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Photocatalytic activity of undoped and Mn- and Co-doped TiO,

nanocrystals incorporated in enamel coatings on stainless steelt

Andrea Diego-Rucabado,®® Marina T. Candela,’ Fernando Aguado,’c Jesus Gonzalez,’c

Eugenio Gomez,d Rafael Valiente,? Israel Cano*?* and Rosa Martin-Rodriguez*bf

ABSTRACT: A series of undoped and transition-metal (TM)-doped TiO, nanocrystals (NCs) were
synthesized and calcined at different temperatures, and fully characterized. Such NCs were employed
as catalyst for the photodegradation of methylene blue, which enabled to study the influence of both
NCs size and anatase/brookite/rutile phases ratio on the photocatalytic activity, as well as the effect of
different TM dopants, namely Mn and Co. Then, the NCs were used as active additive for the fabrication
of a new photocatalytic system composed of an enamel incorporating these NCs supported onto a
stainless-steel sheet. NCs both in powder form and incorporated in enamels deposited on steel were
characterized by transmission electron microscopy, X-ray diffraction, and reflectance and Raman
spectroscopies. We demonstrate how the calcination of TiO, NCs induces both a growth in the anatase
ratio and formation of rutile form, which leads to a photocatalytic activity increase. Similarly, doping
with Mn and Co gives rise to an enhancement of the catalytic performance attributed to a displacement
of the energy bandgap. The obtained material combines the resistance of steel and the photocatalytic
activity of TiO, deposited on enamel, which also operates as a corrosion protection layer for the former.
The resulting smart photocatalytic surface presents many applications as a self-cleaning coating and

potential use for NOx photodegradation.
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INTRODUCTION

Nowadays, environmental pollution constitutes one of the most urgent problems' and thus the
development of more efficient air and water decontamination treatments has become an increasingly
important research area.” In this context, air and water treatment can be achieved through photo-
oxidation processes catalysed by semiconductor catalysts.’* Among them, titanium oxide (TiO,) is the
most widely employed photocatalyst to decompose organic and inorganic compounds in polluted water
and air,*>¢ since the first report of Frank and Bard in 1977, where the reduction of CN- in water
catalysed by TiO, was reported.” This semiconductor exhibits multiple interesting properties that makes
it a very suitable photocatalyst for this type of processes, including low cost, high photocatalytic
activity, low toxicity, and high thermal and chemical stability.> Specifically, TiO, nanoparticles (NPs)
have shown a particular ability to perform this transformation due to their high surface-to-volume ratio,
which results in an increase of the number of active sites and thus leads to a higher catalytic activity.?
Furthermore, the band gap of semiconductor nanomaterials is size-dependent, which can be employed
to control the photocatalytic process through an effective tuning of redox potentials of generated
electron/hole pairs.® However, a decrease or total loss of activity can be produced as a result of NPs
aggregation. As a strategy to solve this problem, TiO, NPs can be dispersed and immobilised on a
support, leading to more stable catalysts by preventing agglomeration. Different supports have been
employed to immobilise TiO, NPs, such as SiO,,” carbon nanotubes (CNTs),!® multiwalled carbon
nanotubes (MWCNTs),!! graphene,!® activated carbon,'!? glass,!® zeolite,'* clay,"” diatomite,'
ceramics,3®!7 and stainless steel.!® In this context, nanosized TiO, can be supported on glazed
surfaces!3»17419:2021.22 or incorporated into enamels!”?324 to generate smart photocatalytic materials
with self-cleaning properties that may additionally serve as an interesting functionality for different
applications. Particularly, a large body of literature has emerged describing the use of these functional
materials as coating for high solar power receivers,?'c electrical lines,?'* reactors,'3® sanity wares,?!'s
building’s indoor and outdoor applications,?>23 and construction elements like floorings, glasses,
roofing, and walls, tunnels and subway panels.!”20-23

In this work, we describe a new photocatalytic surface composed of an enamel containing 5% of TiO,
NCs supported onto a stainless-steel substrate. This material combines the resistance of steel and the
photocatalytic activity of TiO, deposited on enamel, which also acts as protecting layer for the former.
The resulting smart photocatalytic surface holds great potential for use in a variety of applications such
as self-cleaning coating used in means of transport (ships, trains), reactors to remove dye pollutants in
wastewater from textile industry, water tanks, or boilers and vessels for food and water.

Firstly, the influence of both NCs size and anatase/brookite/rutile phases ratio in the photocatalytic
properties has been analysed. It is generally accepted that although anatase shows better performance
due to its higher Fermi level and indirect gap, the photocatalytic activity is maximized for a composition

of ca. 70% anatase and 30% rutile.>> However, there is still an open controversy and contradictory
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results regarding this synergistic effect between anatase and rutile phases.?®?” In addition, the brookite
form is also photocatalytically active, and thus its effect in a mixture of different TiO, phases should
not be ignored.”® Secondly, the effect of different transition metal (TM) dopants on the catalytic
performance was studied, since the modification of TiO, bandgap with TM may induce a shift of its
spectral response towards the visible region and increase the activity of the photocatalytic
material.®®1%2 To this end, not only undoped but also Mn- and Co-doped TiO, NCs were synthesized,
integrated on the surface of an enamel, and supported onto stainless steel sheets. NCs both in powder
form and immobilised on enamels deposited onto steel were fully characterized by different techniques,
such as X-ray diffraction (XRD), transmission electron microscopy (TEM), as well as Raman and
reflectance spectroscopy. The photocatalytic activity of the designed systems was evaluated using the

photodegradation of methylene blue (MB) in water as a model reaction.

EXPERIMENTAL
1. Materials

Urea (99.5%, Merck), titanium (IV) isopropoxide (>99.995%, Sigma-Aldrich), manganese(II) chloride
tetrahydrate (99%, Alfa Aesar), cobalt(Il) chloride hexahydrate (99%, Riedel-de Haén) and methylene
blue (82%, Panreac), were purchased from commercial sources. All chemicals were used without any

further purification. All manipulations were performed in air atmosphere.
2. Synthesis of TiO, nanocrystals

The TiO, NCs analysed in this work consist of two groups of samples synthesized by a method adapted
from the procedure described by Lusvardi et al® Interestingly, this synthesis procedure produces
crystalline anatase and brookite TiO, NCs. Briefly, titanium isopropoxide was added dropwise to an
aqueous solution of urea (1:0.5 Ti:urea ratio) and the mixture was stirred at 50 °C for 60 minutes. Then,
the solution was heated up at ca. 85 °C under stirring to remove the excess water, obtaining the
nanocrystalline TiO, powder. The TM-doped samples were prepared by adding stoichiometric amounts
of the corresponding metal chloride to the urea solution. A subsequent calcination process was
performed in order to remove the urea excess and increase the rutile ratio.

The first set of NCs presents three samples (T1-T3): the as-obtained NCs, NCs subjected to a thermal
treatment of 600 °C for 2 hours, and NCs calcined at 800 °C for 2 hours. The second group of samples
comprises TiO, NCs doped with 5 mol% of Mn and Co, both as-prepared and calcined at 600 °C (T4-

T7). Table 1 summarizes the studied NCs and the experimental parameters employed in each synthesis.



Reaction Chemistry & Engineering

Table 1 Summary of the undoped and TM-doped TiO, NCs.

Sample TM dopant Calcination temperature (°C)

T1 -- -—-
T2 -- 600
T3 -- 800
T4 5% Mn -
T5 5% Mn 600
T6 5% Co -
T7 5% Co 600

3. Preparation of the supported photocatalyst

In order to prepare the support, two types of enamels were deposited on stainless steel sheets (ACO1EK
quality with 0.08% carbon content): firstly, base enamel and, secondly, coat enamel. In both cases, the
precursors (enamel frit, clay, NaAlO,, urea and water) were ground in a ball mill to obtain a suspension
with density of ca. 1.75-1.80 g/mL.

The base enamel was deposited onto the stainless steel sheets and dried at 100 °C. Subsequently, this
base enamel was vitrified by heating at 840 °C for 3 min. After cooling down, the coat enamel was
deposited on the vitrified base enamel, dried at 100 °C and vitrified by heating at 830 °C for 3 min. The
resulting vitrified coat enamel shows a thickness of ca. 150 um, while the base enamel exhibits a
thickness around 120 um.

To prepare the supported photocatalyst (5% TiO,), NCs were mixed with a serigraph-type oil (mainly
composed of acrylic resins and propylene glycol ester in a 2:5 w:w ratio) to obtain an appropriate
viscosity. The mixture was deposited on the prepared support (enamel onto stainless steel sheets) by

indirect serigraphy and vitrified by heating at 700 °C for 15 min.
4. Structural and optical characterization

4.1 X-ray powder diffraction

Crystal structure and particle size of all synthesized samples were studied by XRD. XRD measurements
were performed either in a Bruker D8 Advanced diffractometer equipped with a Cu tube (wavelength:
<Ko, >= 1.5418 A) and a fast Lynxeye 1D-detector, or in a Bruker D2 Phaser diffractometer with a
Cu tube and a 0D Xflash detector. Both the starting synthesized NCs and the prepared supported
catalysts were measured in the 10-120° range (20) for phase identification and quantification as well as
structure refinement. The Rietveld method was applied to patterns from all the samples for the structural

analysis. Microstructural parameters were determined from the whole powder pattern fitting through a
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convolution procedure as implemented in the software TOPAS.3! Average crystallite sizes were
determined based on the Double Voigt approach (size and strain contributions).?? The instrumental line
broadening was determined from the Fundamental Parameters approach® as well as the standard
method (LaB4 sample).

4.2 Transmission electron microscopy

Morphology and size distribution of TiO, NCs were analysed through TEM images obtained with a
JEOL JEM 1011 equipped with a high-resolution Gatan CCD camera. NCs were dispersed in ethanol
and a small drop was deposited on the copper grids.

4.3 Raman spectroscopy

Raman spectra were obtained with a SM245 spectrophotometer equipped with a CCD detector, and a
solid-state laser emitting at 785 nm and focused on the sample with a 20X objective. The spectra were
acquired in the range 80-900 cm-!, with a resolution higher than 5 cm!, a laser power of 150 mW and
acquisition time of 60 seconds. Complementary analyses were performed with a T64000 Raman
spectrometer (Horiba), employing as detector a nitrogen-equipped CCD coupled to a confocal
microscopy using the 514.5 nm line of a Kr*-Ar*-laser.

