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Highlights

» Sol-gel synthesis of mesoporous titania coatings different pore structures
* Dye association in pores depends on the pore aimbpH of dye solution

* Dye association influences the photodegradationga®

* Monomers show higher photodegradation rates theocaged dye molecules

* Photodegradation kinetics at air-solid interfacaleated by models from literature

Abstract

Studying photodegradation in porous semicondudtiiord¢oatings by optical spectroscopy
measurements (using dye model molecules) at treohd interface can be a simple model
system relevant for such applications as self-aghgpooatings and dye-sensitized solar cells.
Still, the interpretation of the results can bdiclifit, which is further complicated by the
possibility of dye association processes. In thaskwmesoporous titania coatings with
different pore structures of 77-291 nm thicknes$ 30-45% porosity were prepared by sol-
gel dip coating method on solid substrates, andegmated in dye (rhodamine 6G, methylene
blue) solutions. Dye photodegradation was studretet UV and visible light at the air-solid
interface. Dye molecules adsorbed in the pore wtra¢n monomer and associated forms: it
was found that the association and dynamics ofhaglecules depended on the pore sizes,
and had an important role during photodegradatrongsses. Dye association was observed

to occur during irradiation in the coatings witle thighest pore thickness, while this process



was inhibited in the coatings containing smallersoAssociated forms of the investigated
dyes showed higher photostability compared to tbeaamer. The degradation of
rhodamine 6G monomers showed a two-step first aehastion, as interpreted by the Julson-

Ollis model.

Keywords: sol-gel coating, mesoporous titania, photodedradadye association, dye
adsorption

1. Introduction

TiO, is a widely used photocatalytic and photovoltaatenal, as it is non-toxic, low-cost,

and shows high photoactivity. Its applications utdd air and water purification, solar cells
etc. [1-7] In many studies dyes are used as modelriabstén photocatalytic measurements
[8-11], as they are easily detected by optical tspscopic methods; furthermore, dye-
semiconductor systems have practical importantieariields of dye-sensitized solar cells
(DSSCs) [4,12], and waste water treatment in tkéléeindustry where dyes are major
pollutants [13—15]. Most studies measure the alasmd decrease of dye solutions containing
photoactive materials under ultraviolet (UV) orikile light [9,16—21], and only a fraction of
the literature describes measurements on the kdriaterface, which can provide a simple
model system and can be especially important fibickEaning coatings [22—-27].
Photodegradation studies at the air-solid interfemee the advantage of being a simpler
model system, compared to the photodegradationestgdrried out in solutions, whezg.

the diffusion of molecules to the surface alsodragmportant role in the process. On the
other hand, this model also has disadvantagestyianeoncentration, the absorbance spectrum
of the coated samples and hence, the photodegyaddtadsorbed species is harder to
interpret compared to that of the solutions.

A well-defined layer of dye molecules can be fornagthe solid surface of particles or

mesoporous materials by adsorption from dye sotstidlot much attention has been paid to
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the physical state and the organization of adsonb@écules trapped in the confined spaces
of porous photoactive materials, especially in icq@mst as related to the photodegradation
rates and kinetics [23—-26]. Dye molecules can Isered on the semiconductor surface as
monomers or as their aggregated forms [28]. Ithmexpected that the aggregated forms
(e.g. dimers) have different photostability and showed#nt degradation rates and kinetics
than the monomer form [26]. Studying the photositgimf the monomer and different
associated dye molecules is also important inithds of dye lasers, fluorescent dye probes
and anti-corrosive coatings [29—32]. Moreover,dlresolid model system provides a unique
possibility for studying the photostability of maner and associated molecules
independently from each other, due to the lacleaf dynamic equilibrium at the air-solid
interface in the porous system.

The aim of our paper is to investigate the behavidulye molecules in a thin layer model
system: in the confined spaces of mesoporousditamatings, with the main focus on the
relationship between dye association and photodagjom processes. We are interested in
how dye association and the pore structure cananfie the photodegradation rate and
kinetics. Furthermore, our aim was to investigakether photodegradation in very thin
mesoporous coatings at the air-solid interfacebzareliably studied by optical spectroscopy
methods. For this reason, the results were intergrey help of previous findings in the
literature, including kinetics models, conductedsonilar air-solid model systems. Three
different types of titania coatings were prepawth different pore size distribution and
porosity, in order to better understand how thevwaht parameters influence the dye
association, adsorption and photodegradation psese®hodamine 6G and methylene blue
were chosen as the investigated cationic dyese $iath are known for significant dye

association ability in porous systems. A more iptbestudy was carried out on rhodamine 6G



dye, which also shows dye sensitization, and thesiegradation process was investigated

under both UV and visible light.

2. Experimental

All reagents were of analytical grade and usedauttany further purification.

Materials used for the precursor sol synthesisiabgtyl orthosilicate (TEOS, 99%, Merck),
Titanium(IV) butoxide (for synthesis, 98%, Merckjanium(1V) isopropoxide (98+%, Acros
Organics), ethanol (EtOH, a.r., >99.7%, Reanaprdpanol (2-PrOH, a.r., >99.7%, Reanal),
nitric acid (HNQ, special grade, 65%, Lach-Ner), hydrochloric 4Ei€l, 37%, Reanal),
acetylacetone (AcAc, 99>%, Acros Organics), catyithylammonium bromide (CTAB,
cationic surfactant, 99+%, Acros Organics), Plucdni23 (P123, average mol wt 5800, 99%,
Sigma Aldrich), polyvinylpyrrolidone (PVP, averag®| wt 40000, Sigma Aldrich) and
distilled water (HO, 18.2 M2cm, purified by Millipore Simplicity 185 filtratiosystem).
Microscope glass slides (%626 x 1 mm, Thermo Scientific, Menzel-Glaser), silicoafers
(Siegert, (100), p-type, 1-30 cm, prime grade) qnartz glass slides (2630x 1.05 mm,
Optilab Kft., Suprasil 1) were used as solid swdiss of the coatings. Solid substrates were
cleaned using 2-propanol (2-PrOH, a.r., >99.7% n@gand distilled water (30,

