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RESUMEN

TITULO: Oxidacién fotoelectroquimica de fenol en solucién acuosa mediante el uso de peliculas
delgadas de TiO, dopadas con boro/grafeno inmovilizadas sobre acero inoxidable*

AUTOR: GUALDRON REYES, Andrés Fabian**

PALABRAS CLAVES: TiO, dopado con boro, RGO, transporte electrénico, colector de corriente,
fotocorriente, sustrato

El efecto del contenido de RGO en la fotocorriente generada en la oxidacién de fenol bajo luz
visible empleando peliculas compuestas de TiO, dopadas con boro/RGO depositadas sobre acero
inoxidable 304 por el método sol-gel y la técnica dip-coating fue estudiado. Micrografias FESEM
muestran peliculas fracturadas debido al estrés térmico en la fase de enfriamiento durante el
proceso de calentamiento. Los resultados de GIXRD muestran que el boro esta presente en las
peliculas inhibiendo el crecimiento de los cristalitos. Espectros de DRS indican la formacion de
especies donadoras localizadas justo debajo de la banda de conduccién (CB) del TiO2 tras el
dopaje con boro. Estos estados fueron identificados mediante XPS. Voltamperogramas de barrido
lineal muestran que la incorporacion de RGO mejora el transporte de electrones fotogenerados
dentro de las peliculas compuestas, incrementando la fotocorriente. Estos mejoramientos son
explicados en la base de la habilidad de RGO para promover la separacidon de portadores de
carga. El efecto del contenido de boro en la capacidad de fotogeneracion de portadores de carga
del TiO, también fue estudiado. La pelicula compuesta con 0.03 wt% boro y 3 wt% de RGO exhibe
la fotocorriente mas alta la cual es 30 veces mas alta comparada con la del TiO2. El efecto del
sustrato fue comparado soportando la mejor pelicula sobre placas de Titanio. Esta pelicula mostré
ser mas fotoelectroquimicamente activa en un tiempo prolongado que la pelicula sobre acero
inoxidable.

* Trabajo de Investigacion
** Facultad de Ciencias, Escuela de Quimica. Directores: Dr. Martha Eugenia Nifio Gomez, Dr.
Angel Manuel Meléndez.

13



ABSTRACT

TITLE: Photoelectrochemical phenol oxidation in aqueous solution by using boron-doped
TiO,/graphene films deposited on stainless steel*

AUTHOR: GUALDRON REYES, Andrés Fabian**

KEYWORDS: boron-doped TiO,, RGO, electron transport, current collector, photocurrent,
substrate.

The effect of graphene (RGO) content on the photocurrent generated in the phenol oxidation under
visible light using boron-doped TiO,/RGO composite films deposited on 304 stainless steel plates
by sol-gel method and dip-coating technique was studied. FESEM micrographs display cracked
films due thermal stress in the cooling down stage during the heating process. GIXRD results show
that boron is present in the films inhibiting the growth of crystallites. DRS spectra indicate the
formation of donor species located below the bottom of conduction band (CB) of TiO, after boron
doping. The donor states are associated to Ti*t species detected by XPS. Linear voltammograms
show that RGO incorporation improves the photogenerated electron transport within the composite
films, increasing the photocurrent. These enhancements are explained on the basis of the ability of
graphene in promoting the charge carrier separation by transferring the photogenerated electrons
from the illuminated TiO, to the current collector. The effect of boron content on the charge carrier
photogeneration capability of TiO, was also studied. The composite film with 0.03 wt% boron and 3
wt% graphene exhibits the highest photocurrent which is 30 times compared with the photocurrent
of the TiO, film. The effect of substrate was compared depositing the best composite film on
Titanium plates. This film showed more photoelectroactivity in a prolonged time than the composite
film deposited on stainless steel.

* Reseach paper )
** Faculty of Science, School of Chemistry. Advisers: Dr. Martha Eugenia Nifio Gémez, Dr. Angel
Manuel Meléndez
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GENERAL INTRODUCTION

The presence of phenol in resulting wastewaters from industrial processes has
been a relevant topic due to the increase in the concentration of this highly
recalcitrant organic compound in aquiferous zones at national level during recent
years. This contamination has motivated to the research of new alternatives and
the improvement of detoxification and disinfection techniques with a growing
demand at industrial level. Actually, the photoelectrochemistry (PEC) is considered
as an efficient strategy to the remotion of organic compounds dissolved in water,
with the capability of oxide highly toxic pollutants, compared with other oxidation

processes.

This promissory technology combines the photocatalytic (PC) and electrochemical
processes with the advantage of employing semiconductor materials deposited in
conducting substrates, which can absorb visible light to carry out the pollutant
oxidation with high effectiveness. Due to the majority of semiconductors used in
photoelectrochemical (PEC) processes not presents conducting properties,
decreasing its PEC performance, the incorporation of some materials to improve
these conducting properties and increase the PEC performance of the

semiconductor is essential.

According with this description, the preparation boron-doped TiO./graphene
composite films deposited on 304 stainless steel active to the visible light, with high
conducting properties, employed in the PEC phenol oxidation was proposed. The
phenol with a concentration value established for the wastewaters from the
Colombian industries was oxidized using the composite films under an artificial
visible light source. First of all, important parameters as the graphene and boron
content were determinated to obtain the best PEC response in the phenol
oxidation. As an additional contribution in the performed research, the effect of
conducting substrate in the PEC activity of the composite films was studied by

comparing the 304 stainless steel and titanium substrates.
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CHAPTER 1: PHOTOELECTROCHEMICAL POLLUTANT OXIDATION USING
TIO, BASED FILMS DEPOSITED IN CONDUCTING SUBSTRATES

