“Alexandru loan Cuza” University $a

Faculty of Physics

SUMMARY OF PhD THESIS

CONTRIBUTIONS TO THE STUDY OF
HYDROPHILIC AND PHOTOCATALYTIC
PROPERTIES OF Ti9THIN FILMS DOPED
WITH TRANSITION METALS

Scientific coordinator:
Prof. Dr. Diana Mihaela Mardare
PhD student:

Catalin Adomnitei

- lasi 2015 -

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
zzzzzzzzz



Introduction

The main objective in this work was to improve thleotocatalytic and hydrophilic
properties of titanium dioxide (THKp thin films. To achieve this objective we have sidered
obtaining and characterization of undoped and ddpéd thin films with atoms of Nb, Ni, Mo
and Cr in increasing concentrations through diffenmethods (spray pyrolysis, spin coating,
sputtering). We have studied the influence of gabstnature (glass, ITO glass, Si) on the
structure, morphology and, as a consequence, orophieal, photocatalytic and hydrophilic
properties. For thin films with low hydrophilic gerties, we tried to improve the hydrophilic
behavior by depositing Pt islands on their surfades study the photocatalytic properties we
have considered the decomposition of some orgaompounds such as oleic acid and
methylene blue.

The thesis is structured in three chapters. Tret Ghapter presents some theoretical
aspects related to the mechanisms that rule theopliic and photocatalytic behavior of a
semiconducting material and, referring to titanidimxide, we have reviewed the current state of
research. Chapter Il contains a description ofntle¢hods used to deposit and characterize the

studied films, and the last chapter contains erpamial results and their interpretations.

CHAPTER |
HYDROPHILIC AND PHOTOCATALYTIC PROPERTIESOF THE TITANIUM
DIOXIDE. CURRENT RESEARCH IN THE FIELD.

Titanium dioxide is a promising photocatalytic eval which, under the action of UV
radiation, possesses two important propertieshierenvironment: a high oxidation power of the
organic pollutants, and a high affinity for watéeing used in the purification of air, water,
sterilization, self-cleaning, etc. Compared to otpleotocatalytic semiconductors (ZnO , CdS ,
SiQ,) , TiO, is chemical and mechanical stable, non-toxic,ehtsrly low cost and a high active
surface area, etc. In addition to these beneftemitm dioxide presents a great disadvantage.
The width of the optical band gap of Ti(§3.2 eV for the anatase phase), allows for
photoexcitation only the radiation having a wavgténess than 390 nm (in the near UV). As a
consequence, Ti#lcannot effectively use solar radiation, becausenfsunlight spectrum only

10 % of energy is on the UV range, and about 5% ke near UV range.



CHAPTER I
EXPERIMENTAL TECHNIQUES
TiO, thin films doped with different impurities was aegited on various substrates (glass
, ITO/glass , Si) using three different depositiechniques:

e spray pyrolysis deposition

» sol-gel deposition ( spin coating)

e sputtering deposition
We have analyzed their structure, morphology, aa@felemental composition, and

correlations were made with the optical hydrophaind photocatalytic properties.

CHAPTER 111
EXPERIMENTAL RESULTSAND DISCUSSION

[11.1 Nb - doped TiO; thin films deposited by sol - gel method

We have obtained by spin coating method, amorphid@s thin films doped with
ascending Nb content, very smooth, with roughnedseg of less than 5 nm, deposited on the
glass substrates.

The Ti 2p XPS spectra of all the Tib samples demonstrate the presence of bdth Ti
and TP* states.

From Table 3.1 it can be seen that the opticabllbgap increase by increasing the Nb
content in the films, the explanation being madetiie first time using small polaron hopping
(SPH) model.