18.2 MQcm, purified with a Millipore Simplicity 185 filti@on system).

The dyes used during the photocatalytic measurenvegrte rhodamine 6G (R6G, 95%,
Sigma Aldrich) and methylene blue (MB, >95%, Reat@ppendix Fig. A.1). R6G is a
cationic dye with a size @h. 1.38 nmx 1.15 nmx 0.9 nm [33]. Its molecule is not planar:
one aromatic group is perpendicular to the mainglaf the molecule. MB is a cationic dye

with a size ofta. 1.38 nmx 0.59 nm [34], and a planar molecular structure.

2.1 Synthesis of precursor sols



Titania and silica coatings were prepared via sblpgocess on solid substrates (glass,
silicon). In the case of glass substrates, figbrapact silicdilm was deposited on the glass,
and then the Ti@film was coated onto the surface in a second 3tie silica coating was
used as a protective barrier between the glasshangtania film to preverion (mainly N&)

migration from the glass into the titania, as Mms decrease the photoactivity [35].

2.1.1 Silica precursor sol

Silica precursor sol was prepared via the acidysegd controlled hydrolysis of TEOS in
ethanolic media. HCI was used as catalyst duriegstimthesis of the precursor sol. The molar
ratios for TEOS : EtOH : HCI : 40 were 1: 4.75 : 7.2 x TQ 4.00.

The obtained mixture was stirred for 1 h at roomgerature. The resulting sol was

completely clear and colourless.

2.1.2TiO,-CTAB precursor sol

Titania precursor sol containing CTAB template \wespared via the nitric acid catalysed
controlled hydrolysis of titanium(lV) butoxide inf@nolic media. The molar ratios for
titanium(1V) butoxide : EtOH : HN@: H,O : CTAB were 1: 27.74 : 0.39: 1.54 : 0.124.
The CTAB template was dissolved in ethanolic metthian titanium(1V) butoxide, nitric acid
and distilled water were added to the solution, tuedmixture was stirred for 2 h at 60 °C.
The resulting sol was completely clear and hadgatty yellow colour.

Titania coatings prepared using the precursor gbbereferred to as Ti@CTAB type

samples.

2.1.3 TiO,-P123 precursor sol



Titania precursor sol containing P123 template prapared by dissolving the P123 template
in ethanol, adding titanium(1V) isopropoxide, theretylacetone. After stirring the solution
for 1 h at room temperature (RT), distilled watersvadded; followed by 30 min of ultrasound
and a further 1 h stirring at RT. The resultingwak completely clear and had a yellow
colour. The molar ratios for titanium(lV) isopropde : EtOH : acetylacetone »@ : P123
were 1:33.80:0.97 :2.19: 0.034.

Titania coatings prepared using the precursor gbba referred to as Ti@P123 type

samples.

2.1.4TiO,-PVP precursor sol

Titania precursor sol containing PVP template wapared by dissolving PVP in ethanol,
adding distilled water, HCI solution and titanium)lbutoxide, and stirring the obtained
mixture for 2 h at RT. The resulting sol was contglieclear and had a slightly yellow colour.
The molar ratios for titanium(IV) butoxide : EtOHHCI : H,O : PVP were
1:8.03:0.051:0.91:25x7%0

Titania coatings prepared using the precursor gbbereferred to as Ti@PVP type

samples.

2.2 Preparation of coatings

Sol—-gel coatings on solid substrates were predanetthe precursor sols by the dip coating
method. Microscope glass slides and in certainscsidieon (100) wafers and quartz glass
slides were used as solid substrates for layersigmao. Prior to coating deposition solid
substrates were cleaned with 2-propanol and ddtifater, and dried at RT. Silica thin film
was used as a barrier layer between the glassratédand the Ti@thin film. In case of TiQ

film deposition on silicon substrates and quarasglslides no silica barrier layer was used.



Cleaned and dried substrates were immersed inréoeisor sol and pulled out with a
constant speed of 6 cm riffsilica and TiQ-PVP precursor sols) or 12 cm ri€iTiO»-

CTAB and TiQ-P123 precursor sols), using a dip coater devildsgREngineering Ltd.,
Hungary).

The deposited films were annealed in an oven (Nlaben B170) at 450 °C for 30 min in the
case of TIG-CTAB samples, and at 480 °C for 60 min in the a#sBO,-P123 and Ti@

PVP samples.

2.3 Dye adsor ption and desor ption

Rhodamine 6G and, in some experiments, methylaredle molecules were adsorbed into
the pore structure of titania coatings from aquesmistions. The dyes were adsorbed from
10° M aqueous solution at pH = 10 (pH adjusted withsNBuring preliminary experiments,
no significant adsorption was seen at the lowewalde of the as-prepared 1M aqueous
solutions (pH = 6 for R6G solutions and pH = 4.6MB solution), while the dye molecules
were adsorbed on the surface in the highest amouhn¢ range pH = 9-11. A pH adjustment
with NH3 was necessary for the adsorption, as at thisptykalue the titania surface is
negatively charged, and the positively chargedadymns readily adsorb onto it. [13,23]
The impregnation was carried out with immersion waittidrawal speeds of 10 cm rifinand
an immersion time of 2 min using a dip coater. &wihg the impregnation, the samples were
rinsed with distilled water to avoid excessive dgeumulation on the outer surface of the
sample, and dried at room temperature.

In order to determine the number of dye molecutesoebed in the coatings, dye desorption
measurements were carried out by placing the dpeegmated samples in 30 mL of distilled

water. After keeping them immersed for 1 h (equilitn was reached), the samples were



taken out, and the absorbance spectra of the irgsdlye solutions were measured between

400-800 nm.

