 to 700 °C. The im-
ages display a coarse and compact structure with small grains of
crystallites covering the whole substrate surface, becoming more
noticeable at 700 °C, likely due to increasing grain size. It is ev-
ident from the images that the coated films were homogeneous
and uniformly distributed over the substrate with roughness and
pinholes-free — such defects could limit the performance of pho-
todegradation efficiency.>’]

Figure S30a,b, Supporting Information illustrates the optical
absorption spectra and Tauc plot for determining the optical
bandgap (E,) of as-deposited and annealed TiO, thin films. The
as-grown films exhibit a higher bandgap (E, = 3.4 eV) and lower
absorbance, both consistent with the formation of amorphous
Ti0,.’>>8] Once annealed, the bandgap of all samples decreased
(E, = 3.2 - 3.35 eV) and the absorption strength increased, thus
enhancing the amount of UV light being harvested. The bandgap
change after annealing to lower values is attributed to the change
in film density and grain size.®! The bandgap values of the ALD
TiO, here are similar to the findings of Lee et al.,>%! and slightly
lower than the ~3.4 eV values reported by Badovinac et al.,[%) and
Liu et al.,l%! There is no clear trend with temperature, a finding
that has been observed in the literature before.l%?] Table S11, Sup-
porting Information illustrates the thicknesses of as-deposited
TiO, films and annealed films in an ambient environment in a
furnace at temperatures ranging from 300 to 750 °C in steps of
50 °C. The thicknesses were determined by X-ray reflectometry
(XRR) analysis by fitting the fringe patterns of the measured sam-
ple curves with simulated fringes. The as-grown films on fused
silica had a thickness of 26.4 nm, which corresponds to an ALD
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growth rate of 0.052 nm per cycle. As the annealing temperature
increased, the thickness of the films decreased steadily — from
24.8 nm at 300 °C to 18.8 nm at 750 °C — revealing the expected
film densification with increasing temperature. This is due to the
transformation of the unsaturated defects of TiO, films into a
high degree of crystallinity phase and then dimensional changes
due to shrinkage, thus the decreases in thickness.

3.4.2. Photocatalytic Performance of ALD-TiO, Thin Films with
Photostable Dyes using FaS-PhoReS

Building on the outcome of the photolysis experiments — that four
of the investigated dyes exhibit excellent long-term photostability
— a set of experiments was designed to investigate the photocat-
alytic performance of the ALD TiO, thin films (as-deposited at
250 °C and annealed from 300 to 750 °C) in degrading the se-
lected dyes. Thus, the PS wells in FaS - PhoReS were filled with
MO, RhB, T85, and DB38 dye aqueous solution, each with an
initial concentration of 0.01 mM. Overall, the two dyes (MO and
RhB) were each loaded into 12 different PS wells (24 wells used
out of 30) and 6 wells were left due to the number of samples
to be tested. For both dyes: i) two PS wells contained no pho-
tocatalysts for control experiments. This is to confirm that any
photodegradation observed originates only from the excitation
of photocatalysts rather than the self-photosensitization of dyes
by visible light;!'53] while ii) the remaining twenty-two wells each
had a 20 x 20 mm TiO, thin film (fused silica substrate) placed
at the bottom. A similar fashion was repeated for T85 and DB38
dyes using the same TiO, films after being sonicated in ethanol
and rinsed with deionized water five times before being dried at
room temperature for 12 h. Each experiment was performed in
triplicate for every dye to ensure the system s data repeatabil-
ity. A FaS-PhoReS experiment of 360 min duration was chosen
to evaluate photocatalytic performance using simulated sunlight
from the MH lamp.