4.4 Optical spectroscopy

Reflectance spectra were registered in the 200-1000 nm spectral range using a Varian Cary 6000i
spectrophotometer equipped with a polytetrauoroethylene-coated integrating sphere, two light sources,
a quartz halogen lamp for the visible region and a deuterium lamp for the ultraviolet (UV), and two
detectors, a Hamamatsu R928 photomultiplier for the visible region and an InGaAs detector for the near

infrared.

5. Photocatalytic study

The photocatalytic performance was analysed by studying the degradation of a MB solution under UV
radiation according to the ISO 10678 International Standard method.’* For comparison purposes, all
samples were tested using the same experimental conditions as follows. TiO, NCs (10 mg) were
dispersed in a solution of MB in water (150 mL, Cy = 10 uM) and irradiated from the top with a UV
LED lamp (395 nm, 22 W) at room temperature (RT). In the case of supported TiO, NCs, the catalytic
material shaped like a plate (5 x 5 cm?) was activated with the UV lamp for 48 h. Next, the solution of
MB in water (100 mL, Cy = 10 uM) was added and the degradation assay was carried out under the
same conditions as described for non-supported TiO, NCs. In parallel, the supported photocatalyst was
placed in 150 mL of a 10 pM MB solution and left in the dark for 24 h. A slight reduction of the MB
solution concentration as a result of an adsorption process was observed.

The absorbance of the MB solution was measured every 1 h for 24 h, and the photocatalytic activity

(PA) was determined from the reduction of the absorbance 4, which is proportional to the MB solution

Co—C Ap—A
concentration, C, according to PA(%) = OCO -100 = OAO - 100, where C, and A, are the initial




Reaction Chemistry & Engineering

solution concentration and absorbance, respectively. The obtained values were appropriately corrected

with the adsorption contribution in all photocatalytic activity measurements (% MB degradation).

RESULTS AND DISCUSSION

1. Optimization of TiO, NCs by tailoring the anatase/brookite/rutile ratio and doping with TM

cations

Firstly, the influence of the thermal treatment on the anatase/brookite/rutile ratio of the so-obtained
TiO, NCs was analysed. In particular, the following samples have been studied: TiO, NCs without
thermal treatment (T1), and calcined at 600 °C (T2) and 800 °C (T3). Figs. 1 and S1F show the XRD
patterns of the aforementioned TiO, samples as raw nanocrystalline powder. Since the synthesis of TiO,
NCs was carried out at RT, the anatase phase is predominantly generated (Table 2, entry 1). In addition,
a considerable amount of brookite form was also observed. Thus, the application of thermal treatments
at different temperatures was performed to generate the rutile phase and study the effect of
anatase/brookite/rutile ratio on the photocatalytic activity.>®> As expected, XRD analyses show an
increase in the rutile ratio after calcination. Specifically, upon heating at 600 °C NCs present 7.8% of
the rutile form, while at 800 °C a complete transformation to rutile phase occurs (Table 2, entries 2 and

3). Moreover, the brookite form was totally removed at 600 °C (Table 2, entry 2).

T

100 — Ycalc
— Diff
80 4 Anatase
| Brookite |
- I Urea
S 60 -
S
£ 40- .
<3
(/2]
20 \ Il R R TR TRl o \
] O R R T T R T O T e Rt
R N I R RN R
O-WW\MW*WW
T T T T T T T T T i
20 40 60 80 100
20 (deg)

Fig. 1 XRD diffraction pattern of non-calcined undoped TiO, NCs (T1).

The NCs size estimation from XRD increases with the calcination temperature as a result of NCs

sintering (Table 2). This trend was corroborated by TEM results (Fig. 2).
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200nm 200 nm 200 nm

Fig. 2 TEM images of undoped (a) non-calcined TiO, NCs (T1); (b) TiO, NCs calcined at 600 °C (T2);
(c) TiO, NCs calcined at 800 °C (T3).

Table 2 Summary of crystallite sizes and anatase/brookite/rutile ratios obtained by XRD and TEM for
undoped TiO, NCs.

Sample 7 (°C)* Ana:Ru:Bro Size,,, (nm) Sizeg, (nm) Sizeg, (nm) Sizergy (nm)

T1? — 68.3:—:31.7 4.8+0.1 - 3.1+0.2 54+29
T2 600 922:78:— 29.7+0.5 59+2 - 34+11
T3 800 0.5:99.5:— n/a 102 + 4 - 77+15

@ Calcination temperature. ® 10% urea.

The Raman spectra of T1-T3 samples are shown in Fig. 3. The Raman spectra of T1 and T2 are
dominated by the bands associated to the anatase phase, centred at 147 (E,), 398 (By,), 515 (A, + Byy)
and 638 cm! (E,).*® In addition, the presence of a peak located at about 312 cm™! (By,) in the spectrum
of T1 reveals the presence of the brookite form in this sample,” while the peak at 1002 cm! corresponds
to the NCN symmetric stretching mode of the remaining urea.*® On the other hand, the spectrum of T3
exhibits the typical bands at 228 (two phonon scattering), 449 (E,) and 607 cm™! (A,) belonging to the
rutile phase.3”3? The spectrum of T3 also shows a small peak at 141 cm! associated to the E, active

mode of anatase. These results are consistent with those obtained by XRD.
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Fig. 3 Raman spectra of undoped TiO, NCs; black, non-calcined TiO, NCs (T1); red, TiO, NCs calcined
at 600 °C (T2); and blue, TiO, NCs calcined at 800 °C (T3).

Secondly, doping with TM ions has been previously reported to be an efficient strategy to improve the
photocatalytic activity of TiO, NCs.%’ In this work the incorporation of Co and Mn has been analysed.
Figs. 4 and S21 and Table 3 show the XRD diffraction patterns and the ratios between the different
TiO, phases and their corresponding crystallite sizes for NCs doped with 5% Co and 5% Mn. The non-
calcined TiO, NCs (T4 and T6, Fig. S2+) exhibit high brookite phase ratios (>30%) and small crystallite
sizes (<5 nm). On the other hand, T5 and T7 (Fig. 4) consist of NCs calcined at 600 °C and thus, as
expected, the NCs show bigger sizes than non-calcined NCs. Besides, the amount of brookite phase
decreased or even disappeared (Table 3), similarly to the undoped TiO, NCs. For Co-doped TiO, NCs
(T7) only the anatase phase was observed upon calcination at 600 °C. In addition, a small amount (<8%)
of CoTiOj; ilmenite-type structure was also detected.*! Interestingly, the NC size was found to increase
in the order brookite<anatase<rutile. Indeed, a similar trend was previously observed by other authors.*?
The nanocrystalline size has also been estimated from TEM images (Figs. S3-S67) and included in
Table 3. These sizes observed by TEM are in good agreement with those determined from XRD,

indicating single domain NCs.
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Table 3 Summary of crystallite sizes and anatase/brookite/rutile ratios obtained by XRD and TEM for
TM-doped TiO, NCs.

SizeAna SizeRut SizeBm SiZCTEM
Sample Dopant Calcination T (°C) Ana: Ru: Bro
(nm) (nm) (nm) (nm)
T4 5% Mn — 62.7:—:37.2 44+0.1 — 2601 54+20
T5 5% Mn 600 86.7:3.0:103 228+£05 37+4 12.0+0.7 30.7+9.7
T6 5% Co — 59.1:-:40.0 4.1+0.2 - 1.7£0.1 47+15
T74 5% Co 600 100 :—:— 272+0.7 - — 36 +29
@7.9% CoTiO;
T T T T T T T . T5 T T T T T T T ; T7
100 (a) — veale 1 100 (b) —— Yeale
1 —— Diff 1 1 —— Diff
804 I Anatase ] 804 I Anatase ]
I Brookite
- ] I Rutle | ~ ]
3 60 E 3 604
s s
r-E 40 3 401
<3 =2
(73] 1 (2]}
204 I il [N nmm [T 204
1 | | (1 1 AR T N A IHHI\I\HIH_ 1
| [ [ [ A O e O I O R N TR 1
0 0
2|O 4IO 6|0 8|0 1(|)0
20 (deg) 20 (deg)

Fig. 4 XRD diffraction patterns of (a) Mn-doped TiO, NCs calcined at 600 °C (T5); (b) Co-doped TiO,
NCs calcined at 600 °C (T7).

Fig. 5 shows the Raman spectra of TiO, NCs doped with Mn and Co, as-prepared and calcined at 600
°C (T4-T7). The Raman spectra are dominated by the bands corresponding to the anatase phase, in good
agreement with XRD data, similarly to T1-T3 samples. In the case of Mn-doped TiO, NCs, T4 (Fig.
5(a)) displays the characteristic bands of anatase phase, which are located at 149, 395, 514 and 631 cm
136 In addition, the peak at ca. 310 cm™! can be attributed to the B,, active mode of brookite.’” As
expected, an increase in the intensity of anatase bands is observed for T5 (from 62.7 to 86.7% anatase
by XRD). The small peak at 315 cm! corresponds to brookite (10.3% brookite by XRD), while no rutile
fingerprints are detected (below 3%).
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Fig. 5 Raman spectra of (a) Mn-doped TiO, NCs (T4 and T5); (b) Co-doped TiO, NCs (T6 and T7).
Black, non-calcined TM-doped TiO, NCs; red, TM-doped TiO, NCs calcined at 600 °C.

A similar result was obtained with Co-doped TiO, NCs. Both T6 and T7 spectra are dominated by the
peaks belonging to the anatase phase, with an increase in the intensity of these bands in T7 as a
consequence of the higher anatase content due to the calcination process. Interestingly, T7 also shows
a series of small peaks at 196, 263 and 332 and 687 cm™! corresponding to CoTiOj; ilmenite structure,*!

which supports the XRD observations.
2. Optical characterization of undoped and TM-doped TiO; nanocrystals

The optical characterization of the bandgap of undoped TiO, NCs, non-calcined and heated at 600 °C
and 800 °C, by reflectance spectroscopy is summarized in Fig. 6. The spectra clearly illustrate how the
NCs absorption bandgap is influenced by the calcination treatment. Specifically, the absorption edge is
centred at ca. 373 nm for the as-prepared sample (T1), and 391 nm and 408 nm for the NCs treated at
600 °C (T2) and 800 °C (T3), respectively. The red-shift of the bandgap towards the visible region with
the increase of calcination temperature is mainly ascribed to the presence of rutile phase,* in agreement

with XRD and Raman results.
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Fig. 6 Optical reflectance of undoped TiO, NCs; black, non-calcined TiO, NCs (T1); red, TiO, NCs
calcined at 600 °C (T2); and blue, TiO, NCs calcined at 800 °C (T3).