2.4 Characterization methods

2.4.1 Optical characterization of coatings by UV-Vis spectr oscopy

The optical properties of the prepared coatingglass substrates were investigated by UV—
Vis spectroscopy using a Specord 200-0318 speditopieter. Transmittance spectra of the
samples were measured in the wavelength range0sf13®0 nm, using 1 nm resolution and a
scanning speed of 10 nril.s

The effective refractive index (at 632.8 nm) andkhess values of the coatings were
determined by applying thin layer optical modelshe obtained transmittance data, as
described in our previous publications [32,36,3He thin layer optical model [38] used for
the fitting procedure supposes identical homogeséayers of the same material on both
sides of the transparent substrate, and the ligivireg at the sample at a perpendicular angle
of incidence. The fitting procedure used a Levegbktarquardt algorithm. For silica/TO
two-layered samples, a two-layered optical moded agplied. Before the fitting procedure,
the transmittance spectra of the coatings werectad using the spectra of the glass
substrates, in order to eliminate the effect ofrthveak absorption in the measured
wavelength range. The porosity of titania coatiwgs estimated from the effective refractive
index values using the Lorentz—Lorenz formula [39].

The absorbance spectra of the dye impregnated samweire measured in the wavelength

range of 400—-800 nm, using the same resolutiorseadning speed as before.

2.4.2 Ellipsometric porosimetry measurements



TiO,-P123 and Ti@PVP type porous titania coatings deposited oruBstsates were
investigated by ellipsometry and ellipsometric omeetry characterization methods, using a
Semilab’s PS-2000 device. Ellipsometry can be tigetbtermine the optical properties, film
thickness and total porosity values of the samidégasometric porosimetry is a coupled
measurement method, in which the vapour adsortitime pores can be monitored by
spectroscopic ellipsometry. By recording the adsonpand the desorption isotherms, the
pore size distribution (for open porosity) of tlzargle can be determined. The pore size
distribution can be calculated based on the matlifielvin equation in the case of
mesopores. Ellipsometric porosimetry measuremeats warried out at the angle of
incidence of 60° in the wavelength range of 2759%%8.8 nm, using toluene as the adsorptive
material. Before the measurement, the samples hezted up to 448 K for 20 min. The
adsorption isotherms were taken at 294 K. The tigsk and the effective refractive index of
the coatings were determined by applying the Taaoettz oscillator model successfully in
the full wavelength range.

The ellipsometric porosimetry results of THOTAB type titania coatings shown here are
taken from one of our previous publications [40)eTcoating preparation and ellipsometric

porosimetry characterization were done the sameasalescribed here.

2.4.3 Transmission electron microscopy measurements

Transmission electron microscopic (TEM) and higéetation transmission electron
microscopic (HRTEM) investigations of the titanangples were carried out by 300 kV JEOL
3010 HRTEM, with a point resolution of 0.17 nm. H&M characterization, cross-sectional
TEM (XTEM) samples of the TI9QCTAB, TiO,-P123 and Ti@PVP were prepared by

mechanical and ion beam thinning techniques, asrtexb previously [41].
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2.4.4 Photodegradation measur ements

Photodegradation experiments were carried outeaaithsolid interface. R6G and MB dye
impregnated coatings were irradiated with UV arsible light.

57W LED light bulbs (GE 93845, spectrum: emittirght from 420 to 780 nm with a
maximum at 600 nm) were used as a visible lighteguand 20W UV-A light bulbs
(Sylvania BL368, light emittance maximum at 368 imeye used as UV radiation source.
Two light bulbs and the measured samples were gliasicen irradiation house; the samples
were positioned halfway between the two light seamwith the light arriving at the coating
perpendicularly and from both sides, with an innidight intensity of 0.47 mW cihand

0.20 mW cnf in the case of the visible and UV light sourcepextively. The distance
between the sample and the light source was 23 cm.

Dye photodegradation was monitored by measuringiiserbance of the dye impregnated
coatings aftet time of UV or Vis irradiation in the 400-700 nm waength range. The
absorption spectra were measured by an Analytia 3@ecord 200-0318 type UV-Vis
spectrophotometer. The absorption spectra wereaed with the absorbance values
measured before the dye adsorption. The absorlutrurease of different samples is
compared by calculatinyA, whereA andA, are the absorbance at a given wavelength after
time of irradiation and before irradiation, respesly. The studied wavelength values were
around 533 nm (measured at the maximum of the bsoe spectra) for R6G dye monomer,
500 nm for R6G dimer form, 655 nm for MB dye moneoraed 550 nm for MB trimer form.

In certain cases the quantum efficiency and quaryiefd were also calculated. In reference
measurements, dye impregnated titania sampleskeetan dark, and dye impregnated
porous silica coatings were irradiated with the §bdrce for the same time intervals as used
in the photodegradation measurements: the absorpéak of the dye did not show

significant change in either case. In comparisoB,iMpregnated titania coatings under UV
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irradiation and R6G impregnated samples under bdtland visible light showed

considerable absorbance decrease as a result giidh@activity of the titania coatings.

3. Resultsand discussion

The results are described in the following threstisas: characterization of as-prepared
coatings, dye-adsorption and photodegradation.ofotigh investigation was carried out on
R6G impregnated titania coatings, the dye adsar@ial the photodegradation of the dye
molecules were studied. Further experiments weargedaout on MB impregnated coatings,
in order to broaden the information given by theuits of the R6G dye measurements.

3.1 Characterization of as-prepared coatings

The porous TiQcoatings prepared on SiGoated solid substrates were characterized by UV-
Vis spectroscopy, HRTEM, ellipsometry and ellipsdmeegporosimetry methods.