Figure 9 summarizes the results for the one cationic dye (RhB)
and three anionic dyes (MO, T85, and DB38) under direct pho-
tolysis (Figure 9a—d) and photocatalytic degradation using ALD-
TiO, thin films annealed at 600 °C (Figure 9e-h). The tempo-
ral evolution of the absorption spectra indicates that no decrease
could be measured for T85 (Figure 9a) and MO (Figure 9c), while
a significant decrease was observed for RhB (Figure 9b) and DB38
(Figure 9d) under photolysis. Thus, it is recommended that T85
and MO dyes should be selected for any future photodegrada-
tion research using terrestrial sunlight. It is also potentially use-
ful that one of these dyes is cationic (T85) while the other is an-
ionic (MO), as will be discussed in more detail below. The pho-
tocatalysis results in Figure 9e-h indicate the gradual disappear-
ance of the distinct absorption bands of each dye as a function
of irradiation time for the 600 °C-annealed TiO, thin films. This
indicates the significance of photocatalysts during photodegrada-
tion. The photocatalytic spectra of the remaining TiO, samples
can be found in Figure S22a—j, Supporting Information. To pro-
vide an overview, the degree of photodegradation of the same four
dyes is displayed in Figure 10, both with and without photocata-
lysts present, and now including the as-deposited TiO, sample
(250 °C) as well as those annealed at all other temperatures
(300 — 750 °C). At this point, it is important to note that the
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Figure 9. Photolysis a—d) for control experiment and ALD-TiO, (600 °C) photocatalysis e-h) temporal evolution absorption spectra of T85, RhB, MO

and DB38 dyes (each of 20 mL in their respective wells) respectively at an initial concentration of 0.01 mM after 360 min.
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Figure 10. The photocatalytic performance of the removal of four dyes (each of 20 mL in their respective wells) with an initial concentration of 0.01 mM
after 360 min in the dark (ALD-TiO, thin films annealed at 600 °C), as-deposited (250 °C) and annealed (350-750 °C) ALD-TiO, thin films in 20 mL of:
a) T85; b) RhB; c) MO; and d) DB38. The results are the average of three repeat measurements with the same samples.

photodegradation performance was assessed using the inte-
grated absorbance from the main absorption spectrum of each
dye rather than just the maximum absorbance at a single wave-
length (Table S12, Supporting Information), which is often the
case in the literature. For instance in this work, the integrated
absorbance of MO is calculated in the 330-580 nm broad range
of the absorption band while T85, RhB and DB38 are in the
320-510, 470-600, and 400-700 nm range, respectively. The in-
tegrated absorbance approach helps to avoid the potential for
self-photosensitization of dyes in the visible light range, which
could otherwise lead to misleading photocatalytic activity results,
as highlighted by Ohtani et al.,['® and Amalia et al.l'®! Simi-
larly, it saves the challenge of spectra shift (red-shift or blue-shift)
during the photodegradation reaction, making it problematic for
accurately evaluating photodegradation efficiency from the ab-
sorbance of the characteristic peak.