Figs. 7(a) and 7(b) show the optical reflectance spectra of TiO, NCs doped with 5% of Mn (T4 and T5)
and 5% of Co (T6 and T7), respectively. The main differences with respect to non-doped TiO, NCs (in
black) are the red-shift of the absorption edge and the presence of broad bands, which appear as a
shoulder overlapping the absorption edge. These bands can be ascribed to either TM ions absorption or
charge-transfer transitions between TM ions and the TiO, conduction or valence band, confirming the
incorporation of the TM into the TiO, structure.** For Mn-doped TiO, NCs, the reflectance spectrum of
the sample calcined at 600 °C (T5) is clearly different from the one obtained at RT (T4). This fact can
be related to the presence of different Mn oxidation states. Specifically, previous X-ray photoelectron
spectroscopy studies have shown that while the Mn oxidation state is 2+ for Mn-doped TiO, samples
prepared at RT, the presence of Mn** and Mn** is observed for samples calcined at temperatures higher
than 550 °C.* On the contrary, the shape of the reflectance spectra for Co-doped NCs is mostly
independent of the calcination treatment. This indicates that Co presents the most stable valence, 2+,
which is corroborated by the presence of a well-defined absorption band centred at 610 nm, related to
a d-d Co?" transition.*** Thus, the potential enhancement of the photocatalytic activity by doping with
these cations is associated not only with a displacement of the energy bandgap to the visible region, but
also to the introduction of additional energy states within the TiO, energy bandgap, particularly in the
case of Co-doped samples, which induces visible light absorption bands at higher wavelengths in the

visible range.
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Fig. 7 Optical reflectance of (a) TiO, NCs doped with 5% Mn; (b) TiO, NCs doped with 5% Co. Red,
non-calcined TM-doped TiO, NCs; blue, TM-doped TiO, NCs calcined at 600 °C. For comparison
purposes, non-calcined undoped TiO, NCs are shown in black.

3. Catalytic activity of TiO, NCs

We have investigated the photocatalytic activity of undoped and Co or Mn-doped TiO, NCs using the
degradation of MB in water under UV irradiation (395 nm) as a model reaction (Scheme 1),'%24 since

the use of this synthetic dye is recommended by the ISO/CD10678 regulation.?*

WosoWeueh Qﬂf
N

i

N
I

Scheme 1 Photocatalytic degradation route of methylene blue.

The degradation occurs when TiO, absorbs radiation of higher energy than its bandgap, which produces
the promotion of an electron from the valence band to the conduction band (e¢g) and creates a positive
hole (hyg"), thus generating an electron/hole (e'cp/h*yp) pair (eq. 1). Positive holes can oxidize water or
OH- and form "OH radicals at TiO, NCs surface (eq. 2-3). In addition, e'cg electrons can interact with
O, and generate superoxide (O,") and hydroperoxyl ("OOH) radical anions (eq. 5 and 7). These

radicals are extremely reactive oxidants and may degrade pollutants or organic compounds through an

oxidation process (eq. 4, 6 and 8).5-2447
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TiO, + hv — hyg + eca (1)
hvg + H,O — H* +"OH )
hyg + OH —> "OH (3)
"OH + organic molecule —> —> —> CO, + H,0 (4)
ecg+0, —>= 0, ®)
O, + organic molecule —> —> —> CO, + H,0 (6)
0, +H* — "OOH @)

*OOH + organic molecule —> —> —> CO, + H,0 (8)

To this end, TiO, NCs were dispersed in a solution of MB in water (for further details see Experimental
section) and irradiated from the top with a UV lamp (22 W, A = 395 nm LED). After a given time, the
concentration of MB solution (C) was determined using the absorption of the characteristic band of MB
at 664 £ 5 nm in the acquired UV—vis spectrum (Fig. 8). The photocatalytic efficiency for each TiO,
NCs is represented by the decomposition rate of MB, which is estimated by the equation:

C()—Ct AO_At

o X 100= —- 9)

d=

where d is the degradation rate, Cj is the initial concentration of MB solution and C; is the concentration
of MB solution after a specific irradiation time, ¢. 4 and 4, are the absorbance values at the maximum

absorption band at time =0 and time ¢.
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Fig. 8 Evolution of MB solution absorbance with time in a catalytic experiment mediated by (a) T1, (b)
T2, and (c) T3 undoped TiO, NCs. Conditions: MB (150 mL, 10 uM), TiO, NCs (10 mg), 22 W, A =
395 nm, at RT; black, =0 h; red, =1 h; blue, =8 h; green, t =24 h.
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Thus, a set of catalytic experiments was carried out to study the influence of NCs size, anatase/rutile
ratio and presence of TM dopants on the photocatalytic activity of TiO, NCs. Firstly, non-calcined TiO,
NCs (T1, Table 4), which contain a 68.3:31.7 anatase/brookite ratio and do not present rutile phase,
showed good catalytic performance and 72% MB degradation was observed after 24 h of reaction (Fig.
8(a)). Despite the much bigger size, the NCs calcined at 600 °C (T2) displayed higher photocatalytic
activity, leading to 93% MB degradation (Fig. 8(b)). This is attributable to both the increase in the
highly active anatase ratio and the formation of rutile phase as a result of the calcination process.*’
Indeed, it is reported that a mixture of anatase and rutile produces a synergistic effect for which
photoexcited electrons in anatase are transferred to the rutile conduction band.?® This promotes the
separation of photogenerated charge carriers and thus reduces the recombination of electrons and holes,
which is the main limitation in semiconductor-mediated photocatalysis.>*® In this context, Besenbacher
et al. described an optimal 40-80% anatase content (with the remaining amount of rutile) for MB
photooxidation catalysed by TiO, films.?¢ Nevertheless, Du, Yang et al. reported that the photocatalytic
activity of TiO, NPs is maximized for a composition of ca. 70% anatase and 30% rutile,>> while other
authors claim that there is no synergistic effect at all between anatase and rutile.?’

TiO, NCs calcined at 800 °C (T3) led to a slight decrease in the MB degradation in comparison with T2
(Fig. 8(c)). This can be related to the decrease in the anatase phase content, since, as previously
described, the photocatalytic activity of a combination of anatase and rutile polymorphs is higher than
that of the pure rutile.*® Specifically, T2 exhibits 92.2% anatase, while T3 presents 99.5% rutile form.
In addition, T3 shows much bigger NCs than T2, which also diminishes the catalytic activity. It should
be noted that the brookite form is also photocatalytically active and its effect must be considered.?
However, in this study the presence of brookite seems to be detrimental as compared with the catalytic
performance shown by anatase and rutile phases, as the activity increases with the decrease of brookite

content (Table 4).

Table 4 Photocatalytic degradation of MB mediated by TiO, NCs.*

Sample TM dopant Ana : Rut : Bro Size,,, (nm) Sizeg,,(nm) Sizeg,, (nm) MB degradation (%)

T1? - 68.3:0:31.7 4.8 - 3.1 72
T2 - 922:78:0 29.7 59.0 - 93
T3 - 0.5:995:0 60.0 102.0 - 90
T4 5% Mn 62.7:0:37.2 4.4 - 2.6 79
T5 5% Mn 86.7:3.0:10.3 22.8 37.0 12.0 82
T6 5% Co 59.1:0:40.0 4.1 - 1.7 75
T7¢ 5% Co 100:0:0 27.2 - - 86

¢ Reagents and conditions: MB (150 mL, 10 uM), catalyst (10 mg), 22 W, A =395 nm, RT, 24 h.” 10%
urea.©7.9% CoTiOs.
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Next, an experiment catalysed by TiO, NCs doped with 5% Mn was performed. The doping of TiO,
NCs with TM may lead to a decrease in the bandgap as a result of the formation of new energy levels,
which shifts the absorption edge towards the visible region and increase the activity of photocatalytic
TiO, NCs. Moreover, the presence of a TM can enhance the electron-hole pair separation, and thus
reduce the recombination of photogenerated charge carriers and increase their lifetime.>48 In line with
the displacement observed in the absorption edge towards the visible zone (Fig. 7(a)), an increase in the
MB degradation (79%) was achieved with Mn-doped TiO, NCs (T4), as compared to 72% degradation
obtained in the experiment catalysed by non-doped NCs (T1). In fact, the TM-doping effect on the
catalytic activity is clearly highlighted considering that T1 and T4 show similar nanocrystalline size
and anatase content. This trend continues when Mn-doped TiO, NCs calcined at 600 °C (T5) were
employed as catalyst, although the catalytic activity growth was lower than expected. Indeed, T5
displays lower activity than pure TiO, NCs calcined at 600 °C (T2). Thus, the ratio of different phases
may play a more important role than the NCs size here. Although TS5 is formed by smaller NCs, T2
exhibits a 92:8 anatase/rutile ratio, in contrast with the 87:3:10 anatase/rutile/brookite ratio shown by
T5. Therefore, T2 are again the most active NCs and it seems that there is indeed a synergistic effect
between anatase and rutile. Finally, TiO, NCs doped with 5% Co (T6) presented also slightly higher
activity (75%) than that obtained with undoped NCs (T1), in agreement with the absorption edge shift
observed in Fig. 7(b). The calcination of Co-doped TiO, NCs (T7) had a positive effect on the activity,
leading to 86% MB degradation. As TS5, these NCs exhibit less activity than pure TiO, NCs calcined at
600 °C (T2), which can be due to the absence of the synergistic effect provided by the combination of
anatase and rutile polymorphs (100% of pure anatase form).