3.1.1 Optical characterization of coatings by UV-Vis spectroscopy

Characteristic transmittance spectra of the sangalede seen in Appendix Fig. A.2. The
silica coatings show higher transmittance thanuthmoated glass substrates for the whole
studied wavelength range, which can be attributetie lower effective refractive index
values of the investigated samples (see Tablerpaced to the bare glass substrate
(nglass= 1.52). The titania coated two-layered samplesvdower transmittance (T = 70-
90%), due to the higher effective refractive indétitania. The differences in the
transmittance spectra of the different types of.8i{®, samples are due to the different layer
thickness, refractive index values and pore strestof the titania thin films.

Optical parameters and layer thickness valueseopthpared coatings were determined by
applying fitting procedures according to an appiadprthin film optical model. The layer
thickness, effective refractive index and porosalues are presented in Table 1. Porosity

values of the titania coatings were estimated ftioeneffective refractive index of the layers,
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using the Lorentz-Lorenz equation. The redugedalues of the performed fitting were in the
range of 10 to 10, which shows a good agreement between the meaancethe fitted
spectra. It was found that all three types of tdamatings have similar properties: very low

film thickness, between 80-300 nm; and porositthen 30-45% range.

Table 1: Refractive index (n), film thickness (adgoorosity (P) values of silica and porous
titania coatings determined by UV-Vis spectroscopy

n d (nm) P (%)

SIiO, 1.448 + 0.005 190 +5 -
TiO,-CTAB 1.812 £+ 0.014 77+2 301
TiO,-P123 1.600 = 0.015 116 +3 44 + 1
TiO,-PVP 1.819 £ 0.010 299+ 8 29+1

3.1.2 Characterization of coatings by ellipsometric porosimetry

The film thickness, refractive index, porosity vatuand pore radius distribution of titania
coatings were determined by ellipsometry and allipstric porosimetry measurements. As
shown in Table 2, the TESQCTAB type samples contained the narrowest poréh,av
characteristic pore thickness of 5.0 nm (determinaeh desorption). Both Ti@PVP and
TiO,-P123 samples have higher pore sizes compare®edTAB, and their characteristic
pore thickness values are similar to each othrng and 9.0 nm, respectively. As shown in
Appendix Fig. A.3, the TIQPVP coatings contain slightly bigger pores comgaoeTiO,-

P123 samples, according to the adsorption measuteiitee results show that we were able
to control the pore sizes in the titania coatingslanging the sol composition and the
template molecules. TEEPVP coatings have a lower specific surface araa ThO-P123
samples.

The refractive index, film thickness and porosigyues of the coatings are in good agreement
with the values determined by the optical modéihit procedure of the transmittance spectra

(see Table 1).
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Table 2: Pore radiusy rqesfor adsorption and desorption measurements), figygpecific
surface area, film thickness (d) and refractiveein(h) values of the titania coatings
determined by ellipsometric porosimetry measuremeéitte values of TIQCTAB samples
are taken from a previous publication [40].

Mesopores Micropores Specific
Porosity surface d n
r r r r (%) area (nm)
ads des ads des (m2 cm 3)
(nm) (nm) (nm) (nm)
TiO,-CTAB 34+00 25+0.10.84%+0.010.60+0.06 25+0 689+8 82 1.823

TiO,-PVP 6.3+0.0 41+0.2 0.65+0.011.50+0.00 30+1 761+31297+11.806+0.004
TiOP123 6.1+0.2 45101 0.74+0.00.82+0.59 42+2 1093 +59124 +11.576+0.017

3.1.3 High Resolution Transmission Electron Microscopy measur ements

The structure and morphology of HOTAB, TiO,-P123 and Ti@PVP porous titania
samples were investigated by TEM and HRTEM methBis.1 shows the cross-sectional
images of the samples. The film thickness valuésragned from the images (74 nm for
TiO,-CTAB samples; 126 nm for TgEP123 samples; 292 nm for TABPVP samples) are in
good agreement with the UV-Vis spectroscopy angdsmetry results (Table 1 and 2).
According to both the contrast features of the emtional cross sectional TEM and lattice
resolution HRTEM images, all samples exhibit crijista TiO, grains more or less separated
by pores. The TIQCTAB samples show an irregular pore structurded@t from the

ordered cylindrically shaped pores that can beeaelul using the micelle formation of CTAB
surfactants ire.g. porous SiQ@thin film preparation [32,42,43]. It appears thating sol
synthesis relatively large titania particles weayaried, and this caused an irregular structure
with the pores forming as voids between the pasicThe other two types of coatings showed
similar structures but with different titania paké- and pore size distribution. The GO
CTAB and TiQ-P123 pore structure appears to be more unifiechaoed to the less
homogeneous Ti&PVP structure. The pore size values of FCI'AB samples are between

14



2 nm and 5 nm, with a small amount of bigger pgatsnost 6 nm in size), while the titania
particles have sizes between 5 nm and 10 nm,-P@23 samples contaga. 10 nm sized
particles (sizes between 6-15 nm) with differesied voids between them (mostly 3-6 nm
in size, up to 8 nm). The HRTEM images of HRVP samples show an irregular structure
made of 10-20 nm sized particles, and pore thicdesap to more than 10 nm. Both the
particle sizes and the pore thickness values arbitihest in the TI@PVP samples (Fig. 1).
HRTEM images and their Fast Fourier Transforms (Rkdre applied to reveal the crystal
phase of the titania films (Fig. 1b-d). The lattsgacing measurements were calibrated to the
resolved (111) period (0.311 nm) of the Si subst(BDF 80-0018). Three polymorphs of
TiO,, rutile, anatase and brookite were suggested dicgpto PDF data (database of
International Centre for Diffraction Data). In ahmples, the remarkable 0.352 nm ring of
reflections may either correspond to the (101)datplanes of bct anatase (PDF 84-1285) or
the (210) planes of orthorhombic brookite (PDF B3-1). However, in the FFTs the
reflections of 0.29 nm representative for brookite missing, therefore brookite can be

excluded. In conclusion the titania coatings ané bp of grains of anatase phase.
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Si-substrate

20..nni

Fig. 1. Cross-sectional TEM images of 3iP123 a Ti@PVP coatings (1a); and HRTEM
images of TIG-CTAB (1b), TiO-P123 (1c), and Ti@PVP (1d) samples. The insets in 1b, 1c
and 1d show the Fast Fourier Transforms of theatse HRTEM images.