From Figure 10, it can be seen that the degree of photodegra-
dation in the dark is almost zero after 6 h for all dyes, while
due to photolysis alone is close to zero for MO and T85, while
RhB and DBS85 exhibit ~9 and 12% removal, respectively. The
dark experiment demonstrated that photodegradation efficiency
is attributed to the presence of sufficient energy that exhibits
adsorption-desorption equilibrium on the active sites of the TiO,
surface. The photocatalytic results reveal the higher degradation
for MO and T85 dyes, while lower for RhB and DB38 for all
TiO, thin films regardless of the different annealing tempera-
tures. From the results, the as-deposited (250 °) TiO, films ex-
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hibited minimal removal of 61, 40, 59 and 33% for T85, RhB,
MO, and DB38, respectively. This is due to the high degree of
TiO, amorphous phase, which promotes the trapping of electron-
hole charge carriers.[%] In addition, the amorphous phase gener-
ates poor charge carrier conduction because of the broad bandgap
energy. In contrast, the films annealed at 300 (Figure S23, Sup-
porting Information) and 350 °C showed removal of 80 and
84% for T85, 45 and 47% for RhB, 68 and 74% for MO, 35
and 40% for DB38, respectively. The low photocatalytic degrada-
tion at low temperatures might be attributed to the high num-
ber of crystal defects due to the weak crystallinity phase.*”! The
defects are detrimental to photocatalytic activity since they act
as trap sites for the photogenerated charge carriers and pro-
mote recombination.®’] At higher annealing temperatures from
450 — 750 °C (see also 400 — 700 °C in Figure S23, Supporting
Information), it is observed the increase in photocatalytic activ-
ity about 86 to 93% for T85, 50 to 66% for RhB, 80 to 85% for
MO and 40 to 50% for DB38 for the films annealed at a temper-
atures ranging from 450 to 650 °C and slightly drop for 700 and
750 °C after 360 min. The increase in activity performance with
increasing annealing temperatures is attributed to the phase tran-
sition of amorphous TiO, to the suitable formation of the poly-
crystalline (nanocrystalline) anatase phase with a rough surface,
which is the key feature for the photocatalytic degradation.[>7:6364]
In addition, anatase TiO, has a higher charge carrier lifetime and
more negative conduction band edge for the suitability of the
photo-generated electrons to reduce molecular oxygen to reactive
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Figure 11. The temporal variation of absorption spectra of the mixed dye solution of MO + T85, MO + RhB, T85 + RhB (1:1 volume ratios) and MO +
T85 + RhB (1:1:1 volume ratios) with an initial concentration of 0.01 mM after 360 min due to a—d) photolysis and e~h) photocatalysis using TiO, films

annealed at 600 °C, respectively.

oxygen species, which are strong enough to degrade micro-
organic pollutants in water.!*%! The higher removal of T85 an-
ionic dye is ascribed to the high diffusion rate of dehydrated
dye molecules to active sites of the TiO, and due to direct bond-
ing of the sulfonic group, which enhances the adsorption of dye
molecules onto the active sites of TiO,. However, the limited lev-
els of low photodegradation observed in cationic RhB are possi-
bly due to the low rate of diffusion of hydrated molecules to reach
the surface of the TiO,.I%] Further the result reveals a high pho-
todegradation efficiency of the negatively charged MO anionic
dye, despite the repulsive from the surface charge of TiO,. This
could be explained by the acidity-basicity behavior of the dye so-
lution due to sulfonic group, which probably reduces the elec-
trostatic repulsion between the like charges. This property pro-
motes a more intense and efficient redox reaction of the dehy-
drated molecules with reducing-oxidizing agents generated due
to the excitation of TiO, by photons. Instead, the low degradation
on negatively charged DB38 is attributed to repulsive with nega-
tive charges of the TiO, and hydrated dye molecules. Additionally,
DB38 probably absorbs a lot of photons and thus, few of them
reach the active sites of the TiO,.l”! This leads to a reduction in
the number of photogenerated electrons and holes that might re-
sult in a decline in the effectiveness of photocatalysis.l®8] These
results demonstrate outstanding photocatalytic performance for
the annealed TiO, from 400 to 650 °C compared to as-grown
and annealed at 300 (Figure S23, Supporting Information) and
350 °C. In contrast, control experiments demonstrated the supe-
rior photostable dyes — MO and T85, which are non-degradable
under photolysis. These dyes are greatly confirmed to be used
to investigate the true photocatalytic activity of photocatalysts in
a wide range of light intensity since most of the photons can
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reach the surface of photocatalysts without being absorbed by dye
molecules.