The results presented in this section point out the clear influence of both the anatase/brookite/rutile ratio
and the presence of TM dopants on the catalytic performance of TiO, NCs. Specifically, the brookite
phase content decrease and the formation of rutile phase lead to an enhancement of catalytic activity,
which could be associated to the aforementioned synergistic effect between anatase and rutile phases.
In addition, the doping with TM also produces an improvement in the catalytic performance of TiO,
NCs. Both the optimisation of anatase/rutile ratio and the doping with TM lead to a shift in the
absorption edge towards the visible spectral region and thus an increase in the activity of TiO, NCs is
observed. Finally, it is worth noting that the employed synthesis method comprises the use of urea as
N-dopant source, which could increase the catalytic activity of the synthesized NCs.3’ However, this
possible positive effect of N-dopant on the photocatalytic activity of non-calcined NCs (T1, T4 and T6)
is not significant as these samples show lower activities than those of calcined NCs (T2, T3, T5 and

T7), which are obtained after a calcination treatment that eliminates such a component.
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4. Structural and optical characterization of photocatalysts based on pure and TM-doped TiO,

NCs incorporated in enamel coatings on a steel sheet

In this section several photocatalysts based on T1, T4 and T6 TiO, NCs immobilised on enamels
deposited onto steel sheets are presented (Fig. S7t). Figs. 9 and S8t show the XRD patterns of the
aforementioned supported photocatalysts based on T1, T4 and T6 samples. In comparison with the
starting NCs, several differences are observed in the diffractograms. The NCs in powder form exhibit
broader diffraction peaks due to the small nanocrystalline size, while the supported NCs present
narrower peaks and considerably worse signal to noise ratio probably due to the lower amount of TiO,
(ca. 5%). Additional peaks, present in both the pure and TM-doped samples, are detected in all the
diffraction patterns. They can be assigned to different phases, mainly silicates, arising from the mixture
used for the enamel preparation. No features from crystalline phases incorporating TM dopants
(particularly CoTiO3) have been found. All the non-TiO, phases have been considered together as a
single phase to roughly estimate their abundance, representing around the 20% in all the TM-doped

samples (see the refinements from Fig. 9).
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Fig. 9 Refinement of XRD diffraction pattern of pure TiO, NCs deposited on enamel supported onto
steel sheets (T1a). Major contributions belong to rutile and anatase TiO, phases. The rest of the peaks
appearing in the diffractogram have been modelled through a single phase for quantification purposes.

The XRD analyses (Table 5) show a growth in the particle sizes of the supported NCs with respect to
those of non-calcined TiO, NCs in powder form (Tables 2 and 3). This can be ascribed to the sintering
associated to the heating process carried out in the preparation of the supported photocatalysts (15 min
at 700 °C). Besides, similarly to the calcined non-supported NCs, the brookite phase was totally
removed, the rutile form appeared and the anatase ratio increased in the NCs incorporation process. The

three supported samples show similar relation between these phases, with ca. 75:25 anatase/rutile ratio.
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Table 5 Summary of TiO, NCs sizes and anatase/rutile ratios determined by XRD of supported samples.

Sample TM dopant Anatase : rutile ratio Size,,, (nm) Sizegr, (nm)
Tla - 72 :28 45 44
T4a 5% Mn 75:25 42 61
T6a 5% Co 76 : 24 23 25

The Raman spectra of Tla, T4a and T6a supported samples (Fig. 10) exhibit the typical peaks
corresponding to the anatase phase (144 (E,), 397 (By,), 514 (A + By,) and 639 cm! (E,)).*¢ In addition,
one band with lower intensity at 449 cm! associated to the E, active mode of rutile phase is also

observed.?”:39 As expected, the Raman analyses are in good agreement with XRD results.

Raman Intensity (arb. units)

T T T " T " T " T T 1
100 200 300 400 500 600 700

Raman shift (cm™)

Fig. 10 Raman spectra of TiO, NCs deposited on enamel supported onto steel sheets; black, pure TiO,
NCs (T1a); red, Mn-doped TiO, NCs (T4a); blue, Co-doped TiO, NCs (T6a).

Fig. 11(a) shows the optical reflectance spectra of undoped TiO, NCs both as nanocrystalline powder
(T1) and supported photocatalyst (T1a). The absorption edge is centred at ca. 377 nm for the supported
system, thus appearing slightly shifted to the visible region, compared to original TiO, NCs (373 nm).
This shift can be ascribed to the appearance of 28% of rutile phase at the temperature employed in the
NCs immobilization process on the enamel-coated steel sheet (700 °C). Fig. 11(b) compares the optical
reflectance of the enamel samples containing T1, T4 and T6 TiO, NCs deposited on steel sheets (T1a,
T4a and T6a, respectively). The absorption edge is centred at 372 nm and 382 nm for the enamels
obtained after the incorporation of NCs doped with Mn (T4a) and Co (T6a), respectively. Thus, the
three supported samples display comparable absorption edge values, in agreement with their similar

anatase/rutile ratio (Table 5). Besides, both the aforementioned charge-transfer transitions and the d-
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d Co absorption band centred at 610 nm are also observed in the TM-doped samples, although the

relative intensity is lower than the one observed for the starting powder NCs.
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Fig. 11 (a) Optical reflectance of synthesized (T1) (dashed line) and supported (T1a) (solid line) non-
doped TiO, NCs. (b) Optical reflectance of supported TiO, NCs; black, pure TiO, NCs (T1a); red, Mn-
doped TiO, NCs (T4a); blue, Co-doped TiO, NCs (T6a).

5. Catalytic activity of TiO, NCs deposited on enamel supported onto stainless steel

Finally, the supported samples containing pure and TM-doped TiO, NCs were employed as
photocatalysts. The main results are presented in Table 6 and Fig. 12. 16% MB degradation was
observed after 8 h of reaction (54% at 24 h) in the experiment catalysed by the sample T1a containing
non-doped TiO, NCs (Fig. 12a). By comparison, the sample T6a prepared with Co-doped TiO, NCs
exhibits higher activity, leading to an increase in the MB decomposition (35% after 8 h of reaction, Fig.
12¢). Since the three samples show similar anatase/rutile ratio (Table 6), the enhancement of catalytic
activity can be attributed to the effect of the TM dopant. In addition, T1a contains bigger NCs than T6a
and thus the size may play a role here. On the other hand, the sample containing Mn-doped TiO, NCs
(T4a) is less active (9% MB degradation after 8 h of reaction, Fig. 12b) than both T1a and T6a, which
could be due to the higher nanocrystalline size of rutile phase in T4a.*

We also carried out a number of experiments to study the recyclability of the TiO, NCs deposited on
enamel supported onto stainless steel. Through extraction of the MB solution followed by reactivation
with the LED lamp for 48 h, the supported photocatalysts T4a and T6a were reused in successive cycles.
A substantial reduction in the activity was noted in the third cycle (Figs. S9-S107), which can be due to
a gradual loss of the supported TiO, NCs as a consequence of the repeated catalytic cycles. Thus, the
supported samples display a limited potential for recyclability.
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Table 6 Photocatalytic degradation of MB mediated by TiO, NCs deposited on enamel supported onto
steel sheets.”

MB degradation (%)
Sample % TM dopant Anatase : Rutile Size,,, (nm) Sizeg, (nm)
8h 24 h
Tla -- 72 :28 45 44 16 54
T4a 5% Mn 75:25 42 61 9 35
Té6a 5% Co 76 :24 23 25 35 55

@ Reagents and conditions: MB (100 mL, 10 pM), catalyst (5 x 5 cm?), 22 W, A =395 nm, RT.

Although the results described herein might seem moderate when compared with those reported for
other nanosized TiO, systems either supported on glazed surfaces!3®!7219b-¢:20%¢21b¢ or contained in
enamels,!7>2%24 it is important to note that: (i) the supported samples employed in this study contains
only 5% of catalyst, and (ii) the experiments were performed under near-visible light (A = 395 nm) with
a low power LED lamp (22 W). Indeed, the use of a sunlight source with light intensity of ca. 500 lux
would certainly improve the catalytic results. Thus, we suggest that the presented photocatalyst based
on TiO, NCs show potential for a variety of applications as indoor and outdoor construction elements

like floorings, walls, tunnels or subway panels.
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Fig. 12 Evolution of MB solution absorbance with time in a catalytic experiment mediated by (a) T1a,
(b) T4a, and (c) T6a. Conditions: MB (150 mL, 10 uM), catalyst (5 x 5 cm?), 22 W, A = 395 nm, at RT;
black, =0 h; red, t =1 h; blue, t = 8 h; green, ¢ =24 h.

CONCLUSIONS

In summary, we have successfully employed a new family of undoped and Co- and Mn-doped TiO,
NCs as catalysts for the photocatalytic degradation of MB. In line with the displacement of the
absorption edge to the visible region, a clear positive effect of anatase/rutile ratio and TM dopants on
the catalytic activity was observed. Specifically, the calcination of TiO, NCs involves an increase in

the anatase ratio and the formation of rutile form, leading to a rise in activity that is attributed to a
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synergistic effect between these phases. Similarly, the doping with Mn and Co gave rise to an
enhancement of the catalytic performance.

Such NCs were used as an active material for the fabrication of an enamel immobilised onto stainless
steel. The resulting supported photocatalyst was fully characterized through XRD as well as Raman and
reflectance spectroscopies. This system showed good photocatalytic activity and, as in the case of non-
supported NCs, an influence of the TM dopant was observed. Specifically, the sample prepared with
Co-doped TiO, NCs exhibits the highest activity.

In conclusion, a new type of smart photocatalytic surface with very exciting properties has been devised.
In this first application the catalytic system was employed in the photodegradation of MB, but after this
thorough study the road seems open for many applications as a self-cleaning coating and potential use

for NOx photodegradation.
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Photocatalytic activity of pureundoped and Mn- and Co-doped TiO,

nanocrystals incorporated in enamel coatings on stainless steelt
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ABSTRACT: A series of undoped and transition-metal (TM)-doped TiO, nanocrystals (NCs) were
synthesized and calcined at different temperatures, and fully characterized. Such NCs were employed
as catalyst for the photodegradation of methylene blue, which enabled to study the influence of both
NCs size and anatase/brookite/rutile phases ratio on the photocatalytic activity, as well as the effect of
different TM dopants, namely Mn and Co. Then, the NCs were used as active additive for the fabrication
of a new photocatalytic system composed of an enamel incorporating these NCs supported onto a
stainless-steel sheet. NCs both in powder form and incorporated in enamels deposited on steel were
characterized by transmission electron microscopy, X-ray diffraction, and reflectance and Raman
spectroscopies. We demonstrate how the calcination of TiO, NCs induces both a growth in the anatase
ratio and formation of rutile form, which leads to a photocatalytic activity increase. Similarly, doping
with Mn and Co gives rise to an enhancement of the catalytic performance attributed to a displacement
of the energy bandgap. The obtained material combines the resistance of steel and the photocatalytic
activity of TiO, deposited on enamel, which also operates as a corrosion protection layer for the former.
The resulting smart photocatalytic surface presents many applications as a self-cleaning coating and

potential use for NOx photodegradation.
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INTRODUCTION

