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1 Introduction

Insights from experiment and machine learning for
enhanced TiO, coated glazing for photocatalytic
NO, remediationf

Zhi-Peng Lin,*® Yuankai Li,? Saif A. Haque, ©2 Alex M. Ganose & 2°
and Andreas Kafizas & 2°

In this study, 58 distinct TiO,-coated glass samples were synthesized via Atmospheric Pressure Chemical
Vapour Deposition (APCVD) under controlled synthesis conditions. The crystal properties, optical
properties, surface properties and photogenerated charge carrier behaviour of all synthesized samples were
characterized by X-ray diffraction (XRD), UV-visible spectroscopy, atomic force microscopy (AFM), and
transient absorption spectroscopy (TAS), respectively. The photocatalytic activity of all coatings was
systematically assessed against NO gas under near-ISO (22197-1:2016) test conditions. The most active
TiO, coating showed ~22.3% and ~6.6% photocatalytic NO and NO, conversion efficiency, respectively,
with this being ~60 times higher than that of a commercial self-cleaning glass. In addition, we compared
the accuracy of different machine learning strategies in predicting photocatalytic oxidation performance
based on experimental data. The errors of the best strategy for predicting NO and NO, removal efficiency
on the entire data set were £2.20% and +0.92%, respectively. The optimal ML strategy revealed that the
most influential factors affecting NO photocatalytic efficiency are the sample surface area and
photogenerated charge carrier lifetime. We then successfully validated our ML predictions by synthesising
a new, high-performance TiO,-coated glass sample in accordance with our ML simulated data. This
sample performed better than commercially available self-cleaning glass under a new metric, which
comprehensively considered the visible light transmittance (VLT), NO degradation rate and NO, selectivity
of the material. Not only did this research provide a panoramic view of the links between synthesis
parameters, physical properties, and NO, removal performance for TiO,-coated glass, but also showed
how ML strategies can guide the future design and production of more effective photocatalytic coatings.

few decades, including the development of NO, adsorbent
materials*® and automotive three-way catalytic converters.®’

Nitrogen and oxygen are two of the most abundant gases in the
atmosphere. Combustion processes often result in the forma-
tion of nitrogen oxides (represented by NO and NO, and known
together as NO,), where anthropogenic activities have signifi-
cantly increased global emissions over the past two centuries
from 0 to ~25 TgN (tera-grams of nitrogen) per year."* Vehicular
emissions and chemical combustion (in particular from
thermal power plants) are the main contributors to escalating
NO, levels.? In order to limit and reduce NO, emissions from its
source, a variety of strategies have been explored over the past
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Alongside these efforts, lawmakers around the world have
strengthened legislative measures.* For instance, guided by
the Convention on Long-range Transboundary Air Pollution
(CLRTAP) and the National Emissions Cap Regulation (NECR),
the UK government promised to reduce NO, emissions to 73%
of 2005 levels by 2030.'° Despite these efforts, the annual growth
rate of global NO, emissions has not decreased and remains
from 2 to 8 TgN per year."* These NO, emissions pose a great
threat to humans, animals, and plant ecosystems.*"

To lower NO, emissions in the air, one emerging strategy is
to use photocatalysts that can oxidise NO, emissions to more
benign nitrates. This technology often involves the application
of the semiconductor photocatalyst titanium dioxide (TiO,)
onto a variety of building materials, such as concrete,"
ceramics," and glass,''® resulting in so-called “self-cleaning
surfaces”.”” The selection of TiO, is not only due to its high
hydrophilicity, which contributes to the self-cleaning effect, but
also because TiO, has been one of the most successful photo-
responsive materials to date, which has been widely employed
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in photocatalytic indoor environmental remediation'® and in
other photo-electron applications such as energy storage.'>*

A typical process of employing self-cleaning surfaces in NO,
photocatalytic degradation is shown and described in Fig. S17
and eqn (1)-(7). In detail, when TiO, is exposed to ultra-
bandgap light, electrons are excited from its valence band
(VB) to its conduction band (CB). The electrons in the CB (e, )
can reduce oxygen in the air and form superoxide radicals (O, ),
which react with NO and a proton to produce nitric acid (HNO3).
Meanwhile, the holes in the VB (hy,") can oxidise water to
produce hydroxyl radicals (OH*), which undergo a series of
chemical reactions to produce HNO;. The resulting HNO; can
be easily rinsed off by rainwater, ensuring safe removal into the
urban drainage system when applied in cities.***?