Furthermore, to demonstrate the suitability of the system for
the photodegradation of industrial wastewater consisting of mul-
tiple dye solutions, mixtures of MO + T85, MO + RhB, T85 +
RhB and MO + T85 + RhB (with an initial concentration of
0.01 mM of each component) was demonstrated for a single run
using ALDTIO, thin films annealed at 600 °C. The choice of dyes
was based on whether they exhibited an overlap in the absorp-
tion spectra (MO + T85) or not (MO + RhB and T85 + RhB).
Figure 11 presents the full optical absorbance of mixed dye solu-
tions due to photolysis (a-d) and photocatalytic TiO, films (e-h)
after 360 min of irradiation with simulated sunlight (MH lamp).
The MO + T85 dye mixture (Figure 11a,e) exhibits an absorption
spectrum comprised of 330 — 560 nm (480 nm peak) and 320 —
510 nm (427 nm peak) for MO and T85, respectively. The solu-
tion of MO + RhB (Figure 11b,f) and T85 + RhB (Figure 11c,g)
shows distinct absorption peaks due to dissimilar absorption
wavelengths of RhB located in the 470 — 600 nm (534 nm peak)
range. During photolysis (Figure 11a—d), MO and T85 demon-
strated a negligible change in absorption spectra in all experi-
ments, while a slight decrease in absorption was noted for RhB
after an irradiation time of 360 min. In contrast, the photocat-
alytic TiO, results in Figure 11e-h show continuously decreased
absorption bands of each dye component in mixed solutions as
a function of irradiation time. This highly signifies the potential
of FaS-PhoReS during degrading wastewater containing mixed
dyes using photocatalysts.

To provide an overview of photodegradation performance,
Figure 12 presents the degree of degradation levels of four sets of
mixed dye solutions in the absence and presence of TiO, films.
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Figure 12. Photodegradation efficiency in the dark (ALD-TiO, thin films annealed at 600 °C) and due to photolysis and photocatalytic ALD-TiO, thin
films (600 °C) on the mixed dye (0.01 mM) solution after 360 min of a) MO+T85 b) MO + RhB, c) T85 + RhB, each of 10 mL and (d) MO +T85 + RhB,

each of 6.5 mL. Single run measurement.

The evaluation of photodegradation performance was based on
the integrated absorbance bands of each dye component based
on the absorption wavelength range. The results indicate that the
photodegradation due to photolysis is about 2% for MO, 2% for
T85, and 8% for RhB across all sets of mixed dyes. In contrast,
the photocatalytic results show significant dye removal of 78%
for MO and 82% for T85 in the MO + T85 (Figure 12a), 75% for
MO and 65% for RhB in the MO + RhB (Figure 12b) and 86% for
T85 and 70% for RhB in the T85 + RhB (Figure 12c). Additionally,
in the MO + T85 + RhB (Figure 12d), the removals are 80% for
MO, T85 and 70% for RhB, all after 360 min of exposure. These
removal percentages are comparable to those observed for single-
component dyes degraded with TiO, films annealed at temper-
atures between 400 and 650 °C presented above. Furthermore,
photocatalytic tests conducted in the dark revealed no detectable
degradation efficiency after 6 h, indicating removal is primarily
driven via photocatalysis.

3.4.3. Photocatalytic Performance of Alternate Photocatalytic Thin
Films

To evaluate the performance of FaS-PhoReS beyond TiO,-based
photocatalysts, zinc oxide (ZnO) thin films were coated onto 20
x 20 mm fused silica substrates using the molecular precursor
method (MPM). This coating technique has been previously de-
scribed by one of the authors.[*”] The films were annealed at 500

Adv. Mater. Interfaces 2025, 12, 2401000 2401000 (17 of 24)

°Cfor 1 hin air and had a thickness of 60 nm. The photocatalytic
activity of the films was evaluated through the photodegradation
of MO, DB85, T85 and RhB dye aqueous solutions, that is, the
same tests as those conducted with ALDTiO, films in Section 2.6.
The measured absorbance spectra recorded over a 360 min pe-
riod with ZnO photocatalysts present are displayed in Figure 13.
As illustrated, there is a significant decrease in absorption bands
for MO (Figure 13a) and T85 (Figure 13c), while the changes ob-
served for DB85 (Figure 13b) and RhB (Figure 13d) are moderate
over time. It is also interesting to note an increase in absorption
for the DB38 dye occurring in the 300 — 400 nm range. This is
attributed to the formation of various complex intermediate com-
pounds, such as aromatic and aliphatic, before complete miner-
alization into water and carbon dioxide.”!