3.2 Dye adsor ption in the porous titania coatings

Rhodamine 6G and methylene blue dyes were adsartzethe porous titania coatings from
agueous solutions. The dye impregnated coatings elaaracterized by UV-Vis

spectroscopy.

3.2.1 UV-Vis spectroscopy of R6G impregnated coatings

16



The absorbance spectra of the dye impregnatechgsatiere measured by UV-Vis
spectroscopy. Fig. 2a shows that no significanbgad®on was seen at pH = 6 value of the as-
prepared 18 M R6G aqueous solutions, while dye molecules dubm the pores in a much
higher amount at pH = 10, due to electrostati@etion between the negatively charged
surface and the cationic dye molecules. In furthgreriments, the dye was adsorbed from
agueous solutions of pH = 10.

Comparing the different dye impregnated porous $asnpig. 2b shows that the THPVP
samples adsorbed a significantly higher amountyefrdolecules compared to the FiO

CTAB and TiQ-P123 samples, due to their higher film thicknés$:ig. 2d, it can be seen
that TiG-PVP samples show the lowest absorbance normabzéd same 100 nm
thickness, which can be due to the difference ettig surface area.

The number of dye molecules in the coating canstienated as 2.8 10'° from dye

desorption measurements carried out using-R@P3 samples. This can be compared to the
theoretically calculated maximum number of dye rooles adsorbed on the surface. If we
assume adsorption with complete coverage on tHacgjrthen from the specific surface
value (1093 rhcm®) and the dye molecule size (equivalent spheriahdter = 1.6 nm [44]),
it can be estimated that 1¥310'° molecules would adsorb on the surface. As thevaoes

are very close to each other, this suggests th@letencoverage of the surface by dye
molecules. However, it should also be taken intasateration that dimerization of the dye
molecules also influences the surface coverage.

The absorbance spectra of the R6G solution and/RB% samples show a maximum around
533 nm (531-534 nm), which is attributed to the oraer form, and a shoulder at 500 nm
which corresponds to the H-dimer. The absorptiardkehape, which is related to the amount

of dimers and monomers, is different in solutiod & each type of porous coating (Fig. 2c).
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As it can be seen in Fig. 2c, the number of dingerapared to the monomers (the dimer-to-
monomer molar ratio calculated from the absorbamabges) is lower in the coatings than in
the 5% 10% M aqueous solution. Dye molecules presumably siffinto the pores in
monomer form, and there may be a competition betwlee monomer-monomer and
monomer-surface interactions. Due to the monomegese attraction, the dimerization
cannot take place intensively, although the smaié gpaces can also facilitate the process.
TiO,-CTAB type samples show the highest dimer-to-morramaar ratio, which can be
explained by these samples containing the narropasts (d = 5 nm) out of all samples. In
the confined space of the pores the dimerizatioy Ineefacilitated, due to the proximity of
molecules. This becomes more prominent for smpthee sizes, and causes more dimers to
be present in the TUEOCTAB samples than in the TP 123 and Ti@PVP samples which

have higher pore sizes.
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Fig. 2: Absorbance spectra of THOTAB samples impregnated in dye solutions of défe
pH values (2a). Dye adsorption (from R6G solutibptd = 10) in the different porous
coatings: absorbance (2b), normalized absorbano®{ = 1) (2c) and absorbance
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normalized to 100 nm film thickness (2d): R6G ingprated TiQ-PVP (A), TiO-P123 6),
TiO,-CTAB (o) samples and 8 10* M R6G solution ¢).

3.2.2 UV-Vis spectroscopy of MB impregnated coatings

MB impregnated titania coatings were also investiddy UV-Vis spectroscopy (Fig. 3).
Similarly to the results seen for R6G adsorptiorasueements, the TEPVP coatings were
able to adsorb the highest amount of MB dye moksc(fFig. 3a), while once again these
samples show the lowest absorbance when normabzis@ same 100 nm thickness

(Fig. 3b). It can be seen in Fig. 3c that MB showeskedly different absorption spectra in
solution and in the impregnated coatings. Intemgbfi dye association was increased in the
pores compared to the solution, while the oppaosée true for R6G molecules. The peak at
660 nm is attributed to MB monomer, the peak at ®®@5to the dimer, and the peak around
550 nm, that appears only in the dye impregnatetirggs, is the trimer form [45]. The
intensive trimer peak indicates higher dye conegiatn in the pores of the coatings. The dye
molecules are mostly in trimer form, due to thatigkly high equilibrium constants for the
dimerization (2x 10° M%) and trimerization steps ¢610° M) for MB in water at 30 °C
[46]), and the different behaviour of dye moleculethe confined space of the pore
structures. Dimer molecules might also be preseatvery small amount in the porous
coatings, but their peak cannot be detected irliserption spectra.

MB monomers are present in the highest amount coedgda trimers in the TI@CTAB type
coatings. This can be explained by the pore sthese samples possess the smallest pore
sizes, some of which are too small for the biggerdr molecules, and this causes a higher
monomer-to-trimer ratio (Fig. 3c). In comparison@r@imers are still small enough to be

able to be trapped in these pores (size of R6Gautde .38 nmx 1.15 nmx 0.9 nm [33];

size of MB molecule 1.38 0.59 nm [34]).
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The results show that the amount of aggregated alyssrbed in a porous coating can be
controlled with the pore sizes: aggregated forniksheiin a higher amount with decreasing
pore sizes up to a certain point, at which theioam will decrease as the pore sizes become
too small for the associated forms.