Table 3.1 The thickness of the samples (d); thé meEan square roughness,{g; the optical
band gap (B); Ti/Nb atomic concentration ratio in the startingolutions; Ti/Nb atomic
concentration ratio as resulted from XPS; the elet@alecomposition from the XPS data

d Rms | Eg | Ti/Nb | Ti/Nb Elemental composition from XPS
(nm) | (nm) | (eV) | (at.%) | (at.%) | O Ti Nb X 5
sol. XPS (at.%) | (at.%) | (at.%)

TiO2:Nbpst | 99 21| 3,25 0,0 0,0

TiO2:Nbist | 78 26 | 341 8,18 11,39 67,9 29,6 2,

b 0/08 2,10
TiO2:Nboys: | 86 29| 3,53 1,02 1,45 68,1 18,9 130 040 2,13
TiO2:Nbsst | 97 4,8 | 3,58 0,50 0,46 69,4 9,6 210 069 227

The presence of Nb in the Ti@atrix determine the superhydrophilicity (contangles
smaller than 10 degrees) of these films, with thial values of the contact angles lower than 5
degrees, while the undoped sample shows an iciialact angle of approximately 40 degrees
(Fig. 3.1). We have attributed this superioritythie presence of Ti (sustaining Wang's model),
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whose area increases with increasing dopant coimetite samples, and due to the increased
width of the optical band gap, since it has beematestrated that the lifetime values of the

electron-hole pairs occurring upon UV irradiationtihe surface region are directly proportional

to E;[Hao et al. 2002]
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Fig. 3.1 Contact angle vs. UV irradiation time plots foetpristine TiQ and
TiO./Nb samples

Studies of the decomposition of the oleic acid egopbn the films surface, show that the
films needed more than 30 hours to recover théiaircontact angles had in the absence of the
oleic acid (Fig.3.2). By continuing the UV irrad@t, the contact angles keep on decreasing,
tending to reach the values corresponding to therat#gon of the photoactivation previously

observed when investigated the hydrophilic propsrtif these films.
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Fig. 3.2 Modification of the contact angle after depositthg oleic acid layer, and its variation

as a function of the irradiation time



The optical transmittance through an aqueous isolutontaining methylene blue
increases till 97 %, in 18 days, in the presencthefUV irradiated sample S3, and the reaction
rate was found to be 0.006 hatrs

These Nb doped films, even highly superhydropilithe presence of the UV radiation,
decompose the organic compounds in higher timesphaviously found for other dopants. This
observation, together with the one that we cahdgilect the presence of carbon on the surface
of the film, even in its superhydrophilic state lwé contact angle close to 0 deg. (Fig. 3.3), show
that hydrophilicity is ruled by a different mechami than photocatalysis, even if it can provide

information on the oxidation power of T4O
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Fig. 3.6 C 1s XPS spectra of the film S3 covered with @aleid, before the UV irradiation, and
after 50 hours and 65 hours after irradiation

[11.2 Nb - doped TiO thin films deposited by spray-pyrolysis method

Undoped TiQ and Nb-doped Ti@thin films have been deposited by spray pyrolysis
method on ITO/glass substrates. All the as-depbdikeas are amorphous, as shown by X-Ray
Diffraction (XRD). Under certain conditions of hdatatment in air, the films deposited by
pyrolysis became pure anatase and a slight decoéaserage crystallite size was observed with
the increase of the Nb content.

The heat-treated samples are superior as corteeimytirophilic properties, then their as-
deposited counterparts (Fig. 3.4), fact explaingdhe anatase phase development in the heat-
treated samples. Ana tase phase has a highee auta, leading on one hand to a higher
adsorption capacity of water molecules and, onother hand, increases the density of allowed
energy states in the optical band gap, resultingdaction of the electrons-holes recombination
rate. Remarkable are not only the obtaining of acinangles less than 3 degrees in very short

times, but also the long recovery time (more thaags for the heat treated samples) (Fig. 3.5).
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[11.3 Ni - doped TiO, thin films deposited by spray-pyrolysis method

Undoped and Ni-doped TiQhin films were deposited by the spray pyrolysstimod on
glass and ITO (Indium tin oxide)/glass substratestéd at 100 °C. The as deposited films were
amorphous as indicated by XRD analysis. Thin fitleposited on the glass substrates remains
amorphous after heat treatment, except the undopedvhich developed the anatase phase. The
heat treatment drives to the appearance of thesmghase for samples deposited on ITO/glass
substrates, with the average crystallite size \walualer 14 nm.