The quantification of the degree of photodegradation efficien-
cies is presented in Figure 14a,b. Building on the ALDTIO, films
discussed earlier (Figure 10), the graphs here now compare the
ZnO removal with TiO,. In addition, to verify that removal is not
occurring via adsorption, dark measurements were conducted
for 6 h prior to turning on the solar simulator. For these exper-
iments, the wells contained photocatalytically-coated samples in
the relevant dye solutions, however, the samples were only ex-
posed to light for a brief period once per hour to conduct the op-
tical absorption measurements. The degree of photodegradation
due to the photolysis of each of the dyes remained negligible.
In the presence of ZnO and TiO, thin films, the photodegrada-
tion efficiency observed after 360 min was about 52% and 81%
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Figure 13. Photocatalysis time-dependent evolution of absorption spectra changes of anionic compounds a) MO, b) DB38, whereas cationic compounds

c) T85 and d) RhB dye aqueous solution with an initial concentration of 0.0
a single run measurement.

for MO, 17% and 50% for DB38, 55% and 90% for T85, and
21% and 66% for RhB, respectively. Despite the TiO, and ZnO
having comparable absorption spectra and bandgap, as shown in
Figures S30a,b and S31a,b, Supporting Information, respectively,
the overall performance revealed that TiO, exhibits a superior ca-
pacity for photodegradation than ZnO. The minimal photodegra-
dation efficiency with ZnO is due to the high recombination rate
of the generated charge carriers, thus suppressing the production
of the ROSs.["! The high efficiency with TiO, is attributed to its
indirect bandgap that increases the charge lifetime due to diffu-
sion length, thus reducing recombination and promoting pho-
tocatalytic performance.l®*72 Additionally, the low performance
of thicker ZnO films (60 nm) compared to 21. 6 nm of TO, is
possibly attributed to the internal mass transfer of charge carri-
ers generated from the bulk catalyst to liquid-solid interface and
consequently lower the photocatalytic reaction rate.!”?!

3.4.4. Photocatalytic Performance of TiO, Nano-Powders with
Photostable Dyes using FaS-PhoReS

This section seeks to demonstrate the suitability of FaS-PhoReS
to other types of photocatalysts beyond thin films. Thus, the use

Adv. Mater. Interfaces 2025, 12, 2401000 2401000 (18 of 24)

1 mM after 360 min in the presence of ZnO thin films annealed at 500 °C in

of TiO, nano-powders without the need of a magnetic stir bar
for the agitating was investigated. The XRD patterns of the TiO,
nano-powders are plotted in Figure S32, Supporting Informa-
tion, indeed demonstrating the anatase phase only. Four different
masses of TiO, nano-powders (1.0, 0.5, 0.3 and 0.1 mg) were mea-
sured using a balance and then dispersed in 20 mL of deionized
water. Subsequently, a 2 mL aliquot of each sample was collected
and placed into a quartz glass cuvette. The optical transmittance
was then quantified using a spectrophotometer, with the cuvette
being placed in the centre of the integrating sphere. The results
presented in Figure S24a, Supporting Information reveal an av-
erage transmittance of 34, 55, 70 and 80% for 1.0, 0.5, 0.3, and
0.1 mg, respectively — compared to a 92% transmission through
water (no TiO, nano-powder). The low transmittance observed
in the 1.0 and 0.5 mg samples is attributed to high scattering
via the particles in the suspension. However, it was deemed that
the transmission of the 0.1 and 0.3 mg samples would be suf-
ficient to study the photocatalytic degradation in FaS-PhoReS il-
luminated by the MH lamp. For these experiments, the 0.1 and
0.3 mg amounts were mixed into 20 mL of 0.01 mM methyl or-
ange (MO) dye solution and dispensed into three different wells,
with one well-being reserved as the control for the experiment
(photolysis). Both measurements in two runs were recorded in
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Figure 14. The degree of photodegradation in the dark (ALD-TiO, thin films annealed at 600 °C) as well as without and with MPM-ZnO and ALD-TiO,
thin films both annealed at 500 °C in 20 mL of a) MO, b) DB338, c) T85, and d) RhB aqueous dye solution with an initial concentration of 0.01 mM after