An interesting phenomenon was also observed iallerbance spectra of the MB
impregnated samples: the monomer peak slowly deedeaver time while the trimer peak
slightly increased. An example is shown in Fig. @da TiO,-PVP coating that was kept in
dark for several days. This would suggest that mmreto-trimer transformation occurred in

the pore structure of the impregnated coatings.
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Fig. 3: Dye adsorption from MB solution of pH = t0the different porous coatings:
absorbance (3a), absorbance normalized to 100InmtHickness (3b) and absorbance
normalized to Aax= 1 (3c): MB impregnated Ti2PVP (A), TiO,-P123 @), TiO,-CTAB

(o) samples and TOM MB solution (s). Absorption spectra of MB impregnated Fi©VP
sample after impregnation (straight line), andraftevas kept in dark for 1 (dashed line) and
3.5 (dash dot line) days (3d).
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3.3 Dye photodegradation study

The photodegradation of two cationic dyes, rhoda@@ and methylene blue, was studied in
the pore structure of titania coatings. The JMB system was only measured under UV
light, while the TiQ/R6G system was investigated in detail, under hfthand visible light
irradiation. Photodegradation experiments undebhdight were only carried out for R6G
impregnated samples, as R6G dye was found to Ebapf dye sensitization, while the MB
dye could not sensitize the titania coatings. MBtpbegradation was only observed under

UV irradiation, while no discoloration of the saraploccurred under visible irradiation.
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Fig. 4. Absorbance spectrum change of R6G impregh&iO,-P123 sample during visible
(4a) and UV light illumination (4b); determinatia the kinetics parameters for the monomer
degradation by fitting the Julson-Ollis model eguato the data measured in visible (4c) and
UV (4d) light; A/Ap vs. time curves for monomers and dimers undebbdight illumination
(4e) and estimation of kinetics parameters byalirfigting, assuming pseudo-first order
kinetics (4f). A/Ay values were measured at the wavelength of maxiadwsorbance
(monomer) and at 500 nm (dimer). The parametersiseléig. 4c, 4d and 4f are the ratio of
molar absorptivities (a), degradation rate consthatimers () and of monomers during the
initial interval (kn1) and during the second time intervgl{k and parameters that
characterize the goodness of the fittipg &).

3.3.1 Visibleirradiation (R6G)

Fig. 4a shows the decreasing absorbance spedtia &6G impregnated coatings
(TiO2-P123) under visible light. The first change isucl decrease in the monomer peak:
this first process occurring during the first 30hoties of visible light illumination is observed
for all coatings. During this first, higher rateopess the maximum wavelength attributed to
the monomer shifts to lower wavelength values, f&88 nm to 520 nm, which can be
attributed to the N-dealkylation of rhodamine 6@80]. Dye photodegradation resulting in
CO; and HO is described in the literature [51] for intensiV¥ irradiation and can be
assumed to occur here at longer irradiation tiraeghe absorption decrease was significant
and irreversible.

As it can be seen in Fig. 4e, the AMalues as a function of time for R6G monomers and
dimers show that the dimer degradation is slowan the monomer degradation. Similar
results were observed for all types of Ti&datings. It is also apparent, that the monomer
degradation shows an initially faster degradatade that slows down in time. The results can
be used to determine the degradation kinetics 68 Rionomers and dimers. Several
different kinetics models have been used in tieedture for dye degradation by TiO
photocatalysis: most have assumed pseudo-first oedetions both for photodegradation
measured in solutions [8,9,13,16,20,21] and aatheolid interface [26,52], while in some

cases a more complex two-step model was applie@2128]. Dimer degradation has rarely

22



been studied independently from monomer degraddtigorevious studies Ghazzilal.
have found zero order reactions for R6G dimers.[26]
It can be seen in Fig. 4f, that pseudo-first okdeetics can be used for the dimer degradation

(by applying equation (1) to the experimental ddta} not for the monomer degradation.

Int= —kt (1)

o

The monomer degradation results show that no lifittiag can be applied for the whole
investigated time period, as initially the degramlatate is much quicker. Two different
degradation rate constants can be calculated ir@arlfitting to the first and second interval,
but these fittings use fewer points than would dtestactory, and the goodness of fitting is
still inadequate. In comparison, using the two-steplel proposed by Julson and Ollis [22], a
very good fitting was achieved (see Fig. 4c). Thie,Julson-Ollis model was used for the
R6G monomer degradation, which can be describéaafirst order processes, where the

first one has a higher degradation rate.

Julson and Ollis proposed a two-step reaction mimilelye degradation in porous titania on
the air-solid interface under UV irradiation (segiation 2). Julson and Ollis found this model
true for titania powders impregnated with differantonic dyes; while in a later publication
Mills et al. showed that the model could also be used foriéitematings impregnated with
cationic and anionic dyes, and irradiated with Wht [22,23]. In our study, it was found that
the Julson-Ollis model can also be used for dyeattzgion under visible light (as a result of
dye-sensitization), measured on mesoporous datings with much lower film thickness

(under 0.3 um) than those studied by Mdisl. (1.8 pum).

k‘_ 2
dye — intermediate — colorless products (2)

Equation (2) can be interpreted for the photodegjtad of R6G with the assumption that the
intermediate product is the N-dealkylated formhef R6G molecule [48-50].
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The kinetics of the monomer degradation measuréteaabsorbance maximum around
533 nm was in good agreement with the Julson-@lbslel. The following kinetics model

equation (3) was fitted to the measuiéd, values (Fig. 4c).