TiO, + v — eq + hyp' 1)
H,O + h,," — H" + OH* (2)
ep T0, = O (3)

0, + NO + H" — HNO; (4)
NO + OH* — HONO (5)
HONO + OH* — NO, + H,0 (6)
NO, + OH* — HNO; )

Many studies have validated the effectiveness of employing
TiO, for NO, remediation in a range of building materials. For
example, in 2009, Hiisken et al.*® reported that TiO, modified
concrete was able to achieve up to ~39% NO, removal efficiency
using ISO test conditions. In 2014, Angelo et al.** noted a ~70%
NO conversion under ISO test conditions with a TiO,-enhanced
paint using Cristal ACTiV™ PC500. And in 2016, Wang et al.>®
showed that TiO,-modified asphalt was able to convert ~67% of
NO under ISO test conditions also.

With regard to glass, the photocatalytic NO, removal effi-
ciency of TiO,-coated windows has rarely been reported, and
where it has been, has tended to show lower NO conversion
levels compared with other building materials.*****” Although
this indicates that further optimisation is required to produce
TiO,-coatings on windows with enhanced photocatalytic NO,
removal efficiency, it has been proposed that this lower
observed performance may be compounded by the intrinsically
smooth and low surface roughness of window glass.?® Although
windows were one of the first building materials to be coated
with TiO, for photocatalytic purposes,*® to date, it has been
marketed for general purpose self-cleaning, and not specifically
for remediating NO,.* As a result, the potential to use TiO,-
coated windows for NO, remediation is a largely under-explored
topic and necessitates further research. Nevertheless, when
developing photocatalytic coatings for windows, one should
bear in mind the strict optical requirements for general purpose
applications of windows, in that they should retain a high
visible light transparency and maintain low haze.
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TiO, coatings on window glass are commercially produced
using atmospheric pressure chemical vapour deposition
(APCVD).* Typically, APCVD utilizes low boiling point precur-
sors and complex conditions to control the properties of the
coating on the substrate. Many synthetic variables of the APCVD
process, such as deposition temperature and synthesis time,
can affect the physicochemical properties and photocatalytic
efficiency of the coating formed. For example, Nolan et al.*
found that increasing the deposition temperature reduced the
average particle size in the TiO, coating from ~84 nm at 500 °C
to ~37 nm at 900 °C. In addition, Cabrera Quesada-Cabrera
et al®* highlighted that altering the carrier gas flow rate can
result in changes in coating thickness, with thicker films
tending to exhibit greater photocatalytic activity.

Herein, we applied APCVD to synthesize TiO,-coated glass,
varying the synthetic parameters in a systematic manner to
produce 58 distinct samples. These parameters included our
precursor choice, deposition temperature, synthesis time, and
precursor bubbler temperature. A comprehensive analysis of
their impact on the physicochemical properties of the TiO,
coatings was carried out, which included the measurement of
the average crystal size, optical bandgap, surface roughness,
and photogenerated charge carrier behaviour (population and
decay kinetics) and photocatalytic NO, activity. It is also worth
noting that this research is the first to explore the links between
APCVD synthesis parameters, TiO, coating properties, and
photocatalytic NO, conversion efficiency.

Machine Learning (ML) is an efficient and popular tool that
is able to reveal complex non-linear correlations between poly-
dimensional data (>5 dimensions) and make precise predic-
tions beyond the scope of existing experimental data.***
Compared to traditional optimisation and analysis methods,
such as orthogonal methods, ML algorithms can handle larger
datasets with more intricate interactions, and offers a more
comprehensive understanding of the statistical relationships
among all tested and measured features. Recent academic
reviews have highlighted the successful application of ML in
high-performance photocatalyst discovery,*** demonstrating
its advantage in identifying novel materials and optimizing
synthesis conditions with a higher degree of accuracy and effi-
ciency compared to traditional experimental design
approaches. Herein, based on the data set obtained from the
experiments in this article, we compared the accuracy and
robustness of various ML strategies for predicting the photo-
catalytic NO, performance of TiO,-coatings on window glass
from the APCVD synthetic parameters chosen and physico-
chemical properties measured. Using the optimal ML strate-
gies, we were able to work backwards and gain insight into the
physicochemical properties that influence photocatalytic
activity the most. Considering the general purpose require-
ments when developing photocatalytic coatings for windows,
(i.e., in that they should maintain high visible light trans-
parency and low haze), this paper establishes a new metric that
considers both the visible light transmission and photocatalytic
activity of the sample. Importantly, this metric was used to
validate our ML predictions, where a new TiO,-coated glass

This journal is © The Royal Society of Chemistry 2024
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sample was grown in accordance with these predictions and
showed a high performance in this metric.