360 min in a single run measurement.

intervals of 20 min for the period of 360 min of irradiation. For
the photocatalytic experiment, Figure S24b,c, Supporting Infor-
mation depict the light intensity transmitted through DI water
and MO dye solution only (as a reference), as well as through the
TiO, nano-powder suspensions (Figure S24d,e). The observation
revealed the comparative transmittance of light intensity for all
cases, with no significant change in intensity through the suspen-
sion. This clearly illustrates little agglomeration and suspension

of the particles in the solution. Figure 15a demonstrates the de-
crease in absorption spectra in the 0.1 mg experiment (the results
of the 0.3 mg can be found in Figure S25, Supporting Informa-
tion), while Figure 15D plots the integrated photodegradation as
a function of irradiation time for both loadings. The results re-
veal that rapid photodegradation takes place for the first 150 min
in both cases, with the 0.1 mg loading resulting in slightly
faster photodegradation. Then, from 180 — 360 min, the level of

a5 I omin a1 100 ]
- E b
L
71 o 80 F -
o
e
T ¢)
: 18 «f -
c 360 min & 6h
© ko] Dark :
2 4 S 40 Fphase : J
] (o)) E
8 8 :
1 & 2 ¢F : —— Photolysis -
o :——0.1mg
L WG S O “__ 9-3 mg L L L L
700 800 0 60 120 180 240 300 360
Wavelength (nm) Time (min)

Figure 15. a) Absorption spectra of 0.1 mg TiO, nano-powders in 20 mL of MO (0.01 mM) dye aqueous and b) degree of photodegradation in the dark
and 0.1 mg, 0.3 mg of TiO, nano-powders in the presence of light after 360 min. The presented results are the average of two repeats.
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photodegradation appears to remain unchanged at about 80 —
84%. The plateau in Figure 15b ~180 min is because of light
scattering and being lost from the system — not absorbed. The
high photodegradation in 0.1 mg (high light transmittance — less
scattering) is attributed to the presence of enough active sites of
TiO, that absorb more dye molecules and light energy.”*! On the
other hand, the low performance in 0.3 mg is probably limited
by the aggression of huge particles in the slurry solution, which
reduces the interfacial contact area between the dye molecules
and the surface of the photocatalysts as well as the light penetra-
tion blockage, thus reducing the photodegradation.l”! Addition-
ally, the dose below the optimal loading is limited by the num-
ber of photons absorbed because of inadequate active sites./7#>75
The overall results reveal that FaS-PhoReS could also work with
suspensions of nano-powder that exhibit less blockage of light
intensity through it.

3.5. Detection of Reactive Oxygen Species

Hydroxyl (¢OH) radical and superoxide (*O,") anions are among
the strongest ROS generated when the photocatalysts interact
with photons in the presence of either water or molecular oxy-
gen (or both of these). Several techniques have been employed
for the demonstration of ROS detection.?l Thus, the question
addressed here is to ascertain whether FaS-PhoReS - in addi-
tion to being used for determining photolytic and photocatalytic
degradation — can also be used as an in situ probe of the gen-
erated eOH radicals and *O,~ anions. The ROS detection experi-
ment is conducted via the photocatalytic degradation of nitroblue
tetrazolium (NBT) and coumarin (Cou), which are probes for the
°O,” anions and eOH radicals, respectively. The photocatalytic
reaction between NBT with *O,~ anions!’®! and Cou with ¢OH
radicals!’’! in aqueous solution are presented in Figure S26a,b,
Supporting Information, respectively. These organic compounds
were chosen to detect ROS since they have no absorption at the
excitation wavelength for photocatalysts. Similar to other exper-
iments, 20 mL of Cou and NBT aqueous solutions of an initial
concentration of 0.01 mM were distributed into six different PS
wells in FaS-PhoReS subjected to MH lamp irradiation. The sil-
ica coated with ALDTIO, thin films (annealed at 600 "C in air
for 1 h) and uncoated were both placed into four different wells,
while the other two were kept for the photolysis, both illuminated
for 360 min. The uncoated silica substrates and direct photolysis
for control tests exhibited the same degree of photodegradation.