Generalities

TiO, is one of the most studied semiconductors in the development of new
materials for disinfection and detoxification process of pollutant in wastewaters,
due to its well known photocatalytic properties, thermal and chemical stability, and
low costs. Unfortunately, TiO, exhibits a large band of 3.2 eV and thus is only
active to the UV light with a wavelength of 390 nm below, which occupies a small
fraction (5 %) of solar energy. The limited UV light absorption results in a low
activity of TiO, [1]. Therefore, many studies have been explored to narrow the
band gap of TiO, and maximize the utilization of solar energy [2]. The most used
approach is to dope TiO; with different elements including metal [3] and non-metal
elements, especially N [4], P [5] and C [6], which extend the light absorption of the
semiconductor to the visible region, representing an additional advantage in
energetic terms. Di valentin et al [7] observed that adding electron donor atoms as
N, C, B and F to the crystalline structure of TiO,, its photoactivation in the visible
region could be reached. Recently, the boron doping has been broadly researched
due to this atom extend the light absorption to the visible region by the formation of
energy states within the band gap of TiO,. When boron is incorporated to the TiO;
lattice, it occupies interstitial positions, inducing the formation of Ti** donor states
just below the bottom of conduction band (CB) of TiO, (at 1.58 eV below the
bottom of CB). Thus, the material behaves a n-type semiconductor. The electrons
are promoted from the valence band to these states, extending the light absorption
to the visible region. Subsequently, the electrons are promoted from these states to
the CB of TiO,, inhibiting the charge carrier recombination. Hence, the visible light

absorption capability of TiO, can be enhanced [7].

Many researchers have developed modified TiO, active to the visible light as

powders to be employed in aqueous suspensions, but using the powder catalyst
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has the disadvantages like stirring during the reaction and separation of catalyst
after each run [8, 9]. The preparation of TiO, flms overcomes these problems and
it also extends the applications of catalyst towards antibacterial ceramic tiles as
well as self-cleaning glasses [3]. Among the different thin film deposition
techniques the sol—gel dip coating is the simplest, economical and has advantages
such as TiO; is easily anchored on the substrates bearing the complicated shapes
and large area substrates. The films are normally prepared from TiO, dispersions
using titania P25 and polyethylene glycol as principal precursors. However, the
films obtained from suspensions, present low adherence, promoting the
detachment from the substrate 10]. Hence, TiO; films with high adherence can be
obtained from sol solutions employing titanium butoxide and acetylacetone as

principal precursors dissolved in some alcohols as ethanol or butanol [11].

The TiO, films deposited on conducting substrates are commonly used in
photocatalytic (PC) processes. In these processes, a TiO; film is illuminated with
an irradiation equal or higher energy to the band gap of the semiconductor,
photogenerating the electron/hole pairs to carry out redox reactions [12]. However,
the electron/hole pair recombination can hinder these processes, decreasing the
oxidative capability of TiO,. The photoelectrochemical (PEC) processes take
advantage of the PC processes due to the applying a potential across the film. In
the PEC process, when the TiO; film is illuminated, the electron/hole pairs are
generated; holes are accumulated in the semiconductor while the electrons are
transported from the TiO,-electrolytic solution interfase through the film to reach
the conducting substrate [13]. The electrons are transported through the external
circuit of the PEC cell where are collected by a cathode, generating a photocurrent.
Thus, the photogenerated electron/hole pair can be separated, inhibiting the

charge carrier recombination.

Hence, the PEC process represents a technologic alternative for the remotion of
organic pollutants dissolved in water, with high capability to oxide recalcitrant

compounds as phenol, which has been an issue of environmental concern during
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recent years due to its presence in resulting wastewaters from several industrial
processes [14, 15]. The PC oxidation mechanism of phenol is well known, but a
few works have reported about the PEC oxidation process. Yan Su et al [16] has
been employed Si-doped TiO; films, indicating that the PEC phenol oxidation
generates a photocurrent. In the PEC phenol oxidation using TiO, films can carry
out by two forms: the first is denominated direct oxidation, where the holes
accumulated in the semiconductor after the charge carrier separation (1), directly

react with the adsorbed organic compounds in the film surface (2) [17].
hv
TiO, - TiO, + h* + e~ (D

TiO, + ht + R—> Ti0, + RO + e~ (2)

The second is called indirect reaction, where the physisorbed H,O molecules in the
film surface react with the holes to promote the generation of highly oxidant
species as the hydroxyl radicals (3). Subsequently, these radicals react with the

organic compounds (4).
TiO, + H,0 + h* - Ti0,[HO ]+ H* (3)

TiO,[HO] + R > TiO, + RO+ H* + e~ (4)

Yang et al [17] has reported that both reactions can induce the formation of
intermediates compounds e.g. hydroguinone, benzoquinone, catechol, etc. the
mineralization of these compounds can be reached to obtain CO, and H,O [17].
Thus, the PEC processes are a favourable alternative in the oxidation or
degradation of organic compounds. However, the principal problem showed in the
PEC process is the low conducting properties in materials as TiO,, due to this
material is a semiconductor. The tortuous way that the electrons must follow
through the nanoparticles increases the probability of electron/hole pair
recombination, restraining the electron transport within the film [13]. Thus, the PEC

performance of the TiO, in oxidation processes can be limited by the electron
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transport. One of the most attractive alternatives to resolve this problem is the
incorporation of a material with high conducting properties as graphene.

Wang et al [10] have demonstrated that the incorporation of graphene in TiO, films
increases the conductivity of the semiconductor, decreasing the photogenerated
charge carrier recombination facilitating a less tortuous way for the electron
transport from the TiO, film to the conducting substrate. This former can improve
the PEC performance of the TiO,

Therefore, in order to obtain TiO; films with high PEC properties for the pollutant
oxidation under visible light illumination, the objectives described below were

performed.
Objectives
General objective

Study the photoelectrochemical properties of the boron-doped TiO,/graphene (B-
TiO,/RGO) composite films employed as photoanodes in the phenol oxidation

under visible light.
Specific objectives

Prepare B-TiOo/RGO composite films deposited on 304SS by the sol-gel dip-

coating technique

Study the RGO and boron content on the increase of generated photocurrent by

the B-TiO./RGO composite films in the photoelectrochemical phenol oxidation.