Nowadays, environmental pollution constitutes one of the most urgent problems' and thus the
development of more efficient air and water decontamination treatments has become an increasingly
important research area.” In this context, air and water treatment can be achieved through photo-
oxidation processes catalysed by semiconductor catalysts.’* Among them, titanium oxide (TiO,) is the
most widely employed photocatalyst to decompose organic and inorganic compounds in polluted water
and air,*>¢ since the first report of Frank and Bard in 1977, where the reduction of CN- in water
catalysed by TiO, was reported.” This semiconductor exhibits multiple interesting properties that makes
it a very suitable photocatalyst for this type of processes, including low cost, high photocatalytic
activity, low toxicity, and high thermal and chemical stability.> Specifically, TiO, nanoparticles (NPs)
have shown a particular ability to perform this transformation due to their high surface-to-volume ratio,
which results in an increase of the number of active sites and thus leads to a higher catalytic activity.?
Furthermore, the band gap of semiconductor nanomaterials is size-dependent, which can be employed
to control the photocatalytic process through an effective tuning of redox potentials of generated
electron/hole pairs.® However, a decrease or total loss of activity can be produced as a result of NPs
aggregation. As a strategy to solve this problem, TiO, NPs can be dispersed and immobilised on a
support, leading to more stable catalysts by preventing agglomeration. Different supports have been
employed to immobilise TiO, NPs, such as SiO,,” carbon nanotubes (CNTs),!® multiwalled carbon
nanotubes (MWCNTs),!! graphene,!® activated carbon,'!? glass,!® zeolite,'* clay,"” diatomite,'
ceramics,3®!7 and stainless steel.!® In this context, nanosized TiO, can be supported on glazed
surfaces!3»17419:2021.22 or incorporated into enamels!”?324 to generate smart photocatalytic materials
with self-cleaning properties that may additionally serve as an interesting functionality for different
applications. Particularly, a large body of literature has emerged describing the use of these functional
materials as coating for high solar power receivers,?'c electrical lines,?'* reactors,'3® sanity wares,?!'s
building’s indoor and outdoor applications,?>23 and construction elements like floorings, glasses,
roofing, and walls, tunnels and subway panels.!”20-23

In this work, we describe a new photocatalytic surface composed of an enamel containing 5% of TiO,
NCs supported onto a stainless-steel substrate. This material combines the resistance of steel and the
photocatalytic activity of TiO, deposited on enamel, which also acts as protecting layer for the former.
The resulting smart photocatalytic surface holds great potential for use in a variety of applications such
as self-cleaning coating used in means of transport (ships, trains), reactors to remove dye pollutants in
wastewater from textile industry, water tanks, or boilers and vessels for food and water.

Firstly, the influence of both NCs size and anatase/brookite/rutile phases ratio in the photocatalytic
properties has been analysed. It is generally accepted that although anatase shows better performance
due to its higher Fermi level and indirect gap, the photocatalytic activity is maximized for a composition

of ca. 70% anatase and 30% rutile.>> However, there is still an open controversy and contradictory



Reaction Chemistry & Engineering

results regarding this synergistic effect between anatase and rutile phases.?®?” In addition, the brookite
form is also photocatalytically active, and thus its effect in a mixture of different TiO, phases should
not be ignored.”® Secondly, the effect of different transition metal (TM) dopants on the catalytic
performance was studied, since the modification of TiO, bandgap with TM may induce a shift of its
spectral response towards the visible region and increase the activity of the photocatalytic
material.®®1%2 To this end, not only undoped but also Mn- and Co-doped TiO, NCs were synthesized,
integrated on the surface of an enamel, and supported onto stainless steel sheets. NCs both in powder
form and immobilised on enamels deposited onto steel were fully characterized by different techniques,
such as X-ray diffraction (XRD), transmission electron microscopy (TEM), as well as Raman and
reflectance spectroscopy. The photocatalytic activity of the designed systems was evaluated using the

photodegradation of methylene blue (MB) in water as a model reaction.

EXPERIMENTAL
1. Materials

Urea (99.5%, Merck), titanium (IV) isopropoxide (>99.995%, Sigma-Aldrich), manganese(II) chloride
tetrahydrate (99%, Alfa Aesar), cobalt(Il) chloride hexahydrate (99%, Riedel-de Haén) and methylene
blue (82%, Panreac), were purchased from commercial sources. All chemicals were used without any

further purification. All manipulations were performed in air atmosphere.
2. Synthesis of TiO, nanocrystals

The TiO, NCs analysed in this work consist of two groups of samples synthesized by a method adapted
from the procedure described by Lusvardi et al® Interestingly, this synthesis procedure produces
crystalline anatase and brookite TiO, NCs. Briefly, titanium isopropoxide was added dropwise to an
aqueous solution of urea (1:0.5 Ti:urea ratio) and the mixture was stirred at 50 °C for 60 minutes. Then,
the solution was heated up at ca. 85 °C under stirring to remove the excess water, obtaining the
nanocrystalline TiO, powder. The TM-doped samples were prepared by adding stoichiometric amounts
of the corresponding metal chloride to the urea solution. A subsequent calcination process was
performed in order to remove the urea excess and increase the rutile ratio.

The first set of NCs presents three samples (T1-T3): the as-obtained NCs, NCs subjected to a thermal
treatment of 600 °C for 2 hours, and NCs calcined at 800 °C for 2 hours. The second group of samples
comprises TiO, NCs doped with 5 mol% of Mn and Co, both as-prepared and calcined at 600 °C (T4-

T7). Table 1 summarizes the studied NCs and the experimental parameters employed in each synthesis.
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Table 1 Summary of the undoped and TM-doped TiO, NCs.

Sample TM dopant Calcination temperature (°C)

T1 -- -—-
T2 -- 600
T3 -- 800
T4 5% Mn -
T5 5% Mn 600
T6 5% Co -
T7 5% Co 600

3. Preparation of the supported photocatalyst

In order to prepare the support, two types of enamels were deposited on stainless steel sheets (ACO1EK
quality with 0.08% carbon content): firstly, base enamel and, secondly, coat enamel. In both cases, the
precursors (enamel frit, clay, NaAlO,, urea and water) were ground in a ball mill to obtain a suspension
with density of ca. 1.75-1.80 g/mL.

The base enamel was deposited onto the stainless steel sheets and dried at 100 °C. Subsequently, this
base enamel was vitrified by heating at 840 °C for 3 min. After cooling down, the coat enamel was
deposited on the vitrified base enamel, dried at 100 °C and vitrified by heating at 830 °C for 3 min. The
resulting vitrified coat enamel shows a thickness of ca. 150 um, while the base enamel exhibits a
thickness around 120 um.

To prepare the supported photocatalyst (5% TiO,), NCs were mixed with a serigraph-type oil (mainly
composed of acrylic resins and propylene glycol ester in a 2:5 w:w ratio) to obtain an appropriate
viscosity. The mixture was deposited on the prepared support (enamel onto stainless steel sheets) by

indirect serigraphy and vitrified by heating at 700 °C for 15 min.
4. Structural and optical characterization

4.1 X-ray powder diffraction

Crystal structure and particle size of all synthesized samples were studied by XRD. XRD measurements
were performed either in a Bruker D8 Advanced diffractometer equipped with a Cu tube (wavelength:
<Ko, >= 1.5418 A) and a fast Lynxeye 1D-detector, or in a Bruker D2 Phaser diffractometer with a
Cu tube and a 0D Xflash detector. Both the starting synthesized NCs and the prepared supported
catalysts were measured in the 10-120° range (20) for phase identification and quantification as well as
structure refinement. The Rietveld method was applied to patterns from all the samples for the structural

analysis. Microstructural parameters were determined from the whole powder pattern fitting through a
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convolution procedure as implemented in the software TOPAS.3! Average crystallite sizes were
determined based on the Double Voigt approach (size and strain contributions).?? The instrumental line
broadening was determined from the Fundamental Parameters approach® as well as the standard
method (LaB4 sample).

4.2 Transmission electron microscopy

Morphology and size distribution of TiO, NCs were analysed through TEM images obtained with a
JEOL JEM 1011 equipped with a high-resolution Gatan CCD camera. NCs were dispersed in ethanol
and a small drop was deposited on the copper grids.

4.3 Raman spectroscopy

Raman spectra were obtained with a SM245 spectrophotometer equipped with a CCD detector, and a
solid-state laser emitting at 785 nm and focused on the sample with a 20X objective. The spectra were
acquired in the range 80-900 cm-!, with a resolution higher than 5 cm!, a laser power of 150 mW and
acquisition time of 60 seconds. Complementary analyses were performed with a T64000 Raman
spectrometer (Horiba), employing as detector a nitrogen-equipped CCD coupled to a confocal
microscopy using the 514.5 nm line of a Kr*-Ar*-laser.

4.4 Optical spectroscopy

Reflectance spectra were registered in the 200-1000 nm spectral range using a Varian Cary 6000i
spectrophotometer equipped with a polytetrauoroethylene-coated integrating sphere, two light sources,
a quartz halogen lamp for the visible region and a deuterium lamp for the ultraviolet (UV), and two
detectors, a Hamamatsu R928 photomultiplier for the visible region and an InGaAs detector for the near

infrared.

5. Photocatalytic study

The photocatalytic performance was analysed by studying the degradation of a MB solution under UV
radiation according to the ISO 10678 International Standard method.’* For comparison purposes, all
samples were tested using the same experimental conditions as follows. TiO, NCs (10 mg) were
dispersed in a solution of MB in water (150 mL, Cy = 10 uM) and irradiated from the top with a UV
LED lamp (395 nm, 22 W) at room temperature (RT). In the case of supported TiO, NCs, the catalytic
material shaped like a plate (5 x 5 cm?) was activated with the UV lamp for 48 h. Next, the solution of
MB in water (100 mL, Cy = 10 uM) was added and the degradation assay was carried out under the
same conditions as described for non-supported TiO, NCs. In parallel, the supported photocatalyst was
placed in 150 mL of a 10 pM MB solution and left in the dark for 24 h. A slight reduction of the MB
solution concentration as a result of an adsorption process was observed.

The absorbance of the MB solution was measured every 1 h for 24 h, and the photocatalytic activity

(PA) was determined from the reduction of the absorbance 4, which is proportional to the MB solution

Co—C Ap—A
concentration, C, according to PA(%) = OCO -100 = OAO - 100, where C, and A, are the initial
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solution concentration and absorbance, respectively. The obtained values were appropriately corrected

with the adsorption contribution in all photocatalytic activity measurements (% MB degradation).