Figure 16a,b illustrates the photolysis and photocatalysis ab-
sorption spectra, while Figure 16¢ shows the photodegradation
of NBT aqueous solution without and with the TiO, photocata-
lyst, respectively. The absorbance spectra results indicate nearly
no photodegradation under direct photolysis, while a gradual de-
crease in bands was observed using ALDTIO, films subjected
to light. Dropping of the absorbance spectra of NBT solution
through the course of photocatalytic indicating production of
°0O, ions during the photocatalytic reaction. The results reveal
a negligible degree of photodegradation via direct photolysis af-
ter 360 min of light irradiation and the NBT solution remained
unchanged in colour (yellowish — initial colour) as shown in
Figure 16d, while uncoated silica indicates no change in colour,
as depicted in Figure 16e. However, via photocatalysis, ~18% re-
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moval is achieved and after 360 min the colour of the NBT solu-
tion changed to brown (Figure 16f) while silica-coated TiO, thin
films changed to brown/dark (Figure 16g) due to the formation of
formazan on its surface.[?! The colour change of the silica TiO,
film is attributed to the reduction of NBT by *O,~ from photo-
irradiated TiO,.?! It also noted the formation of gas bubbles on
the well due to the course of the photocatalytic process.l’®! The
bubbling gas indicates the formation of formazan from NBT af-
ter being reduced by *O, ions.l”% These findings confirmed the
presence of *O," that is produced from the reduction of molec-
ular oxygen with an electron from photo-irradiated TiO, by pho-
tons with sufficient energy. The observation is in agreement with
reports in the literature whereby the NBT yellow colour changed
to brown/dark-blue formazan by °O,” generated from photo-
illuminated TiO,.[27578 From this observation, it was confirmed
that no formazan was produced from the control test but only
produced photocatalytically in the presence of *O,™ ions.

For the photodegradation of Cou as a ¢OH radical probe, both
photolysis and photocatalysis are shown in Figure 17a. The ab-
sorption reduction rate of the Cou during photocatalysis (Figure
S27a, Supporting Information) indicates no significant decrease
in spectra, which displays a similar trend under direct photoly-
sis (Figure S27b, Supporting Information) over the entire period
of illumination. The degradation efficiency indicates about 15%
and 25% removal during the photolytic and photocatalytic pro-
cess, respectively. This could be due to the significant amount
of incident UV photons being absorbed by the Cou molecules in
aqueous solution, greatly limiting the number of these exciting
TiO, photocatalysts. The limited number of photons on the pho-
tocatalyst surface promotes insufficient generation of the ¢OH
radicals. This leads to minimal removal of Cou and low yields of
fluorescent 7-OHC produced after the reaction of Cou aqueous
solutions with eOH radicals generated by photoexcited TiO,.l”"!
The poor photocatalytic degradation leads to inefficient detection
of generated 7-OHC by FaS-PhoReS. To confirm the presence
oOH radical, Cou solutions before and after photocatalytic degra-
dation were measured by FS5 Spectrofluorometer. The fluores-
cence signal measurements were recorded at an excitation band
of 275 nm in a range of 300 to 600 nm at a slit of 1 mm (both
excitation and emission). Figure 17b illustrates the fluorescence
intensity of the compounds produced before and after 360 min
of irradiation to the Cou solution with TiO, thin film. The results
indicate a fluorescence emission peak of 7-OHC ~460 nm gener-
ated after Cou reacts with eOH from photo-illuminated TiO,. In
contrast, no fluorescence was observed before the photocatalytic
reaction. This observation is comparable with the studies of Mc-
Cormick et al.,®% Leandri et al.,®!) and Manevich et al.’®? These
findings justify that FaS-PhoReS is limited for the detection of
the 7-OHC due to the scattering effect by the multiple layers of
PS container and satin finish of the bottom glass of the sample
tray.