It is worth noting that this article marks the first study to
systematically explore the relationships between APCVD
synthesis parameters, TiO, coating properties, and photo-
catalytic NO, conversion efficiency using ML strategies. We
believe that this novel approach will not only provide pivotal
guidance on the future industrial production of TiO, coatings
on window glass for photocatalytic NO, remediation, but also
provide a more general approach to the optimisation of pho-
tocatalytic active thin films for a range of processes.

2 Experimental
2.1 Glass substrate pre-treatment

In a typical process, barrier glass (5 cm x 10 cm X 0.22 cm)
with an additional one-side SiO, coating to avoid ion diffusion
was selected as the coating substrate.’® The glass was then
successively cleaned using a diluted detergent solution (50 vol%
detergent: 50 vol% water, Teepol®), followed by rinses with
deionised water, acetone (Reagent Grade, BDH Chemicals UK),
and isopropanol (Reagent Grade, BDH Chemicals, UK). Each
cleaning step was carried out under an ultrasonic environment
for 10 min to remove surface dust and organic solvents. The
cleaned glass substrates were dried using a nitrogen flow and
subsequently positioned at the distal end of the CVD apparatus,
as illustrated in Fig. S2(a).t

2.2 APCVD synthesis of TiO, coatings on glass

TiO, coating on glass was achieved by thermal decomposition of
low boiling-point Ti- precursors using APCVD (Fig. S2(a)t). Tita-
nium tert-isopropoxide (TTIP, 97%, Sigma-Aldrich), titanium n-
butoxide (TiBu, 97%, Sigma-Aldrich), or titanium tert-ethoxide
(TiEt, 33-35% Ti, Acros Organics) was injected into a double-
necked flask (herein referred to as the bubbler) with a typical
volume of 6 ml. The bubbler was then heated to the designated
temperature using an isomantle, which resulted in the genera-
tion of precursor vapours. Meanwhile, the CVD reactor was
heated with a cartridge heater (Watlow Firerod) until the depo-
sition temperature was reached, which was maintained for at
least 5 min before starting the reaction. High-purity nitrogen gas
(99.99%, BOC®) was used as an inert gas to provide an oxygen-
isolated environment in the CVD reactor and carrier gas for the
precursor vapours. In this experiment, the CVD reactor temper-
atures ranged between 350 and 600 °C, bubbler temperatures
ranged between 100 and 220 °C, and synthesis times varied from
1 to 27 min. It is important to emphasize that the studied ranges
of various parameters for each precursor differ quite substan-
tially. For instance, because of differences in precursor vapor-
isation points, the bubbler temperature for the TiO, coatings
produced from TTIP ranged from 100-200 °C, whereas for TiBu,
it ranged from 140-220 °C. Also, the synthesis time for the TTIP
group ranged from 1-5 min with 1 min intervals, while for the
TiBu group, it ranged from 3-27 min with 6 min intervals (in the
case of TiEt can be found in Table S1t). Post APCVD synthesis, all
TiO, coatings were annealed at 500 °C for 2 hours in air.

This journal is © The Royal Society of Chemistry 2024
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2.3 Sample characterisation

The crystal properties of the coatings were measured using X-
ray diffraction (XRD). Patterns were obtained using a Bruker®
D2 Phaser diffractometer equipped with a CuK, source (A =
1.5406 A). The angular range of the collected patterns was set
between 10° < 26 < 80° with a step size of 0.02° counted at 1 s per
step. The crystal size of the sample was calculated using the
Scherrer equation,” and the preferential orientation of the
anatase phase (101), (200), (211), and (220) crystal planes was
quantified using the Harris method,*® where I(hkl); denotes the
observed peak intensity for the specific hkl plane, Iy(hki);
represents its standard intensity, and » is the count of diffrac-
tion peaks taken into account (eqn (8)):

I(hkl), /Io(hkl),
(%) UCTINICEN

P(hki), = (8)

Optical characterisation was conducted using a Shimadzu
UV-2600 spectrometer, over a spectral range from 200 to
1000 nm. Comprehensive analyses, which included both
absorbance and transmittance spectra, facilitated the estima-
tion of the coating thickness and bandgap through the Swane-
poel method*® and the Tauc method,* respectively. The average
visible light transmittance (VLT) of each sample was deter-
mined by averaging transmission data from 380 to 750 nm.*!