RESULTS AND DISCUSSION

1. Optimization of TiO, NCs by tailoring the anatase/brookite/rutile ratio and doping with TM

cations

Firstly, the influence of the thermal treatment on the anatase/brookite/rutile ratio of the so-obtained
TiO, NCs was analysed. In particular, the following samples have been studied: TiO, NCs without
thermal treatment (T1), and calcined at 600 °C (T2) and 800 °C (T3). Figs. 1 and S1F show the XRD
patterns of the aforementioned TiO, samples as raw nanocrystalline powder. Since the synthesis of TiO,
NCs was carried out at RT, the anatase phase is predominantly generated (Table 2, entry 1). In addition,
a considerable amount of brookite form was also observed. Thus, the application of thermal treatments
at different temperatures was performed to generate the rutile phase and study the effect of
anatase/brookite/rutile ratio on the photocatalytic activity.>®> As expected, XRD analyses show an
increase in the rutile ratio after calcination. Specifically, upon heating at 600 °C NCs present 7.8% of
the rutile form, while at 800 °C a complete transformation to rutile phase occurs (Table 2, entries 2 and

3). Moreover, the brookite form was totally removed at 600 °C (Table 2, entry 2).

T

100 — Ycalc
— Diff
80 4 Anatase
| Brookite |
- I Urea
S 60 -
S
£ 40- .
<3
(/2]
20 \ Il R R TR TRl o \
] O R R T T R T O T e Rt
R N I R RN R
O-WW\MW*WW
T T T T T T T T T i
20 40 60 80 100
20 (deg)

Fig. 1 XRD diffraction pattern of non-calcined undoped TiO, NCs (T1).

The NCs size estimation from XRD increases with the calcination temperature as a result of NCs

sintering (Table 2). This trend was corroborated by TEM results (Fig. 2).
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200nm 200 nm 200 nm

Fig. 2 TEM images of undoped (a) non-calcined TiO, NCs (T1); (b) TiO, NCs calcined at 600 °C (T2);
(c) TiO, NCs calcined at 800 °C (T3).

Table 2 Summary of crystallite sizes and anatase/brookite/rutile ratios obtained by XRD and TEM for
undoped TiO, NCs.

Sample 7 (°C)* Ana:Ru:Bro Size,,, (nm) Sizeg, (nm) Sizeg, (nm) Sizergy (nm)

T1? — 68.3:—:31.7 4.8+0.1 - 3.1+0.2 54+29
T2 600 922:78:— 29.7+0.5 59+2 - 34+11
T3 800 0.5:99.5:— n/a 102 + 4 - 77+15

@ Calcination temperature. ® 10% urea.

The Raman spectra of T1-T3 samples are shown in Fig. 3. The Raman spectra of T1 and T2 are
dominated by the bands associated to the anatase phase, centred at 147 (E,), 398 (By,), 515 (A, + Byy)
and 638 cm! (E,).*® In addition, the presence of a peak located at about 312 cm™! (By,) in the spectrum
of T1 reveals the presence of the brookite form in this sample,” while the peak at 1002 cm! corresponds
to the NCN symmetric stretching mode of the remaining urea.*® On the other hand, the spectrum of T3
exhibits the typical bands at 228 (two phonon scattering), 449 (E,) and 607 cm™! (A,) belonging to the
rutile phase.3”3? The spectrum of T3 also shows a small peak at 141 cm! associated to the E, active

mode of anatase. These results are consistent with those obtained by XRD.
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Fig. 3 Raman spectra of undoped TiO, NCs; black, non-calcined TiO, NCs (T1); red, TiO, NCs calcined
at 600 °C (T2); and blue, TiO, NCs calcined at 800 °C (T3).

Secondly, doping with TM ions has been previously reported to be an efficient strategy to improve the
photocatalytic activity of TiO, NCs.%’ In this work the incorporation of Co and Mn has been analysed.
Figs. 4 and S21 and Table 3 show the XRD diffraction patterns and the ratios between the different
TiO, phases and their corresponding crystallite sizes for NCs doped with 5% Co and 5% Mn. The non-
calcined TiO, NCs (T4 and T6, Fig. S2+) exhibit high brookite phase ratios (>30%) and small crystallite
sizes (<5 nm). On the other hand, T5 and T7 (Fig. 4) consist of NCs calcined at 600 °C and thus, as
expected, the NCs show bigger sizes than non-calcined NCs. Besides, the amount of brookite phase
decreased or even disappeared (Table 3), similarly to the undoped TiO, NCs. For Co-doped TiO, NCs
(T7) only the anatase phase was observed upon calcination at 600 °C. In addition, a small amount (<8%)
of CoTiOj; ilmenite-type structure was also detected.*! Interestingly, the NC size was found to increase
in the order brookite<anatase<rutile. Indeed, a similar trend was previously observed by other authors.*?
The nanocrystalline size has also been estimated from TEM images (Figs. S3-S67) and included in
Table 3. These sizes observed by TEM are in good agreement with those determined from XRD,

indicating single domain NCs.
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Table 3 Summary of crystallite sizes and anatase/brookite/rutile ratios obtained by XRD and TEM for
TM-doped TiO, NCs.

SizeAna SizeRut SizeBm SiZCTEM
Sample Dopant Calcination T (°C) Ana: Ru: Bro
(nm) (nm) (nm) (nm)
T4 5% Mn — 62.7:—:37.2 44+0.1 — 2601 54+20
T5 5% Mn 600 86.7:3.0:103 228+£05 37+4 12.0+0.7 30.7+9.7
T6 5% Co — 59.1:-:40.0 4.1+0.2 - 1.7£0.1 47+15
T74 5% Co 600 100 :—:— 272+0.7 - — 36 +29
@7.9% CoTiO;
T T T T T T T . T5 T T T T T T T ; T7
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Fig. 4 XRD diffraction patterns of (a) Mn-doped TiO, NCs calcined at 600 °C (T5); (b) Co-doped TiO,
NCs calcined at 600 °C (T7).

Fig. 5 shows the Raman spectra of TiO, NCs doped with Mn and Co, as-prepared and calcined at 600
°C (T4-T7). The Raman spectra are dominated by the bands corresponding to the anatase phase, in good
agreement with XRD data, similarly to T1-T3 samples. In the case of Mn-doped TiO, NCs, T4 (Fig.
5(a)) displays the characteristic bands of anatase phase, which are located at 149, 395, 514 and 631 cm
136 In addition, the peak at ca. 310 cm™! can be attributed to the B,, active mode of brookite.’” As
expected, an increase in the intensity of anatase bands is observed for T5 (from 62.7 to 86.7% anatase
by XRD). The small peak at 315 cm! corresponds to brookite (10.3% brookite by XRD), while no rutile
fingerprints are detected (below 3%).
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Fig. 5 Raman spectra of (a) Mn-doped TiO, NCs (T4 and T5); (b) Co-doped TiO, NCs (T6 and T7).
Black, non-calcined TM-doped TiO, NCs; red, TM-doped TiO, NCs calcined at 600 °C.

A similar result was obtained with Co-doped TiO, NCs. Both T6 and T7 spectra are dominated by the
peaks belonging to the anatase phase, with an increase in the intensity of these bands in T7 as a
consequence of the higher anatase content due to the calcination process. Interestingly, T7 also shows
a series of small peaks at 196, 263 and 332 and 687 cm™! corresponding to CoTiOj; ilmenite structure,*!

which supports the XRD observations.
2. Optical characterization of pureundoped and TM-doped TiO; nanocrystals

The optical characterization of the bandgap of undoped TiO, NCs, non-calcined and heated at 600 °C
and 800 °C, by reflectance spectroscopy is summarized in Fig. 6. The spectra clearly illustrate how the
NCs absorption bandgap is influenced by the calcination treatment. Specifically, the absorption edge is
centred at ca. 373 nm for the as-prepared sample (T1), and 391 nm and 408 nm for the NCs treated at
600 °C (T2) and 800 °C (T3), respectively. The red-shift of the bandgap towards the visible region with
the increase of calcination temperature is mainly ascribed to the presence of rutile phase,* in agreement

with XRD and Raman results.
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Fig. 6 Optical reflectance of undoped TiO, NCs; black, non-calcined TiO, NCs (T1); red, TiO, NCs
calcined at 600 °C (T2); and blue, TiO, NCs calcined at 800 °C (T3).

Figs. 7(a) and 7(b) show the optical reflectance spectra of TiO, NCs doped with 5% of Mn (T4 and T5)
and 5% of Co (T6 and T7), respectively. The main differences with respect to non-doped TiO, NCs (in
black) are the red-shift of the absorption edge and the presence of broad bands, which appear as a
shoulder overlapping the absorption edge. These bands can be ascribed to either TM ions absorption or
charge-transfer transitions between TM ions and the TiO, conduction or valence band, confirming the
incorporation of the TM into the TiO, structure.** For Mn-doped TiO, NCs, the reflectance spectrum of
the sample calcined at 600 °C (T5) is clearly different from the one obtained at RT (T4). This fact can
be related to the presence of different Mn oxidation states. Specifically, previous X-ray photoelectron
spectroscopy studies have shown that while the Mn oxidation state is 2+ for Mn-doped TiO, samples
prepared at RT, the presence of Mn** and Mn** is observed for samples calcined at temperatures higher
than 550 °C.* On the contrary, the shape of the reflectance spectra for Co-doped NCs is mostly
independent of the calcination treatment. This indicates that Co presents the most stable valence, 2+,
which is corroborated by the presence of a well-defined absorption band centred at 610 nm, related to
a d-d Co?" transition.*** Thus, the potential enhancement of the photocatalytic activity by doping with
these cations is associated not only with a displacement of the energy bandgap to the visible region, but
also to the introduction of additional energy states within the TiO, energy bandgap, particularly in the
case of Co-doped samples, which induces visible light absorption bands at higher wavelengths in the

visible range.
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Fig. 7 Optical reflectance of (a) TiO, NCs doped with 5% Mn; (b) TiO, NCs doped with 5% Co. Red,
non-calcined TM-doped TiO, NCs; blue, TM-doped TiO, NCs calcined at 600 °C. For comparison
purposesBlaek, non-calcined undoped TiO, NCs are shown in black.

3. Catalytic activity of TiO, NCs

We have investigated the photocatalytic activity of undoped and Co or Mn-doped TiO, NCs using the
degradation of MB in water under UV irradiation (395 nm) as a model reaction (Scheme 1),'%%% since

the use of this synthetic dye is recommended by the ISO/CD10678 regulation.?*

LSOO~ O S adat;

. \ !
NoutNon

Scheme 1 Photocatalytic degradation route of methylene blue.