A = (m Y (exp(—kpg) — e3P (i) + exXR(—Kipmg 1) ®)

Kmz— Kma
wherea is the ratio otx molar absorptivitiesa = a(intermediate ) (R6G monomer), ankly,
ke are the degradation rate constants of the mondrherequation gives an excellent fit to

the measured data for R6G monomers, as seen iddig.

The dimer degradation kinetics determined by maaguabsorbance at 500 nm appeared to
be more complex; the Julson-Ollis model equatiahmdit fit to the experimental data.
Instead, dimer degradation constant values wenaa&tstd by assuming pseudo-first order
reactions by applying equation (1).

Fig. 5a shows that the equation for pseudo-firdepkinetics, applied for the whole
irradiation interval, fitted well for dimer degraan in TiO,-CTAB and TiQ-P123 samples,
and ky degradation constants were determined, but theehtbd not show good fitting in the
case of TiQ-PVP samples. In order to be able to compare thdtse the degradation
constants were also calculated for the fiksf) (@and second time periode) for all sample
types (the first and second time period was chtsée before and after 30 minutes). For
TiO,-PVP samples the absorbance at the dimer peakaded &ery slowly at the beginning
of the degradation process: a possible explanaitirat dimerization occurred as a result of
the light irradiation. Although the dye molecules adsorbed on the surface, it is possible
that they are still capable of some movement. Ehils accordance with the fluorescence
spectroscopy measurements (see Appendix sectigntAedfluorescence anisotropy of the
different R6G impregnated titania coatings was metged and compared to the anisotropy

measured in dye solution. The much higher anisgtvagues measured in the titania coatings
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compared to the value measured in solution sugtjestshe dye molecules are adsorbed on
the surface of the pores, and thus have lower mtyHdih comparison, the maximum
experimental value of anisotropy, called the limgtfluorescence anisotropy)iof

rhodamine 6G is around 0.37 (measured in propaeht| at low temperatures [47]), which

is higher than the values measured for titaniaiegstca. 0.25).

Ghazzakt al. [26] found in their investigations of rhodamine 8¢ under UV irradiation on
mesoporous titania films, that films with highergsity and higher surface area led to the
adsorption of a higher fraction of the dye in thenmmer form, and to higher dye degradation
rates. They concluded that the degradation of R@@amers was faster than dimers, and that
the monomer form is the first to be attacked duthegprocess.

The degradation rate constants that can be sd&g.ibc and in Appendix Table A.1 show a
similar result: a lower degradation rate was obsgffor the associated R6G dimer molecules
than for the monomers. This difference is mostlg thuthe first step of the process, where the
dimer degradation rate is much slower, and it weseoved in experiments carried out under
UV (see in the next section), and also under \adliight. In some cases, during this first step,
the absorbance at the dimer peak increased (Appé&igli A.4), suggesting that dimerization
may also occur as a result of light irradiationisTprocess may also increase the differences

observed in the monomer and dimer degradation.rates

3.3.2UV irradiation (R6G and MB)
Photodegradation of both R6G and MB molecules ubldéirradiation was studied in porous
titania coatings.

3.3.2.1 Experimentswith R6G
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Photodegradation experiments were also carriedidger UV irradiation. The same first
guicker process accompanied by the monomer shiftter wavelength values, as seen for
the visible light experiments, was observed herth the difference that this process took
approximately 10 minutes, as opposed to the 30 tesnunder visible light (Fig. 4b). The
results show that degradation under UV irradiahappens much faster compared to the
degradation rates obtained under visible light.(Bly). This difference is not due to the
difference of light source intensity, since theeimgity of the UV light source was lower than
that of the visible light source.

To better compare the degradation in UV and vidigla, the degradation quantum
efficiency and quantum yields can be calculatea:sEhvalues were determined for the initial,
first step of R6G degradation on HHP123 samples. For comparison, the same calculation
was made for the Ti&PVP samples, which have a higher thickness, ieradetermine
whether the layer thickness has a significant efieche value of the quantum yield. The
detailed calculations can be seen in the Apperetikian A.6. The quantum efficiency values
for TiO,-P123 samples were found to be 0.016 = 0.003%siiblei light, and 0.239 + 0.039%
in UV light. Similar values were determined for thi®,-PVP samples: 0.013 + 0.002% in
visible, and 0.246 £ 0.041% in UV light. The quantyield values for Ti@-P123 samples
were estimated to be 0.037 £ 0.006% in visible, 21889 + 0.636% in UV light. In
comparison, the quantum yield calculated for the,ARVP samples was 0.019 = 0.003% in
visible, and 3.504 + 0.590% in UV light, which aomce again, quite similar to those
calculated for Ti@-P123 samples.

It can be concluded from these results that therdyiforce for photocatalytic oxidation under
UV light is significantly higher than for dye setigation occurring under visible light.

Another possible reason is that the excitation \egth range for dye sensitization is much
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smaller, as it is limited by the dye absorptionkpeehile all wavelengths of light can excite

TiO, which are below a certain wavelength of UV light.

The dimer and monomer degradation kinetics weie\asy similar to the processes observed
under visible light. The Julson-Ollis model shovgembd fitting to the monomer degradation
results (Fig. 4d), while dimer degradation congamtre estimated using pseudo-first order
reaction kinetics. The first and second time petisdd to calculate thgikand k. dimer
degradation constants was determined to be beforaféer 10 minutes of UV irradiation.
TiO,-PVP type coatings showed a slower monomer andrdiegradation rate during the

first step (see Fig. 5d and Appendix Table A.1)tikermore, similarly to the results from the
visible light measurements, in the THOVP samples the presence of a possible monomer-
dimer organization can be observed in the kinatree of the dimer degradation (Fig. 5a).
According to the photodegradation results obtauneder visible (Fig. 5¢) and UV light