Characterize the morphological and physicochemical properties of the B-TiO,/RGO
composite film with the highest photoelectrochemical properties exhibited during
the phenol oxidation.
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CHAPTER 2: PHOTOCURRENT IMPROVEMENT IN THE PHENOL OXIDATION
UNDER VISIBLE LIGHT USING BORON-DOPED TIO,/GRAPHENE
COMPOSITE FILMS DEPOSITED ON 304 STAINLESS STEEL

Abstract

In this chapter, the effect of graphene content on the photocurrent generated in the
phenol oxidation under visible light using boron-doped TiO,/graphene composite
films deposited on 304 stainless steel plates by sol-gel method and dip-coating
technique is studied. The films were characterized by GIXRD, FESEM-EDS, DRS
and XPS. Linear sweep voltammetry measurements show that graphene
incorporation improves the photogenerated electron transport within the composite
films, increasing the photocurrent. These enhancements are explained on the
basis of the ability of graphene in promoting the charge carrier separation by
transferring the photogenerated electrons from the illuminated TiO, to the current
collector. The effect of boron content on the charge carrier photogeneration
capability of TiO, is also studied. The composite film with 0.03 wt% boron and 3
wt% graphene exhibits the highest photocurrent which is 30 times compared with
the TiO; film.

2.1 Introduction

In photoelectrochemical (PEC) and photovoltaic process, a photoanode composed
by a nanoparticulated TiO, film is normally employed [1, 2]. When the film is
illuminated, the electron/hole (e/h*) pairs are generated. Holes are accumulated in
the semiconductor while the electrons are transported from the TiO»-electrolytic
solution interfase through the film to reach the current collector, where the film is
deposited [2]. Subsequently, the electrons are transported through the external
circuit of the cell where are collected by a cathode, generating a photocurrent.

However, when the TiO; films are obtained by the sol-gel method, the grain
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boundaries form a high surface states density [3], limiting the charge collection.
Furthermore, the tortuous way that the electrons must follow through the
nanoparticles increase the probability of charge carriers (e/h*) recombination,

decreasing the generated photocurrent [3, 4].

Due to the diverse applications require an optimized charge transport, the
enhancement of the electron transport within the TiO, films is essential. Many
alternatives have been proposed to reach this objective such as the preparation of
TiO, nanotubes to address the electron way [5], the combination of metal elements
with TiO, based materials [6] or the use of composite metal oxides (e.g. core shell)
with matched band gaps [7]. The reduced graphene oxide (RGO) is another
alternative to improve the electron transport due to its unique attractive features
such as a high specific surface area (approximately 2630 cm?/g) and excellent
electronic conductivity endowed by its -1 conjugation structure [4, 8]. The
incorporation of RGO in TiO, (P25) nanoparticles has shown an improvement in
the electron transport, increasing its PEC activity [3, 9]. However, these materials
have been analyzed under UV illumination, limiting its PEC performance. Non-
metal elements can incorporate in the TiO, films to extend the light absorption to
the visible region and maximize the utilization of solar energy [10, 11]. On the other
hand, although a few reports have displayed the positive role of RGO in TiO; films
(TiIO2/RGO), the RGO incorporation only has been studied in films obtained from
nanoparticles suspension, which can exhibit low adherence occasioning the
detachment of the film from the current collector [3, 4]. The films preparation from
the TiO, sol solutions can enhance the homogeneity and the adherence of the film

on the current collector.

In this chapter, boron-doped TiO,/RGO composite films (B-TiO,/RGO) deposited
on 304 stainless steel (304SS) plates were prepared by sol-gel method and dip-
coating technigue using B-TiOo/RGO sol solutions. These materials were
employed as photoanodes in a photoelectrochemical cell for the phenol oxidation

under visible light illumination. Composite films were doped with boron due to this
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element can shift the photoactivation to the visible region, which can increase the
PEC performance of the composite films [12, 13]. The effectiveness of RGO to
improve the photocurrent generation, increasing the electron transport within the

TiO; films is presented.

2.2 Experimental section

2.2.1 Preparation of B-TiO,/RGO composite films

All reagents were purchased from Sigma-Aldrich and Merck as shown in the table
1. RGO was synthesized and supplied by Vicente Rodriguez from Instituto
Potosino de Investigacion Cientifica y Tecnoldgica (IPICYT- México). This material
was characterized in this section (See 2.2.2). Phenol was 99% analytical reagent
grade. B-TiO,/RGO sols with different boron and RGO content were prepared by
sol-gel process dispersing 200 mg of RGO in 100 mL anhydrous ethanol by
sonication in a Elma E 30H Elmasonic sonicator during 1 h to create 10 wt% RGO
dispersion. Dispersions with 1 wt%, 2 wt%, 3 wt%, 4 wt% were prepared by diluting
10 wt% RGO dispersion in ethanol. A mixture of 3.5 mL of titanium butoxide and
1.0 mL of acetylacetone was added into each RGO dispersion under vigorous
stirring at room temperature for 1 h. Then, boric acid was added in different weight
ratios 0.1% wt, 0.2 wt % and 0.3 wt % (0.021 g, 0.035 g and 0.049 g). The
corresponding weight ratio of added boron from boric acid in the sol solutions was
0.02 wt%, 0.03 wt% and 0.04 wt%.

304SS plates (20 mm x 40 mm x 2 mm) were ground with No. 120, 240, 320 and
600 emery papers. Plates were cleaned by sonication with ethanol and acetone.
TiO, films with different boron and RGO content were deposited at a rate of 60 mm
/min, followed by dehydration at 100°C for 10 min. The deposition and thermal
treatment was repeated 3 times in order to prepare films with high adherence [17].
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Films were calcined at 400°C with a constant heating rate of 3°C/min and hold for

90 min.