The degradation occurs when TiO, absorbs radiation of higher energy than its bandgap, which produces
the promotion of an electron from the valence band to the conduction band (e¢g) and creates a positive
hole (hyg"), thus generating an electron/hole (e'cp/h*yp) pair (eq. 1). Positive holes can oxidize water or
OH- and form "OH radicals at TiO, NCs surface (eq. 2-3). In addition, e'cg electrons can interact with
O, and generate superoxide (O,") and hydroperoxyl ("OOH) radical anions (eq. 5 and 7). These

radicals are extremely reactive oxidants and may degrade pollutants or organic compounds through an

oxidation process (eq. 4, 6 and 8).5-2447
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TiO, + hv — hyg + eca (1)
hvg + H,O — H* +"OH )
hyg + OH —> "OH (3)
"OH + organic molecule —> —> —> CO, + H,0 (4)
ecg+0, —>= 0, ®)
O, + organic molecule —> —> —> CO, + H,0 (6)
0, +H* — "OOH @)

*OOH + organic molecule —> —> —> CO, + H,0 (8)

To this end, TiO, NCs were dispersed in a solution of MB in water (for further details see Experimental
section) and irradiated from the top with a UV lamp (22 W, A = 395 nm LED). After a given time, the
concentration of MB solution (C) was determined using the absorption of the characteristic band of MB
at 664 £ 5 nm in the acquired UV—vis spectrum (Fig. 8). The photocatalytic efficiency for each TiO,
NCs is represented by the decomposition rate of MB, which is estimated by the equation:

C()—Ct AO_At

o X 100= —- 9)

d=

where d is the degradation rate, Cj is the initial concentration of MB solution and C; is the concentration
of MB solution after a specific irradiation time, ¢. 4 and 4, are the absorbance values at the maximum

absorption band at time =0 and time ¢.

(c)
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Fig. 8 Evolution of MB solution absorbance with time in a catalytic experiment mediated by (a) T1, (b)
T2, and (c) T3 undoped TiO, NCs. Conditions: MB (150 mL, 10 uM), TiO, NCs (10 mg), 22 W, A =
395 nm, at RT; black, =0 h; red, =1 h; blue, =8 h; green, 1 =24 h.
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Thus, a set of catalytic experiments was carried out to study the influence of NCs size, anatase/rutile
ratio and presence of TM dopants on the photocatalytic activity of TiO, NCs. Firstly, non-calcined TiO,
NCs (T1, Table 4), which contain a 68.3:31.7 anatase/brookite ratio and do not present rutile phase,
showed good catalytic performance and 72% MB degradation was observed after 24 h of reaction (Fig.
8(a)). Despite the much bigger size, the NCs calcined at 600 °C (T2) displayed higher photocatalytic
activity, leading to 93% MB degradation (Fig. 8(b)). This is attributable to both the increase in the
highly active anatase ratio and the formation of rutile phase as a result of the calcination process.*’
Indeed, it is reported that a mixture of anatase and rutile produces a synergistic effect for which
photoexcited electrons in anatase are transferred to the rutile conduction band.?® This promotes the
separation of photogenerated charge carriers and thus reduces the recombination of electrons and holes,
which is the main limitation in semiconductor-mediated photocatalysis.>*® In this context, Besenbacher
et al. described an optimal 40-80% anatase content (with the remaining amount of rutile) for MB
photooxidation catalysed by TiO, films.?¢ Nevertheless, Du, Yang et al. reported that the photocatalytic
activity of TiO, NPs is maximized for a composition of ca. 70% anatase and 30% rutile,>> while other
authors claim that there is no synergistic effect at all between anatase and rutile.?’

TiO, NCs calcined at 800 °C (T3) led to a slight decrease in the MB degradation in comparison with T2
(Fig. 8(c)). This can be related to the decrease in the anatase phase content, since, as previously
described, the photocatalytic activity of a combination of anatase and rutile polymorphs is higher than
that of the pure rutile.*® Specifically, T2 exhibits 92.2% anatase, while T3 presents 99.5% rutile form.
In addition, T3 shows much bigger NCs than T2, which also diminishes the catalytic activity. It should
be noted that the brookite form is also photocatalytically active and its effect must be considered.?
However, in this study the presence of brookite seems to be detrimental as compared with the catalytic
performance shown by anatase and rutile phases, as the activity increases with the decrease of brookite

content (Table 4).

Table 4 Photocatalytic degradation of MB mediated by TiO, NCs.*

Sample TM dopant Ana : Rut : Bro Size,,, (nm) Sizeg,,(nm) Sizeg,, (nm) MB degradation (%)

T1? - 68.3:0:31.7 4.8 - 3.1 72
T2 - 922:78:0 29.7 59.0 - 93
T3 - 0.5:995:0 60.0 102.0 - 90
T4 5% Mn 62.7:0:37.2 4.4 - 2.6 79
T5 5% Mn 86.7:3.0:10.3 22.8 37.0 12.0 82
T6 5% Co 59.1:0:40.0 4.1 - 1.7 75
T7¢ 5% Co 100:0:0 27.2 - - 86

¢ Reagents and conditions: MB (150 mL, 10 uM), catalyst (10 mg), 22 W, A =395 nm, RT, 24 h.” 10%
urea.©7.9% CoTiOs.
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Next, an experiment catalysed by TiO, NCs doped with 5% Mn was performed. The doping of TiO,
NCs with TM may lead to a decrease in the bandgap as a result of the formation of new energy levels,
which shifts the absorption edge towards the visible region and increase the activity of photocatalytic
TiO, NCs. Moreover, the presence of a TM can enhance the electron-hole pair separation, and thus
reduce the recombination of photogenerated charge carriers and increase their lifetime.>48 In line with
the displacement observed in the absorption edge towards the visible zone (Fig. 7(a)), an increase in the
MB degradation (79%) was achieved with Mn-doped TiO, NCs (T4), as compared to 72% degradation
obtained in the experiment catalysed by non-doped NCs (T1). In fact, the TM-doping effect on the
catalytic activity is clearly highlighted considering that T1 and T4 show similar nanocrystalline size
and anatase content. This trend continues when Mn-doped TiO, NCs calcined at 600 °C (T5) were
employed as catalyst, although the catalytic activity growth was lower than expected. Indeed, T5
displays lower activity than pure TiO, NCs calcined at 600 °C (T2). Thus, the ratio of different phases
may play a more important role than the NCs size here. Although TS5 is formed by smaller NCs, T2
exhibits a 92:8 anatase/rutile ratio, in contrast with the 87:3:10 anatase/rutile/brookite ratio shown by
T5. Therefore, T2 are again the most active NCs and it seems that there is indeed a synergistic effect
between anatase and rutile. Finally, TiO, NCs doped with 5% Co (T6) presented also slightly higher
activity (75%) than that obtained with undoped NCs (T1), in agreement with the absorption edge shift
observed in Fig. 7(b). The calcination of Co-doped TiO, NCs (T7) had a positive effect on the activity,
leading to 86% MB degradation. As TS5, these NCs exhibit less activity than pure TiO, NCs calcined at
600 °C (T2), which can be due to the absence of the synergistic effect provided by the combination of
anatase and rutile polymorphs (100% of pure anatase form).

The results presented in this section point out the clear influence of both the anatase/brookite/rutile ratio
and the presence of TM dopants on the catalytic performance of TiO, NCs. Specifically, the brookite
phase content decrease and the formation of rutile phase lead to an enhancement of catalytic activity,
which could be associated to the aforementioned synergistic effect between anatase and rutile phases.
In addition, the doping with TM also produces an improvement in the catalytic performance of TiO,
NCs. Both the optimisation of anatase/rutile ratio and the doping with TM lead to a shift in the
absorption edge towards the visible spectral region and thus an increase in the activity of TiO, NCs is
observed. Finally, it is worth noting that the employed synthesis method comprises the use of urea as
N-dopant source, which could increase the catalytic activity of the synthesized NCs.3’ However, this
possible positive effect of N-dopant on the photocatalytic activity of non-calcined NCs (T1, T4 and T6)
is not significant as these samples show lower activities than those of calcined NCs (T2, T3, T5 and

T7), which are obtained after a calcination treatment that eliminates such a component.
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4. Structural and optical characterization of photocatalysts based on pure and TM-doped TiO,

NCs incorporated in enamel coatings on a steel sheet

In this section several photocatalysts based on T1, T4 and T6 TiO, NCs immobilised on enamels
deposited onto steel sheets are presented (Fig. S7t). Figs. 9 and S8t show the XRD patterns of the
aforementioned supported photocatalysts based on T1, T4 and T6 samples. In comparison with the
starting NCs, several differences are observed in the diffractograms. The NCs in powder form exhibit
broader diffraction peaks due to the small nanocrystalline size, while the supported NCs present
narrower peaks and considerably worse signal to noise ratio probably due to the lower amount of TiO,
(ca. 5%). Additional peaks, present in both the pure and TM-doped samples, are detected in all the
diffraction patterns. They can be assigned to different phases, mainly silicates, arising from the mixture
used for the enamel preparation. No features from crystalline phases incorporating TM dopants
(particularly CoTiO3) have been found. All the non-TiO, phases have been considered together as a
single phase to roughly estimate their abundance, representing around the 20% in all the TM-doped

samples (see the refinements from Fig. 9).
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Fig. 9 Refinement of XRD diffraction pattern of pure TiO, NCs deposited on enamel supported onto
steel sheets (T1a). Major contributions belong to rutile and anatase TiO, phases. The rest of the peaks
appearing in the diffractogram have been modelled through a single phase for quantification purposes.

The XRD analyses (Table 5) show a growth in the particle sizes of the supported NCs with respect to
those of non-calcined TiO, NCs in powder form (Tables 2 and 3). This can be ascribed to the sintering
associated to the heating process carried out in the preparation of the supported photocatalysts (15 min
at 700 °C). Besides, similarly to the calcined non-supported NCs, the brookite phase was totally
removed, the rutile form appeared and the anatase ratio increased in the NCs incorporation process. The

three supported samples show similar relation between these phases, with ca. 75:25 anatase/rutile ratio.
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Table 5 Summary of TiO, NCs sizes and anatase/rutile ratios determined by XRD of supported samples.

Sample TM dopant Anatase : rutile ratio Size,,, (nm) Sizegr, (nm)
Tla - 72 :28 45 44
T4a 5% Mn 75:25 42 61
T6a 5% Co 76 : 24 23 25

The Raman spectra of Tla, T4a and T6a supported samples (Fig. 10) exhibit the typical peaks
corresponding to the anatase phase (144 (E,), 397 (By,), 514 (A + By,) and 639 cm! (E,)).*¢ In addition,
one band with lower intensity at 449 cm! associated to the E, active mode of rutile phase is also

observed.?”:39 As expected, the Raman analyses are in good agreement with XRD results.