(Fig. 5d), the degradation rate and degradatioatias of the adsorbed dye depend on the
pore structure of the titania coatings, especidliging the first step of the degradation. Dimer
degradation rate was lower in the FiBVP samples than in the other coatings, espearally
the first section that also showed significantlffedent kinetics (Fig. 5a). Monomer
degradation rate was also lower in the FRYP samples compared to the THOTAB

samples during this first section. A possible ewrptaon for this is that the dye molecules may
be able to get rid of their excited energy by mogamwhich is more significant in the TiO
PVP samples that have the widest pores. In th@warrpores of the TI9@CTAB samples

this movement is more inhibited, and this resuita higher photodegradation rate (confined
space effect). The higher pore sizes of the,2ARWP coatings may also be the cause of the
guicker monomer-to-dimer transformation observeth@se samples. The results suggest that

during photodegradation some monomer molecules thmmers: the dimerization process
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occurs during the degradation, and this is whyendase of TI@PVP coating a slight initial
absorbance increase in the dimer peak could bevazsen some cases.

Ghazzakt al. found that R6G photodegradation was faster iniatéilms with higher

porosity and surface area [26]. In comparison,results show that the titania coatings with
the highest (Ti@P123) and lowest surface area (FIOTAB) showed similar monomer and
dimer degradation rates and kinetics, while JFJRYP samples, which have porosity and
surface area similar to TIKICTAB samples, show significantly different dimexgiladation

rates and kinetics. Hence, our results clearlyciaug that the pore sizes have an important role

in the photodegradation processes (confined sjtex)e
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Fig. 5: R6G dimer kinetics in the different titarsamples measured in visible light (&/A
values were measured at 500 nm) and determinatidegvadation rate constants (5a).
Degradation rate constants of first step of monotegradation (k1) (5b). Dimer and
monomer degradation rate constants in visible #d) UV (5d) light. The degradation rate
constants of monomer degradatiop(km2) were determined by the Julson-Ollis model. The
degradation rate constants for dimer degradatigrkék kq2) were estimated as first order
reactions in the whole intervaldk and the first () and second time periodygk Values

were obtained from three or more measurements.
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3.3.2.2 Experimentswith MB
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Fig. 6: Photodegradation of methylene blue underitddiation: discoloration of MB
impregnated Ti@PVP sample during 2 h UV irradiation (6a); kinstaf photodegradation
(6Db).

Photodegradation study of methylene blue in potidasia coatings was carried out similarly
to the previous measurements. The studied wavélerdies were 655 nm for MB monomer
and around 550 nm for the trimer form. Fig. 6a shtve decreasing absorbance spectra of
the MB impregnated coatings under UV irradiationribg photodegradation of MB the
monomer peak quickly disappears, followed by tlogvst decrease of the trimer peak. A
slight absorbance increase at the trimer peak Wwasreed at the beginning of the UV
irradiation: it can be assumed, that monomer-todritransformation was the cause of this
increase. It was found that trimerization also es¢én the samples in the absence of UV
irradiation during a longer time period: after thgregnation, the monomer peak slowly
decreases in time while the absorbance at thertpesk reaches a higher value. The
absorbance increase occurred much more quicklyrihdeight than in dark, presumably the
UV irradiation facilitated the trimerization ream.

The photodegradation kinetics was found to be rmoneplex than in the case of R6G dye.

The Julson-Ollis model equation did not show gatioh§ to the data, most likely as a result
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of the strong dye association of MB, and furthenérization process occurring during the
photodegradation.

Similarly to the results found with the R6G expegints, the MB monomer’s photostability
appeared to be much lower than that of the assakitimer form (Fig. 6b). The first step of
the degradation is the disappearance of the monpead;, the decrease of the absorbance at
the trimer peak only starts after longer UV irrdidia. Degradation constant values of the MB
monomer were estimated by assuming pseudo-firglr seéctions by applying equation (1),
as seen in Fig. 6b. The degradation rate constank$B monomer were found to be similar
for TiO,-CTAB (0.00237 mift) and TiQ-P123 coatings (0.00257 rifijy and slightly higher
for TiO,-PVP coatings (0.00520 nifi In the case of Ti@PVP samples this faster decrease
of the monomer peak is accompanied by an init@ldase of the trimer peak, followed by a
decrease after longer UV irradiation times.

The initial much faster decrease of the monomek pemost likely caused by two factors,
faster monomer degradation, and monomer-to-trinagstormation. The monomer-to-trimer
formation seems to be a significant process, sinan also be observed without illumination
after a longer period of time (as it was previowipwn in Fig. 3d). Compared to the trimer
peak increase in dark, trimerization occurs molekdy, as a result of UV irradiation, and

this effect is more pronounced in the bigger pofabe TiG-PVP samples, presumably due

to confined space effects.

4. Conclusions

It was found that associated dye forms (R6G dimMdB trimers) accumulated in mesoporous
titania coatings showed a significantly slower @elgtion than monomers, their photostability
appears to be higher. Moreover, dimerization aingetrization processes were found to take

place during photodegradation, and this behaviepedded on the pore structure of the
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coatings. It was proposed that monomers and teeocated forms can get rid of their
excited energy through their motion in the biggergs, while this process cannot take place
in smaller pores (confined space effect). The nmaensive association of monomers in the
bigger pores during the photodegradation can asexplained in terms of this process.
Additionally, it was shown that the degradationdtios of R6G monomers under both UV
and visible light could be described by two subseqdirst order reactions. This was in good
agreement with the Julson-Ollis model, which was/musly found applicable for dye
photodegradation under UV irradiation on the swefatTiO, powders. In contrast, the same
model could not be applied to either for the MB mmver degradation or the degradation of
associated (R6G dimer and MB trimer) forms, dua thfferent degradation mechanism. The
results outlined above also demonstrate that phetaeal processes in thin films, despite
their special optical behaviour (light interferepasan be reliably studied by optical

spectroscopy methods.
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