Tablel. Employed reagents to the sol solution preparation

Titanium butoxide (1V) Aldrich 99.9% Titanium precursor
Boric Acid Aldrich 99.5% Boron precursor
Acetylacetone Aldrich 99.9% Chelating agent
Ethanol Merck Solvent

Deionized water 6=5.5 uS/m

RGO IPICYT -

2.2.2. Characterization of B-TiO,/RGO composite films

First of all, the obtained RGO was studied by Raman spectroscopy using a Micro-
Raman Horiba Jobin Yvon HR 320 spectrometer operated with a low-power green
laser (150 W) equipped with a Olympus BX 40 attachement. The excitation
wavelength was 532 nm. The Raman spectra were collected by means of back
scattering geometry with an acquisition time of 50 seconds. The morphology of the
composite films was analyzed by field emission scanning electron microscopy
(FESEM) using a JOEL Quanta 650 FEG equipped with an EDAX Apollo X energy
dispersive X-ray spectroscopy (EDS). The crystallinity of the materials was
investigated with grazing incidence X-ray diffraction (GIXRD) in a Bruker D8
Discover diffractometer with Da Vinci geometry operated at 40 kV and 30 mA,
using Cu Ka radiation (0.15406 nm) selected with Ni filter, in grazing incidence
mode with a step of 0.015° and a counting time of 1.0 s per step.The analysis of
the phases present in the composite film was analyzed by comparing the observed
profile with the patterns reported in the PDF-2 database of the International Centre

for Diffraction Data (ICDD). Diffuse reflectance spectra (DRS) were recorded with a
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Shimadzu PC 2401 UV-Vis spectrophotometer. A 304SS plate was employed as a
reference in the range of 200 — 800 nm. X-ray photoelectron spectroscopy (XPS)
spectra were carried in aThermo Scientific K-alpha X-ray photoelectron
spectrometer with an Al Ka X-ray source (1.487 eV). Carbon C 1speak is usually a
good way to detect and compensate the charge shift effect. Unfortunately, carbon
iIs not the main component of the film surfaces. Since oxygen is the predominant
element in this type of films, O 1s peak is more suitable to detect and compensate
the charge shift. Hence, the binding energy of XPS spectra was calibrated with
reference to the O 1s peak (531 eV). Gaussian-Lorentzian mix function and Shirley
background subtraction were employed to deconvolute the XPS Ti 2p, O 1sand C
1s spectra. Collected XPS spectra correspond to an average of three

measurements in different points of each simple.

2.2.3 Photoelectrochemical measurements

Photoelectrochemical measurements for the B-TiO,/JRGO composite films were
performed in a three-electrode cell with a potentiostat AUTOLAB PGSTAT 302N. A
graphite rod was used as counter electrode (CE) and an Ag/AgCl (3M) as
reference electrode (RE), respectively. The separation between the composite film
and CE the was 2.0 cm, while the separation between the composite film and RE
was 0.3 cm. Linear sweep voltammograms were obtained with a scan rate of
10mVs* using 0.1 M HCIO, as supporting electrolyte, in presence and absence of
1 mM phenol with and without illumination. All the solutions were bubbled with
nitrogen during 20 min to remove the dissolved oxygen. The visible light source
was a 150 W metal halide lamp (MHN-TD Philips) with UV-block. To study the
RGO content in the B-TiO,/RGO composite films, boron content (0.02 wt %) was
chosen to photoactive the films in the visible region. Subsequently, the boron
content was also studied. The emission spectrum of the lamp is shown as
supplementary material (Annex, Figure 1S). All the electrochemical experiments

were performed at room temperature.
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2.3 Results and discussion

2.3.1 RGO characterization

Figure 1 shows the corresponding Raman spectra of GO (Figure 1a) and RGO
(Figure 1b) obtained after the chemical reduction employing hydrazine. Typically,
two main bands exist in the spectra of graphene-based materials; the G band
assigned to the presence of sp? carbon-type structure and the D band resulting
from the structural imperfections created by the oxygen-containing groups on the
carbon basal plane [15, 18]. The G peak positions are ~ 1592 cm™ and 1573 cm™
for GO and RGO, respectively. The red-shift can be attributed to the de-
oxygenation of the GO after the reduction, which results in formation of more sp?
carbon atoms [18]. On the other hand, the intensity ratio of D band to G band (Ip/lg)
of the GO is about 0.98, while for the RGO is 1.01.The increase of Ip/lg ratio after
reduction is commonly found in GO chemical reduction studies and it is caused by
the decrease of average size of sp? domains after the reduction of GO, forming
new sp? domains with smaller sizes than the ones present in GO before reduction,
but are larger in quantities [18, 19].Hence, it can be suggest that after 1 h of

hydrazine-reduction of GO, RGO can be obtained.
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Fig.1l. Raman spectra of a) GO and b) RGO obtained after hydrazine-
reduction treatment of GO

2.3.2 Morphological, structural and optical properties

The morphological, structural and optical properties characterization were
performed to the composite film with the highest photocurrent generated in the
phenol oxidation under visible light: the 0.03 wt% boron doped-TiO,/3 wt%
graphene composite film (0.03B-TiO,/3RGO). TiO, and 0.03B-TiO; films also were

studied for comparative purposes.

Figure 2 shows the typical morphology of the TiO,, 0.03B-TiO,and 0.03B-
TiO2/3RGO films. 0.03B-TiO, and 0.03B-TiO,/3RGO films exhibit a high number of
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cracks than TiO; film. The cracked morphology can be associated to the thermal
stress in the cooling down stage during the heating process of the films [20]. The
average thickness is approximately 288.3 nm, 158.7 nm and 167.6 nm for the TiO,,
0.03B-TiO; and 0.03B-TiO,/3RGO films. The difference in film thickness can be
ascribed to the different amounts of TiO; sol retained during the deposition of three
film layers before calcination [20, 21].EDS mapping of 0.03B-TiO,/3RGO
composite film (Figure 3) shows that Ti, O, B, and C from the film are
homogeneously dispersed. Despite the presence of cracks (dark zones), these are
covered with the titanium dioxide film (light zone). In addition Fe, Cr and Ni
composition corresponds to 304SS substrate.