4, Conclusions

This study introduced and validated a new high-throughput FaS-
PhoReS instrument capable of processing 32 samples at the same
time. The system is a highly efficient and cost-effective method
for screening water-borne micropollutants and novel photocat-
alysts. The set-up system was tested in both environmental
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conditions; at controlled temperature and humidity across a wide
range using a climatic chamber with the MH lamp and in un-
controlled conditions using LED. The results show significantly
higher removal of MO (90%) with an MH lamp in controlled ex-
perimental conditions (23 °C and 40% RH) compared to an LED
lamp (79%) under uncontrolled conditions. The high removal is
attributed to more UV energy present in MH (32 mW cm™2) that
enhances the high excitation of TiO, compared to LED (3.2 mW
cm2). The study validated the instrument’s reliability by com-
paring the effects of dye evaporation, photolysis, and photocatal-
ysis using pristine TiO, thin films and nanoparticles. The dye
screening process using this technique demonstrated consistent
results due to photolysis for the identification of the most sta-
ble organic dyes to be used in photocatalysis studies. The study
found high photolysis removal for MB, U, IB, and BF, ranging
from 9 to 59% while the least for RhB, DB38, MO, and T85
were between 0 and 8%. Non-degradable dyes under photoly-
sis indicate that dyes absorb very minimal photons, and most
of them penetrate the dye solution to reach the surface of the
photocatalyst, leading to the true determination of photocatalytic
degradation.

For the true evaluation of the activity, the photolysis experi-
ment along with photocatalysis of the MO, T85 RhB, and DB38
with TiO, thin films annealed at different temperatures were
studied. The photolysis results showed non-degradability for MO
and T85 compared to about 9% removal for RhB and 12% for
DB38 after 360 min. These findings reveal that MO and T85 are
the best candidates for photodegradation studies of novel photo-
catalysts for the proposed system and experimental protocol. On
the other hand, the photocatalysis results of TiO, thin films an-
nealed at 500 to 600 °C showed superior photodegradation perfor-
mance for the MO and T85, while RhB and DB38 showed mod-
erate removal. The ZnO films exhibited satisfactory photodegra-
dation performance for MO and T85, while the least for RhB and
DB38. Additionally, FaS-PhoReS demonstrated its robustness in
screening the TiO, nano-powders without the requiring stirring
and prior filtration of solution after photodegradation before ab-
sorbance measurements. Dosages between 0.1 and 0.3 mg pro-
vided good transmittance of light intensity with minimal block-
age. This is because nano-powders were suspended in a solution
without aggregate and agglomerate at the bottom of the wells,
which can block the optical fibers from sensing the signals. More-
over, the system demonstrated the photodegradation of different
mixed dye solutions. The results reveal that the technique is ca-
pable of detecting the absorption band of each dye component
present in the mixed solutions. Furthermore, FaS-PhoReS suc-
cessfully detected *O,~ ions, but ¢OH radicals were not detected
due to minimal photon penetration, leading to low production of
7-OHC. The fluorescent signals of 7-OHC are likely scattered by
the multiple layers of the tray sample, thus the weak signals to
the optical fibre sensor. Overall, the study highlighted the robust-
ness and versatility of FaS-PhoReS in advancing photocatalytic
research and its potential as a powerful tool for high-throughput
screening of novel photocatalysts and pollutants. Additionally,
the system is suitable to work with any photocatalysts that absorb
photons in the 300-1100 nm range of light source powering the
FaS-PhoReS. Similarly, pollutants that exhibit absorption in that
range will function, while less than 300 nm will not be possible
due to limited range.
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