X-Ray Photoelectron Spectroscopy (XPS) analysisficoed the presence of Ni
embedded in the TiOmatrix. We have found out that, by Ni doping, homlilic properties
decrease for the Tilfilms (Fig.3.6), with increasing dopant concentmat depending on the
nature of the substrate that brings its own couati@n on their structure and morphology of the

studied samples.

100+ " _._Tioz:Niowo - Tioz:NiuTo
= ‘ . :A—TIOZZNIZITO —v—TiO,:Ni
o 80- ¢ . T TONg
z ——t——
@ 604
2 I
@© 404 AV VY vwW—y
s d\
£ Rt Iy
O 201
©) d’I.. \A
..\.‘I‘ﬂhg
0

0 10 20 30 40 50 60 70 80 90
Irradiation time (min.)
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[11.4 Mo - doped TiO; thin films deposited by spray-pyrolysis method

Undoped and Mo-doped TiCthin films have been obtained by the spray pyislys
method on glass and Si substrates. The as-depdgitex were amorphous, while the heat
treated ones are polycrystalline, having an angbhsse, or mixed anatase/rutile phases, as a
function of the substrate used; the developmenhefrutile phase is enhanced, as a combined
effect of both doping and substrate nature.

XPS analysis revealed the fact that Mo entersTifle matrix as M3" state; the films
retained a smaller amount of Mo (0.1 at. % andad.26) compared to the amounts from the

solution synthesis report (Table 3.2).

Table 3.2. Dopant concentrations in the initial solutions;pdmt concentrations resulting from
XPS; the anatase average crystallite size)(Bnd rutile (Ox), the weight percentage of the
anatase phase (\/and the optical band gap ¢E

Sample Mo Mo Da | Dr | Wa | Eg

(at.%)o. | (at.%kes. | (M) | (M) | (%) | (eV)
TiOxMoso | - - 12,3| - | 100 3,58
TiO;Mosy | 0,5 01 | 12 -] 100355
TiOzMos | 1 02 | 12,1 - | 100353
TiOxMosp | - - 132 49| 60/ -
TiO;Mosy| 0,5 01 | 131 99 44 -
TiO;Mosz | 1 02 | 134 125 268 -

Mo doping induces a shift of the optical band gafues towards lower energies, which
is beneficial to the photocatalysis, but the shiftvery small, as a consequence of the small
amount of Mo embedded in Ti®natrix (as seen from XPS).

The films hydrophilic behavior under UV irradiatio (Fig.3.7) show that
superhydrophilicity is reached by all the irradéatgamples with one exception: the undoped
TiO, sample deposited on Si substrate. The anatass @btained on glass substrates present
excellent hydrophilic properties (contact angles/vaose to 0 deg. after less than 12 min of UV
irradiation), independent on Mo doping, while theatase/rutile films obtained on Si substrates
have lower performances (contact angles of aboah® 5 deg. for the doped films, after 60 min

of UV irradiation, and 29 deg. for the undoped jiwhich are enhanced by Mo doping.
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Fig. 3.7 Contact angle as a function of the irradiation érior all the studied
samples [Adomnitei et al. 2014]

A study on the relationship between hydrophilicéigd the amount of the adsorbed
hydroxyl groups was performed based on FT-IR reseltlized on all the films, before and after
irradiation, and explains the superiority of theatse phase concerning the hydrophilic
properties. Mo enhances wettability of the samplegosited on Si but, in the mean time, it
determines a rise in the rutile weight percentages combined effect with the substrate nature.

Studies of the decomposition of the oleic acigliagg on films surfaces, confirm that the
films with higher hydrophilic performances are atgmwod photocatalysts, and we mention all the
films deposited on glass substrates, which decoenffesoleic acid in 7 to 17 h, as a function of
doping.

[11.5Cr - doped TiO, thin films deposited by RF magnetron sputtering method

Undoped and Cr-doped TiQhin films were deposited by RF magnetron spuiteri
(13.56 MHz) on heated glass substrates (300 °C).

The as deposited films are polycrystalline. Chromiinduces a phase transformation
from anatase to rutile and the all the crystallisgge decreases with the increase in the Cr
concentration.