Fig.2. FESEM images of (a) TiO2, (b) 0.03B-TiO2 and (c) 0.03B-TiO2/3RGO
films.
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Fig.3. EDS mapping of 0.03B-TiO,/3RGO composite film.

Figure 4 shows the GIXRD profiles of TiO,, 0.03B-TiO, and 0.03B-TiO,/3RGO
films presents the characteristics reflections (101), (004), (200), (105), (211) and
(204) of anatase phase of TiO, (PDF-21-1272). Diffraction peaks of doped films are
wider and less intense than undoped TiO; film. Assuming a spherical shape of

particles, the crystallite size (D) is estimated using the Scherrer equation (eq. 1)

_ 0.89\
" BcosB

€y

where, A is the X-ray wavelength of Cu Ka radiation 0.15406 nm, {3 is the half-value
width of (101) anatase peak, and 6 is the Bragg angle (in radians) [22, 23].
Average crystalline sizes are 21.25 nm, 17.01 nm and 16.68 nm for TiO,, 0.03B-
TiO, and 0.03B-TiO,/3RGO films, confirming that boron doping inhibits the growth
of TiO, crystallites. Therefore, these results explain the presence of large cracks in
the 0.03B-TiO, (Figure 2b) and 0.03B-TiO,/3RGO (Figure 2c) films compared with
the TiO; film (Figure 2a). Although the thermal-expansion coefficient (TEC) of the
TiO, (anatase) is closed to the 304SS to be 11.52 x10° K* and 10.2 x10° K™
respectively, it has been reported that increasing the crystallite size, the TEC also
increases [24]. Thus, to decrease the crystallite size of the TiO, film after boron
doping, its TEC is also decreased. This implies a large difference between the TEC



of the film and the 304SS substrate, which increases the probability of crack

formation [21].
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Fig.4. GIXRD patterns of a) TiO2, b) 0.03B-TiO2 and c) 0.03B-TiO2/3RGO. The

asterisk corresponds to reflection for 304SS.

Diffraction peaks are not shifted after boron doping, suggesting that boron could
occupy interstitial positions within the TiO, lattice [22]. Indeed, ionic radius of B
(0.023 nm) is much smaller than the Ti** (0.068 nm) [25].

Figure 5 shows the absorption edges of boron-doped films which shift to higher
wavelength compared with undoped TiO,, showing that boron doping enhances
the visible light absorption [23]. The shift to higher wavelength values in the 0.03B-
TiO, films is ascribed to the formation of impurity levels located below of the
bottom of the conduction band (CB) of TiO, where the electrons are promoted from
the valence band (VB) of the semiconductor [7]. Incorporation of RGO in the

0.03B-TiO; films modify the optical properties of TiO,, extending even more the
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light absorption to the visible region [26], similar to TiO, nanotube hybrid RGO
composites and carbon nanotubes doped TiO; films, reported in recent works [27].
Modified Kubelka-Munk function is used to estimate the band gap energy of films
by plotting [F(R)hv]¥? versus energy of photons (hv) (inset of Figure 5) [23]. Band
gap values are 3.28 eV, 2.72 eV and 2.63 eV for TiO,, 0.03B-TiO, and 0.03B-
TiO,/3RGO films respectively. This confirms that boron doping and the
incorporation of RGO extent the absorption edge of TiO to the visible light region.
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Fig.5. DRS spectra of a) TiO2, b) 0.03B-TiO2 and c) 0.03B-TiO2/3RGO films.

Inset: schematic representation of the method for band gap, Eg,

determination.
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2.3.3 Photoelectrochemical properties

The light absorption capability of TiO, is an important feature in the
photoelectrochemical (PEC) process due to under illumination, TiO, generates
charge carriers which can form highly oxidant species in solution and carry out
oxidation process [28]. However, the TiO; is not active to the visible light which
limits its PEC performance. The presence of boron extends the light absorption of
TiO, films to the visible region according with the characterization of the films
discussed above. Thus, the photoelectrochemical measurements can provide
information of the enhancement of the light absorption capability of TiO, after boron

doping.

Figure 6 shows the linear sweep voltammograms started in positive direction from
open circuit potential (OCP) in 0.1 M HCIO4 and 1 mM phenol + 0.1 M HCIO,, for
the 0.02B-TiO; film. The OCP values from the measurements performed under
visible light illumination (Figure 6a, c) are observed to more negative potentials
compared with the OCP values obtained from the measurements in the dark
(Figure 6b, d). This is due to the electrons in the Fermi level increases their free
energy to more negative potentials when the semiconductor exhibits a n-type
behavior, indicating that the material is photoactive under visible light [13, 29]. On
the other hand, in the anodic polarization curve obtained in presence of phenol
under dark conditions (Figure 6b), a faradaic current is observed to potential values
closer to 1.25 V, while that in the measurements performed in absence of the
organic compound (Figure 6d), the generated current is not significant. Thus, it can
be mentioned that the phenol oxidation is recorded in 1.25 V [30, 31]. This implies
that a high energy is required to carry out the oxidation process, showing the
recalcitrant feature of phenol [30]. However, when the film is illuminated, an initial
photocurrent is generated due to the electron/hole pair generation [13]. Therefore,
although the generated photocurrent in the photoelectrochemical process

(enlargement of Figure 6) exhibits minor magnitude compared with the
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electrochemical (EC) process (Figure 8b), the high oxidant power of the
photogenerated holes allows the phenol oxidation at a lower potential value (e.g.

0.5 V) compared with the electrochemical process (1.25 V).

In the photoelectrochemical process, the photogenerated holes can react with
adsorbed H,O molecules in the film, forming hydroxyl radicals as follows (eq. 2-4)
[28]:

B — TiO, + H,0 + h* - B —Ti0,[HO'] + H* (2)
The organic compound (R) is oxidized (RO) on the film surface:

B — TiO,[HO'] + R—» B —TiO, + RO+ H* + e (3)
Or directly react with the holes:

B—TiO, + ht + R->B—TiO, + RO+ e~ (4)

Hence, the phenol oxidation can be promoted by indirect (hydroxyl radicals) or

direct reaction (holes) requiring a low energy compared with the EC process.
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Fig.6. Linear sweep voltammograms (10 mVs-1) obtained in 0.1 M HCIO4 in
presence and absence of 1 mM phenol for the 0.02B-TiO2 film; a) and c)
under visible light illumination, b) and d) in the dark.