High Resolution-Scanning Electron Microscopy (HR-SEM)
was performed using a Zeiss Auriga FIB-SEM to determine the
surface morphology and particle size of selected samples. A
10 nm chromium layer was sputtered before imaging using
a Safematic® CCU-010 Sputter coater. Atomic Force Microscopy
(AFM) was performed under ambient conditions with an
Agilent™ 5500 and aluminium-coated silicon tips (Tap300AL-
G). Samples were then analysed using Gwyddion 2.60° to
determine the surface area and mean square roughness.*?

Transient Absorbance Spectroscopy (TAS) was employed to
measure the population and lifetime of photogenerated charge
carriers in the TiO, coatings.**** A Nd:YAG laser (355 nm, 6 ns
pulse width, OPOTEK Opolette 355 II) served as the pump light,
generating 355 nm UV light from the third harmonic (~2.54 m]
cm ™~ per pulse) and a 100 W Bentham IL1 quartz halogen lamp
was used as the probe light, positioned in front of the sample
with a long pass filter (1 > 400 nm) and a monochromator (600
nm). A Si PIN photodiode (Hamamatsu S3071) recorded the
change in transmitted light after each UV laser excitation cycle
(0.667 Hz), and each TAS trace was the result of averaging 100
scans. Data at times faster than 3.6 ms were recorded with an
oscilloscope (Tektronix DPO3012) after passing through an
amplifier box (Costronics), whereas data slower than 3.6 ms
were recorded on a National Instrument DAQ card (NI USB-
6251).

2.4 Photocatalytic NO, activity test

The photocatalytic NO, activity of each TiO, coating was tested
according to ISO 22197-1:2016, with a slight modification.** In
detail, a 2 x 15 W UVA lamp was utilized as the illumination
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light source, and the distance from the light source to the
sample was maintained to ensure that a light intensity of 1.0
mW cm~? illuminated the sample surface. The sample was
placed in a gas-tight chamber topped with an acrylic lid, with an
illustration of the gas flow over the sample shown in Fig. S2(b).}
The gas flow rate inside the chamber was set to 1.0 L min ™" by
adjusting the ratio of nitric oxide (NO, 99.99%, BOC®) and air
using mass flow controllers (Bronkhorst, EL-FLOW Select). The
NO concentration was maintained at ~3.0 ppm at a relative
humidity of ~50%. At the start of each reaction, samples were first
exposed to the NO gas stream in the dark for 10 min. Subse-
quently, the UVA light source was turned on, and the light test was
run for 30 min. Following this, the UVA light was turned off and
the sample was exposed to another 10 min of the NO gas stream
in the dark before being removed from the chamber. The NO and
NO, levels were measured continuously during the reaction using
a chemiluminescence NO, analyzer (Serinus 40, Ecotech®). The
degree of photocatalytic NO/NO, conversion and propensity to
form NO, (i.e. NO, selectivity) were calculated (eqn (9)-(11)):

NOJ. — [N
Noconvcrsion = % X 1000/0 (9)
Nox conversion — % x 100% (10)
NO
NO, selectivity — ﬁ x 100% (11)
in out

in which [X] represents the concentration of the gas ‘X’ in ppm,
in and out in subscripts mean gas concentration measured
during the dark period and light period.

2.5 ML strategies and modelling

The running environment for the machine learning code was
facilitated through the Anaconda® platform integrated with
Python 3.11. Machine learning algorithms were executed
through the Scikit Learn package 1.3.2.*¢

In this study, to achieve better prediction results, we
compared six different ML strategies on the experimental
dataset. The initial three strategies are:

2.5.1 Parameter oriented prediction. Only the synthetic
parameters were used to predict the corresponding photo-
catalytic NO and NO, activity.