The optical band gap valueBg] of the studied films, decrease from 3.31 eV foe t
undoped sample to 2.57 eV for the sample with igadst Cr content, pointing out that these
films deserve attention in studying their self dieg properties. In the same time, the films did
not show the promising hydrophilic properties (Big). The explanation could be related to the

different Cr concentrations. For high dopant cotr@ions, as in our case, the recombination



rate of the photogenerated electrons and holesl ¢goalease as a consequence of the decrease of

the distance between trapping sites.
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Fig. 3.7 Contact angle as a function of the Fig. 3. 8 Contact angle as a function of the

irradiation time for the TiQ films irradiation time for the TiOfilms with the

having different Cr percentages highest Cr concentration (Ti@r 4/4), having
different Pt islands dsjped on their surfaces

The TiG film having the highest Cr content (Ti@r 4/4) presents the worse hydrophilic
properties, but it is in the mean time the mostodient in visible, so it deserves an
improvement of its self cleaning properties. We wantest a surface modification method for
the enhancement of its hydrophilic properties.His purpose we have deposited an increased
number of Pt islands on its surface, letting adaggough surface area of L@ be exposed to
the radiation. From Fig. 3.8 it can be seen an awgment in hydrophilic properties by Pt islands
covering. We may remark also the sharp decreagbeotontact angle of the film with 2 Pt
islands, till 44 deg. in about 17 min of UV irratitan. Probably there is an optimum Pt coverage
area, lower than 0.07% (2 islands), for which bettgrophilic properties can be achieved, but
this will be a challenge for the future.

The explanation was based on FT-IR and XPS amalgsrformed on the UV irradiated
and non-irradiated films, which gives informatiom thie relationship between hydrophilicity and

the amount of the adsorbed hydroxyl groups.



Conclusions

* | have improved the spray pyrolysis deposition eystexisting in the laboratory,
establishing optimum conditions for achieving tlesided thin films.

* By doping the TiQ thin films with Nb, they do not become absorbantthe visible
region as it was desired, however the hydrophyi@and the photocatalytic properties are
improved. Among other models in the literature, efthiwere proposed to explain the
hydrophilicity mechanism, | have sustained the \Wamgodel, related to the presence of Ti
states with increased area, as Nb concentratioaases in Ti@films.

« | have shown that hydrophilicity is governed by d&fedent mechanism than
photocatalysis, even if it can provide indirecoimhation about the Ti£oxidation power. At the
films surface, even for contact angles close te@.,dhe presence of carbon sill can be detected,
confirming the idea that superhydrophilic surfaaesnot simple "clean surfaces”.

* Mo doping induces a very small shift of the optit@nd gap values towards lower
energies, and better hydrophilic and photocatalggcformances; the thin films deposited on
glass substrates (only anatase phase) are moogeeffthan those deposited on Si substrates
(mixed anatase/rutile phases), contributing to tebate in the literature regarding the
photocatalytic and hydrophilic performances of dinatase Ti@versus rutile TiQ.

e Cr-doping induces an increase in the rutile wepggrcentages, a more compact structure,
a significant red shift of the Tiabsorption edge, but poor hydrophilic properties.

« We have chosen the worst hydrophilic sample anthawe covered it with Pt islands. Its
hydrophilic properties evidently improve, more atns for a metal coverage of 0.07% (2
islands).

« We have explained the appearance of ¥ §tate only in the titanium XPS spectra of
the irradiated film without Pt, by the electronnséer from the oxygen atom of a coordinated
water molecule, or of a hydroxyl group, to*Tor CP*, activated by the UV radiation, taking
into account their reduction potentials. For thradiated Pt covered films, the*Tistate is not
present, probably because Pt accepts the excitettais that appear by irradiation easier than
Ti*". Instead, for these films, a supplementary Tiestatrely reported in the literature, located at
higher binding energies than the one correspontingi’’, was evidenced and explained by
more powerful Ti-O bonds, close to double bondsedaon FT-IR analysis.

This work was supported by the strategic gre@SDRU/159/1.5/S/137750, "Project
Doctoral and Postdoctoral programs support for ieased competitiveness in Exact Sciences
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