Although the charge carrier photogeneration plays an important role in the
oxidative capability of TiO,, the electron transport within the film defines its PEC
performance [3-5]. It is well known that TiO, exhibit low conducting properties,
which can restrain the photogenerated electron transport from the film to the
current collector, promoting the charge carrier recombination [9, 26]. In order to
increase the conductivity in the B-TiO, films and promote the electron transport
from the interfase to the back current collector, the incorporation of RGO could
avoid the charge carrier recombination, increasing the generated photocurrent.
Figure 7 shows the linear sweep voltammograms started in positive direction from
open circuit potential (OCP) in presence of 1 mM phenol + 0.1 M HCIO, for the
0.02B-TiO2/RGO films with different RGO content. When the RGO content is less

to 3 wt% (Figure 7a-d), a low initial photocurrent is obtained during the potential
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scan from OCP to 0.8 V, but this signal is gradually improved with the increase of
the RGO content to 3 wt% (Figure 7e) [3, 4]. This indicates that more
photogenerated electrons are transported to the cathode, promoting the charge
carrier separation, which increases the generated photocurrent [32, 33]. When the
RGO content exceeds 3 wt% the redundant RGO acts as a kind of recombination
center, inducing the electron/hole pair recombination in the RGO (Figure 7f, g).
Thus, the electron transport is restrained, decreasing the photocurrent again. A

similar behavior was observed by Tang et al [32].
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Fig.7. Linear sweep voltammograms (10 mVs™) obtained in 1 mM phenol and
0.1 M HCIO4 under visible light for the a) TiO, and b) 0.1B-TiO, film and 0.02B-
TiO2/RGO composite films with different RGO content: ¢) 1 wt%, d) 2 wt%, e)
3 wt%, f) 4 wt% and g) 10 wt%.

As the electron transport is enhanced with the incorporation of an optimal RGO

content, the electron/hole pair photogeneration in the semiconductor also can be
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improved. Thus, Figure 8 shows the linear sweep voltammograms started in
positive direction from open circuit OCP in presence of 1 mM phenol + 0.1 M
HCIO, for the B-TiO,/3RGO composite with different boron content [13]. When the
boron content is increase up to 0.03 wt% (Figure 8b), the generated photocurrent
Is 3 times higher compared with the composite film with 0.02 wt% boron (Figure
8a). Moreover, the photocurrent decreases significantly as the boron content is
increased up to 0.04 wt% (Figure 8c). Thus, the 0.03B-TiO,/3RGO composite film
shows the highest generated photocurrent, indicating that more photogenerated
electrons are transported to the current collector, leaving more photogenerated
holes to promote the formation of hydroxyl radicals or directly react with phenol and
carry out the oxidation process [34], although in the case of 0.03B-TiO2/3RGO and
0.04B-TiO,/3RGO composite films, a low decrease in the initial photocurrent is
exhibited as consequence of the formation of highly resistive Cr,O3 at potential
value between 0.05 and 0.08 V, hindering the electron transport to the cathode
[35]. Even so, the 0.03B-TiO,/3RGO composite film presents a high conductivity

due to the presence of high electron donor states content in the material.
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Fig.8. Linear sweep voltammograms (10 mVs™) obtained in 1 mM phenol and
0.1 M HCIO4 under visible light for the B-TiO2/3RGO composite films with
different boron content: a) 0.02 wt%, b) 0.03 wt%, c) 0.04 wt%.

After doping of the TiO/3RGO composite film with 0.03 wt% boron, a certain
amount of donor states, known as Ti®* species are formed [7]. These states are
just below of the bottom of the CB of TiO,, where the electrons are promoted from
the VB of the semiconductor. Therefore, the photoresponse to the visible region is
intensified. The Ti®* states transfer the electrons to the CB of TiO», diminishing the
electron/hole pair recombination, which increases the conductivity in the material
[36]. Furthermore, the high holes accumulation in the semiconductor can be
promoted, improving the oxidation process under visible light illumination. When
the boron content exceeds 0.03 wt%, the remaining Ti*" ion amount acts as strong
recombination centers for photogenerated electron/hole pairs, decreasing the
generated photocurrent [22]. Hence, the 0.03B-TiO»/3RGO composite film shows a
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superior PEC performance and its photocurrent is 30 times higher compared with
the TiO; film.

2.3.4 XPS analysis

To evaluate the XPS spectra of the 0.03B-TiO,/3RGO composite film, it was
necessary to employ the following strategy. First, the binding energies (BE) of the
B 1s, C 1s and Ti 2p peaks of the film were determined by fixing the Ti-O
component of the O 1s peak at 531 eV as reference. This peak was preferred over
the adventitious carbon C — C due to the overlapping of this signal and the
graphitic carbon besides of oxygen was the predominant element in this type of

films.

In order to determinate the composition and chemical state of the 0.03B-
TiO2/3RGO composite film, an XPS analysis was performed (Figure 9). From the
general spectrum (Figure 9a) was possible to identify and confirm the presence of
Ti, O, C and B (enlargement of Figure 9a) in the composite film, whereas Fe
corresponds to 304SS substrate. Figure 9b displays the core-level XPS spectrum
of the B 1s. The B 1s appeared at around 192-193 eV. The standard binding
energy of B 1s in B,O3 or H3BO3 equals to 192.0 eV (B-O bond) and in TiB, equals
to 187.5 eV (B-Ti bond) [23]. The observed XPS spectrum of the B 1s consisted of
one peak in 191.9 eV. This suggests that boron was incorporated in the interstitial
position of TiO, lattice, existing in the form of the B-O-Ti structure [22]. This
analysis suggested that the thermal treatment allowed the incorporation of boron
atoms into the TiO; lattice. The estimated FWHM (in eV) of this peak was 1.66.