2.5.2 Property oriented prediction. Only the measured
physicochemical properties of the coatings were used to predict
the corresponding photocatalytic NO and NO, activity.

2.5.3 All-feature oriented prediction. Both the synthetic
parameters and measured physicochemical properties of the
coatings were used to predict the photocatalytic activity.

Two novel approaches (strategies 4 and 5) were introduced
herein. The advantage of these two strategies is that they can
predict the photocatalytic performance only through synthesis
parameters without retesting the physicochemical properties
for simulated data, while also being able to output the impor-
tance of the physicochemical properties simultaneously. The
detailed description of them is as follows:

13284 | J Mater. Chem. A, 2024, 12, 13281-13298
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2.5.4 Property-prior prediction. This strategy includes a 3-
step workflow. In the first step, a series of models are trained to
individually predict each physicochemical property based on
the synthetic parameters. In the second step, a model is trained
to predict the photocatalytic activity based on the measured
physicochemical properties. Finally, the model is applied by
first predicting the physicochemical properties and then using
these values to predict the photocatalytic activity. This approach
is beneficial since we do not have full coverage of all physico-
chemical properties for all materials.

2.5.5 Modified property-prior prediction. Based on prop-
erty-prior prediction, this strategy also includes the synthetic
parameters when predicting the photocatalytic activity in the
third step.

We also compared the above strategy with another strategy:

2.5.6 High property-prior prediction. Based on property-
prior prediction, this strategy uses the synthesis parameters,
predicted physicochemical properties, and real physicochem-
ical properties to predict the photocatalytic activity in the third
step.

A range of ML models, including Linear Regression, Random
Forest Regression, Support Vector Regression, AdaBoost
Regression, and XGBoost® Regression (Version 1.7.6), were
employed as the fundamental components in constructing the
ML strategies. To ensure optimal performance, hyper-
parameters were optimized using GridSearchCV coupled with
param_grids before each prediction.

In order to rigorously evaluate the prediction performance of
various strategies, especially adaptable to our two-tiered
prediction in strategies 4-6, we adopted Nested Cross-
Validation (NCV) based on the Leave-One-Out Method.”” The
core of NCV is its dual-layer validation mechanism;* an outer
loop segregates the preliminary data set into an external test set
(for model assessment) and a training set (designated for model
construction and encompasses internal cross-validation). For
a detailed description of NCV construction refer to Section
3.5.1.

For every ML model trained in this project, we automatically
evaluate all ML regressors listed above, each with their own
hyper parameter search to obtain the optimal results. This
approach was additionally followed in strategies 4-6, in which
ML models for each physicochemical property are trained
individually. Furthermore, due to the nature of the cross vali-
dation process, the optimal model could differ between splits of
the outer cross validation loop. This leads to a wide range of
model architectures employed in this project.

3 Results and discussion

APCVD was used to produce 58 unique TiO, coatings on glass as
described in Section 2.2. The nomenclature for each sample is
based on their synthesis conditions which can be found in
Table S1.f For instance, 001_TTIP_350_160_3 refers to the
sample designated as no. 001, where TTIP was utilized as the
precursor, the CVD deposition temperature and the bubbler
temperature were set at 350 °C and 160 °C, respectively, and the
synthesis was conducted for 3 min.

This journal is © The Royal Society of Chemistry 2024
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In this section, physical characterisation was first carried out
to gain a qualitative understanding of the impact each synthetic
parameter had on the physicochemical properties of the
samples produced. The analysis is substantiated from XRD, UV-
vis, SEM, AFM, and TAS results sequentially. Additionally, an
overview of the trends in photocatalytic NO, activity in relation
to the synthesis parameters is presented.

More quantitative correlations between the synthesis
parameters, physicochemical properties, and photocatalytic
NO/NO, activity are later revealed through ML-assisted statis-
tical approaches, with the predictive capability of different ML
strategies compared and a validation of ML simulated data
under the new metric.