Raman Intensity (arb. units)
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Fig. 10 Raman spectra of TiO, NCs deposited on enamel supported onto steel sheets; black, pure TiO,
NCs (T1a); red, Mn-doped TiO, NCs (T4a); blue, Co-doped TiO, NCs (T6a).

Fig. 11(a) shows the optical reflectance spectra of undoped TiO, NCs both as nanocrystalline powder
(T1) and supported photocatalyst (T1a). The absorption edge is centred at ca. 377 nm for the supported
system, thus appearing slightly shifted to the visible region, compared to original TiO, NCs (373 nm).
This shift can be ascribed to the appearance of 28% of rutile phase at the temperature employed in the
NCs immobilization process on the enamel-coated steel sheet (700 °C). Fig. 11(b) compares the optical
reflectance of the enamel samples containing T1, T4 and T6 TiO, NCs deposited on steel sheets (T1a,
T4a and T6a, respectively). The absorption edge is centred at 372 nm and 382 nm for the enamels
obtained after the incorporation of NCs doped with Mn (T4a) and Co (T6a), respectively. Thus, the
three supported samples display comparable absorption edge values, in agreement with their similar

anatase/rutile ratio (Table 5). Besides, both the aforementioned charge-transfer transitions and the d-
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d Co absorption band centred at 610 nm are also observed in the TM-doped samples, although the

relative intensity is lower than the one observed for the starting powder NCs.
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Fig. 11 (a) Optical reflectance of synthesized (T1) (dashed line) and supported (T1a) (solid line) non-
doped TiO, NCs. (b) Optical reflectance of supported TiO, NCs; black, pure TiO, NCs (T1a); red, Mn-
doped TiO, NCs (T4a); blue, Co-doped TiO, NCs (T6a).

5. Catalytic activity of TiO, NCs deposited on enamel supported onto stainless steel

Finally, the supported samples containing pure and TM-doped TiO, NCs were employed as
photocatalysts. The main results are presented in Table 6 and Fig. 12. 16% MB degradation was
observed after 8 h of reaction (54% at 24 h) in the experiment catalysed by the sample T1a containing
non-doped TiO, NCs (Fig. 12a). By comparison, the sample T6a prepared with Co-doped TiO, NCs
exhibits higher activity, leading to an increase in the MB decomposition (35% after 8 h of reaction, Fig.
12¢). Since the three samples show similar anatase/rutile ratio (Table 6), the enhancement of catalytic
activity can be attributed to the effect of the TM dopant. In addition, T1a contains bigger NCs than T6a
and thus the size may play a role here. On the other hand, the sample containing Mn-doped TiO, NCs
(T4a) is less active (9% MB degradation after 8 h of reaction, Fig. 12b) than both T1a and T6a, which
could be due to the higher nanocrystalline size of rutile phase in T4a.*

We also carried out a number of experiments to study the recyclability of the TiO, NCs deposited on
enamel supported onto stainless steel. Through extraction of the MB solution followed by reactivation
with the LED lamp for 48 h, the supported photocatalysts T4a and T6a were reused in successive cycles.
A substantial reduction in the activity was noted in the third cycle (Figs. S9-S107), which can be due to
a gradual loss of the supported TiO, NCs as a consequence of the repeated catalytic cycles. Thus, the
supported samples display a limited potential for recyclability.
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Table 6 Photocatalytic degradation of MB mediated by TiO, NCs deposited on enamel supported onto
steel sheets.”

MB degradation (%)
Sample % TM dopant Anatase : Rutile Size,,, (nm) Sizeg, (nm)
8h 24 h
Tla -- 72 :28 45 44 16 54
T4a 5% Mn 75:25 42 61 9 35
Té6a 5% Co 76 :24 23 25 35 55

@ Reagents and conditions: MB (100 mL, 10 pM), catalyst (5 x 5 cm?), 22 W, A =395 nm, RT.

Although the results described herein might seem moderate when compared with those reported for
other nanosized TiO, systems either supported on glazed surfaces!3®!7219b-¢:20%¢21b¢ or contained in
enamels,!7>2%24 it is important to note that: (i) the supported samples employed in this study contains
only 5% of catalyst, and (ii) the experiments were performed under near-visible light (A = 395 nm) with
a low power LED lamp (22 W). Indeed, the use of a sunlight source with light intensity of ca. 500 lux
would certainly improve the catalytic results. Thus, we suggest that the presented photocatalyst based
on TiO, NCs show potential for a variety of applications as indoor and outdoor construction elements

like floorings, walls, tunnels or subway panels.
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Fig. 12 Evolution of MB solution absorbance with time in a catalytic experiment mediated by (a) T1a,
(b) T4a, and (c) T6a. Conditions: MB (150 mL, 10 uM), catalyst (5 x 5 cm?), 22 W, A = 395 nm, at RT;
black, =0 h; red, t =1 h; blue, t = 8 h; green, ¢ =24 h.

CONCLUSIONS

In summary, we have successfully employed a new family of undoped and Co- and Mn-doped TiO,
NCs as catalysts for the photocatalytic degradation of MB. In line with the displacement of the
absorption edge to the visible region, a clear positive effect of anatase/rutile ratio and TM dopants on
the catalytic activity was observed. Specifically, the calcination of TiO, NCs involves an increase in

the anatase ratio and the formation of rutile form, leading to a rise in activity that is attributed to a
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synergistic effect between these phases. Similarly, the doping with Mn and Co gave rise to an
enhancement of the catalytic performance.

Such NCs were used as an active material for the fabrication of an enamel immobilised onto stainless
steel. The resulting supported photocatalyst was fully characterized through XRD as well as Raman and
reflectance spectroscopies. This system showed good photocatalytic activity and, as in the case of non-
supported NCs, an influence of the TM dopant was observed. Specifically, the sample prepared with
Co-doped TiO, NCs exhibits the highest activity.

In conclusion, a new type of smart photocatalytic surface with very exciting properties has been devised.
In this first application the catalytic system was employed in the photodegradation of MB, but after this
thorough study the road seems open for many applications as a self-cleaning coating and potential use

for NOx photodegradation.
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1. X-ray diffraction analyses of TiO, NCs
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Fig. S1 XRD diffraction patterns of (a) pure TiO, NCs calcined at 600 °C (T2); (b) pure TiO, NCs
calcined at 800 °C (T3).
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Fig. S2 XRD diffraction patterns of (a) non-calcined Mn-doped TiO, NCs (T4); (b) non-calcined Co-
doped TiO, NCs (T6).
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2. TEM images of TiO, NCs

Fig. S3 TEM image of T4.

dicated magnification:

200kx

200 nm

Acquisition date: 3/4/2020

Indicated magnification:

150kx

Fig. S4 TEM image of TS.
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200 nm

b Acquisition date: 3/2/2020

Indicated magnification: 150kx

Fig. S6 TEM image of T7.
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3. Photographs of supported photocatalysts

Fig. S7 Photographs of supported photocatalysts containing TiO, NCs. T1a: pure TiO, NCs; T4a: Mn-
doped TiO, NCs; T6a: Co-doped TiO, NCs.
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4. X-ray diffraction analyses of TiO, NCs deposited on enamel supported onto steel sheets
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Fig. S8 XRD diffraction patterns of (a) Mn-doped TiO, NCs deposited on enamel supported onto steel

sheets (T4a). (b) Co-doped TiO, NCs deposited on enamel supported onto steel sheets (T6a).
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5. Recycling experiments
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Fig. S9 Reuse of T4a in the degradation of MB. Conditions: MB (150 mL, 10 uM), catalyst (5 x 5
cm?), 22 W, A =395 nm, at RT.

60

50 -

T6a
40 -
30 -
20 -
10
0 .
1 2 3

Number of cycles

MB degradation (%)

Fig. S10 Reuse of T6a in the degradation of MB. Conditions: MB (150 mL, 10 pM), catalyst (5 x 5
cm?), 22 W, L =395 nm, at RT.
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1. X-ray diffraction analyses of TiO, NCs
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Fig. S1 XRD diffraction patterns of (a) pure TiO, NCs calcined at 600 °C (T2); (b) pure TiO, NCs

calcined at 800 °C (T3).
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Fig. S2 XRD diffraction patterns of (a) non-calcined Mn-doped TiO, NCs (T4); (b) non-calcined Co-
doped TiO, NCs (T6).
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2. TEM images of TiO, NCs

Fig. S3 TEM image of T4.

dicated magnification:

200kx

200 nm

Acquisition date: 3/4/2020

Indicated magnification:

150kx

Fig. S4 TEM image of TS.
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200 nm

b Acquisition date: 3/2/2020

Indicated magnification: 150kx

Fig. S6 TEM image of T7.
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3. Photographs of supported photocatalysts

Fig. S7 Photographs of supported photocatalysts containing TiO, NCs. Tla: nen-depedpure TiO,
NCs; T4a: Mn-doped TiO, NCs; T6a: Co-doped TiO, NCs.
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4. X-ray diffraction analyses of TiO, NCs deposited on enamel supported onto steel sheets

T T T T T4a T T T T TGa
3004 a ——Ycalc | | b ——Ycalc
) —— Diff 150 ) —— Diff
| I Anatase | I Anatase
. I Rutile I Rutile
; 200 4 I NTP i ’:'; I NTP
s s
5 5
o 100 B n
1 | 1 [l Il e rem T
| 1 [l Il e rrm T 11 | [ [ [ L A e e B I B A TR ]
[ I [ N N N TR TR T T TR |
I il | | _ o
0 st . (VB W, PP W i,
T T T T T T T T T T T T
20 40 60 80 100 20 40 60 80 100
20 (deg) 20 (deg)

Fig. S8 XRD diffraction patterns of (a) Mn-doped TiO, NCs deposited on enamel supported onto steel

sheets (T4a). (b) Co-doped TiO, NCs deposited on enamel supported onto steel sheets (T6a).
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5. Recycling experiments
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Fig. S9 Reuse of T4a in the degradation of MB. Conditions: MB (150 mL, 10 uM), catalyst (5 x 5
cm?), 22 W, A =395 nm, at RT.
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Fig. S10 Reuse of T6a in the degradation of MB. Conditions: MB (150 mL, 10 pM), catalyst (5 x 5
cm?), 22 W, L =395 nm, at RT.
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