Figure 9c, shows the of O 1s photoelectron spectrum that was decomposed in
three components. The main one was located in 531.0 eV and was assigned to
oxygen bound to titanium (Ti — O) in the TiO, lattice (calibration reference) [37], the
second component in 532.2 eV was ascribed to oxygen atoms bound to carbon [C

— O] and in hydroxyl groups (O — H) [27]. This component was fixed to 1.2 eV to
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the Ti — O component. The third component in 533.0 eV was associated to the
oxygen doubly bound to carbon in carboxyl [(C=0)-OH] and ester [(C=0)-O-C]
functional groups from the RGO [3,27].

On the other hand, The C 1s high-resolution spectrum, Figure 9d, was
reconstructed from the decomposition of this in four contributions at 284.1eV,
284.7 eV, 286.2 eV and 288.6 eV. The first peak was attributed to sp? carbon (C =
C) from the structure of graphene [37]. The second peak was ascribed to
adventitious carbon [C — (C, H)] [37, 38], the third peak corresponded to the carbon
atoms bounded to oxygen (C — O) [39]. This peak was fixed to 1.5 eV to the
second signal. The fourth signal was assigned to the carbon atoms doubly bound
to oxygen in carboxyl [(C=0)-OH] and ester [(C=0)-O-C] functional groups [3, 29,
37]. The fraction and the FWHM of the components of the O 1s and C 1s from XPS

are showed in Table 2.
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Fig.9. XPS spectra of a) 0.03B-TiO2/3RGO composite film, b) B 1s,

decomposition of the ¢) O 1s and d) C 1s core level.

Table2. Components of the O 1s and C 1s peaks of the 0.03B-TiO2/3RGO

composite film from XPS.

O1s Cis
' Fraction ' ' Fraction
Component Component
(FWHM) (FWHM)
Ti-0O 2 _
(reference calibration) 0.82 (1.57) sp“carbon (C=C) 0.23 (1.35)
B B C-(C,H)
C-0/0-H 0.13 (1.89) (adventitious carbon) 0.63 (1.80)
(C=0)-0OH, (C=0)-0-C 0.05 (2.01) €-0 0.08 (1.80)
(C=0)-0OH, (C=0)-0-C 0.062.01)
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Figure 10 shows the decomposition of the Ti 2p core level for the TiO,, 0.03B-TiO,
and 0.03B-TiO,/3RGO films. The Ti 2p doublet spectrum of the 0.03B-TiO,/3RGO
composite film (Figure 10c) exhibited three contributions associated to Ti**, Ti**
and Ti?*. For Ti*', the peaks were located at 458.1 eV (Ti 2ps;) and 463.8eV (Ti
2p12). For Ti**, Ti 2pspwas located at 456.8 eV and Ti 2py, at 462.5 eV and for
Ti?*, Ti 2ps2 and Ti 2pywere located at 456.1 eV and 461.4 eV, respectively [39].
These contributions were also determinated for the TiO, (Figure 10a) and 0.03B-
TiO, films (Figure 10b) for comparative purposes and their atomic concentration
are reported in Table 3. The Ti 2ps2 and 2py for the Ti** specie were fixed to 1.3
eV to the signals from the Ti** specie. It can observed that after boron doping both
Ti 2p32 and py» peaks for each Ti specie not were shifted to higher or lower BE
values in the 0.03B-TiO, film compared with the TiO; film. This indicates that boron
could be introduced in interstitial positions within the TiO, lattice forming a B-O-Ti
type bond, without modify the semiconductor structure [25]. The interstitial boron
can donate its valence electrons to Ti** reducing to Ti**, increasing the Ti*" species
content in the TiO, lattice, which was evidenced in the decrease of the Ti**/Ti**
ratio (Table 4). This is in good accordance with the computational results of Di
valentin et al [40], where the presence of interstitial boron in the TiO, lattice to
induce the formation of Ti** species was described by DFT calculations. It is well
known that Ti** ions have a dual function, on one hand introducing donor levels
below of the bottom of the CB of TiO, extending the photoactivity of semiconductor
to visible region [7], and acting as photogenerated electron traps decreasing the
electron/hole pair recombination [22]. This corroborates the DRS spectra analysis

described above.
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Fig.10. Decomposition of the Ti 2p core level of the (a) TiO2, (b) 0.03B-TiO2
and (c) 0.03B-TiO2/3RGO films.

Table3. Ti 2p representative signals of each Ti chemical species in the films

deposited on 304SS.

Ti chemical species signals / eV
Ti*" (FWHM) Ti°" (FWHM) Ti*" (FWHM)
2p3p 2p1p 2pzp 2p1p 2p3p 2p1p

TiO, 456.0 (2.04) 4613 (2.04) 456.7 (1.17) 462.4 (1.17) 458.0 (1.28)  463.6 (1.99)
0.03B-TiO, 456.0 (2.17) 461.3(2.17) 456.7 (1.85) 462.4 (1.85) 458.0 (1.45)  463.6 (1.90)
458.1 (1.46)  463.7 (1.93)

0.03B-TiO2/3RGO*  456.1 (2.13) 461.4(2.13) 456.8 (1.81) 462.5 (1.81)

*increase about 0.1 eV to higher BE
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Table4. Relative titanium chemical specie fraction and atomic ratios of the
films deposited on 304SS from XPS.

Ti chemical species fraction Atomic ratio
B/Ti CITi
TiO; 0.17 0.03 0.80 - 1.28 2.60
0.03B-TiO; 0.17 0.21 0.62 0.02 0.75 2.62
0.03B-TiO2/3RGO 0.17 0.21 0.62 0.02 0.80 2.77

On the other hand, when RGO was incorporated in the films, the 2ps, and 2pi.
peaks of each Ti species in the 0.03B-TiO,/3RGO composite film were shifted
towards higher BE values compared with the 0.03B-TiO, film. These results
strongly indicated that RGO could be coupled with Ti atoms from TiO, through the
carboxyl and ester groups identified by the XPS spectra of the O 1s and C 1s,
forming a Ti-O-C type bond [38]. This affirmation is in good accordance with the
report of Chen et al [27], who also proposed the formation of Ti-O-C bond between
TiO, and RGO in carbon nanotube-doped TiO; films by XPS. The TiO,-RGO
couple was the key for the enhancement of electron transport of the 0.03B-

TiO2/3RGO composite film shown above by linear sweep voltammograms.