3.1 Effect of CVD deposition temperature

Photographs of all 58 TiO, coatings are shown in Fig. S3,T with
two dominant types of appearance seen. One type of sample
exhibited a smooth surface, with oscillations between red and
blue shades seen due to variations in coating thickness,
a phenomenon often seen in coatings produced using a cold-
wall reactor design.*** The other type of sample, at deposi-
tion temperatures above 500 °C, was more opaque and hazy,
which originated from the formation of more nanostructured
and thicker films, giving the TiO, layer its well-known white
colour. All films were generally well adhered to the glass and
were not prone to detachment with handling. In some cases,
these thicker coatings were removed when rinsed with water.
Also, in some samples, some black/brownish colour was
observed, such as in sample 023_TiEt 600_160_3. This was
likely due to carbon contamination arising from the carbon-
isation of the Ti precursor.”>** Although most of this dark colour
was removed during the subsequent annealing process in air at
500 °C, some residual carbonation was seen in some samples.*’

The XRD patterns of select samples are shown in Fig. 1. XRD
of all 58 samples showed that the TiO, coatings predominantly
consisted of a pure anatase phase TiO, (I4,/amd,a = b = 3.784
A, and ¢ = 9.515 A),**** except samples 005_TTIP_550_160_3

View Article Online
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and 006_TTIP_600_160_3 that contained some rutile phase
TiO, (P4,/mnm, a = b = 4.594 A and ¢ = 2.959 A), with distinct
peaks seen at 26 = 37° and 68°, corresponding to the (101) and
(301) crystal planes of rutile, respectively.® Interestingly, the
observation of the rutile phase in samples produced using TTIP
may be attributed to the inherent properties of the precursor, as
it may undergo a different thermal decomposition pathway that
leads to the nucleation and growth of the rutile phase above
500 °C.*® However, only the anatase phase is seen in the XRD
patterns of samples fabricated using TiEt and TiBu as precur-
sors for all deposition temperatures explored herein. The
preferred orientation in the anatase phase Miller planes (101),
(200), (211), and (220) (corresponding to peaks at 26 = 27°, 48°,
55°, and 70°) was quantified for samples produced using TTIP
(Fig. S4t), TiEt (Fig. S5T) and TiBu (Fig. S6t), with no qualitative
trend seen by the eye for the deposition temperatures explored
herein (350-600 °C).** The average crystal size of the anatase
phase was also quantified, and again, for the deposition
temperatures explored, did not significantly differ, ranging
from ~20 to 30 nm in size.

UV-visible spectroscopy was employed to assess the optical
properties of the coatings (Table 1). Low light absorption within
the ultraviolet region to near-infrared region (380 nm to 1000
nm) was observed in most samples, with a sharp increase in the
ultraviolet region due to ultra-wide bandgap excitation of the
TiO, coating. The indirect bandgap of most samples was in the
region of 3.2 eV; consistent with the literature for anatase
TiO,.”” There was a trend for the bandgap to marginally
decrease with an increase in deposition temperature. Between
deposition temperatures of 350 and 500 °C, the VLT of samples
was high (~70 to 80%), whereas a significant drop in VLT was
observed when the deposition temperature increased to above
500 °C (~60 to 15%). This decrease in VLT is primarily linked to
the coexistence of rutile and anatase phases at high deposition
temperatures when TTIP is used as the precursor, forming
a more powdery, nanostructured coating.*® The decrease in VLT
with TiEt and TiBu might be attributed to the larger amount of
carbon contamination compared with TTIP. The presence of
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Fig. 1 XRD patterns illustrating the changes in the crystal phase, crystallinity and preferred orientation of select samples with changes in the

deposition temperature and Ti precursor.
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Table 1 Changes in the sample bandgap, VLT, and film thickness for TiO, coatings produced at a fixed bubbler temperature of 160 °C and

synthesis time of 3 min, but different deposition temperatures

Experimental synthesis conditions,
bubbler temperature: 160 °C, synthesis
time: 3 min

Measured optical properties

Deposition Indirect b Visible light Average thickness Thickness error
Precursor selection temperature (°C) andgap (eV) transmittance (nm) (nm)
TTIP 350 3.34 79.03 166 6.7
TTIP 400 3.42 68.6 417 5.7
TTIP 450 3.05 56.01 — —
TTIP 500 3.11 61.43 — —
TTIP 550 2.97 30.17 — —
TTIP 600 2.88 18.51 — —
TiEt 350 3.32 82.32 293 19
TiEt 400 3.29 80.24 340 7.4
TiEt 450 3.36 81.48 162 14.1
TiEt 500 3.27 71.09 712 7.9
TiEt 550 2.97 72.1