In order to confirm the presence of interstitial boron and RGO incorporated in the
TiO, films, the B/Ti, C/Ti, O/Ti ratios were estimated from the atomic composition
of each film and exhibited in Table3. The B/Ti ratio implies the presence of boron in
the 0.03B-TiO, and 0.03B-TiO,/3RGO films with respect to TiO, film. On the other
hand, it can observe that the C/Ti ratio for the TiO; film was the highest, due to the
possible increase of the organic carbon content. In contrast, the decrease in the
C/Ti ratio for the 0.03B-TiO, and 0.03B-TiO,/3RGO films suggests a decrease in
the organic carbon after boron doping. The slight increase of the C/Ti ratio for the
0.03B-TiO2/3RGO composite film compared with the 0.03B-TiO; film indicates the
presence of RGO in the films. The O/Ti ratio in the 0.03B-TiO, films remains

constant with respect to the TiO, film, corroborating that the oxygen atoms in the
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TiO, lattice were not substituted by boron atoms after doping. However, the O/Ti
ratio for the 0.03B-TiO,/3RGO composite film showed an increase compared with
the TiO, and 0.03B-TiO.fiims due to the possible presence of the oxygen-

containing groups from the RGO, increasing the oxygen content in the film.

Hence, a photoactivation mechanism of B-TiO,/RGO composite film is proposed
(Figure 11). Under illumination, the electrons are promoted from the VB of TiO, to
the Ti** donor states formed after boron doping, extending the light absorption to
visible region. The photoexcited electrons are transfer from these states to the CB
and transported to current collector through RGO, leaving more photogenerated
holes in the composite film to induce the formation of hydroxyl radicals or react
directly with phenol, to promote the oxidation process. Due to RGO is coupled with
TiO, by Ti-O-C bonds, it serves as efficient acceptor and transporter of
photogenerated electrons, improving the electronic transport within the film, inhibits
the charge carrier recombination. The formation of Ti** chemical species by boron
doping and the high electrical conduction of RGO generate an increase on the
generated photocurrent, which indicates that the photoelectrochemical properties

of the B-TiO,/RGO composite films are enhanced.

i Visible light
e

304 SS

B-TiO,/RGO
composite film
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Fig.11. Proposed photoactivation and electron transport mechanism of the B-
TiO,-RGO composite film.

2.4 Conclusions

B-TiO2/RGO composite films deposited on 304SS were successfully prepared by
sol-gel method and dip-coating technique. The high photocurrent generated by the
B-TiO2/RGO composite films is attributed to the improved electron transport within
the films. Due to RGO is coupled with TiO, by Ti-O-C bonds, RGO acts as an
efficient acceptor and transporter of photogenerated electrons, inhibiting the
electron/hole pair recombination. Photogenerated electrons are promoted from the
VB of TiO, to the Ti*" donor states formed by the presence of interstitial boron in
the TiO, lattice, extending the light absorption to the visible region. These states
transfer the electrons to the CB and transported to the current collector,
accumulating more holes in the semiconductor to carry out the oxidation process,
which inhibits the charge carrier recombination. An excess of boron and RGO
content in composite films promotes the formation of recombination centers for
photogenerated electron/hole pairs, decreasing the electron transport in the B-
TiO,/RGO composite films. The 0.03B-TiO,/3RGO composite film exhibits the
highest generated photocurrent than 0.03B-TiO, and other B-TiO,/RGO composite
films and it is 30 times compared with the TiO; film.
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CHAPTER 3: EFFECT OF SUBSTRATE ON THE PHOTOELECTROCHEMICAL
ACTIVITY OF BORON-DOPED TIO,/GRAPHENE COMPOSITE FILMS IN THE
PHENOL OXIDATION UNDER UV-VIS LIGHT ILLUMINATION

Abstract

In this chapter, the effect of the substrate on the photoelectrochemical activity of
the 0.03 wt% boron-doped TiO,/3wt% graphene composite films deposited on 304
stainless steel (304SS) and titanium (Ti) plates in the phenol oxidation under UV-
vis light illumination is studied. The films were prepared by sol-gel method and dip-
coating technique. The surface of the composite films was characterized by
FESEM, GIXRD and XPS. OCP measurements indicate that the composite films
exhibit a n-type semiconductor behavior under illumination. However, the
composite film deposited on Ti presents a major generated photopotential than the
film deposited on 304SS due to low electron trapping, facilitating the electronic
transport and the photogenerated charge carrier separation. The high electron
trapping in the composite film on 304SS is attributed to the presence of acceptor
states detected by Mott-Schottky plots, which promote the electron/hole pair
recombination, decreasing the photoelectrochemical activity of the film. This can be
evidenced in a low photocurrent observed by linear sweep voltammetry
measurements. Cyclic voltammetry and photocurrent transient measurements
display that composite film deposited on Ti shows to be more
photoelectrochemically active in a prolonged time than the composite film
deposited on 304SS. The photoelectrochemical phenol oxidation using the
composite film on Ti is about twice more effective than the film deposited on
304SS.
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3.1 Introduction

Titanium dioxide (TiO,) is a powerful n-type semiconductor employed in the
environmental purification today. Its photoactivity comes from the high oxidant
power of the holes generated when this material is illuminated [1], promoting the
formation of radical species in solution to carry out the pollutant oxidation [2, 3].
Thus, TiO, has been widely studied in suspension form for photocatalytic
clean-up of contaminated wastewaters [3, 4]. However, the separation of TiO,
particles from the treated water poses several problems including loss of
photoactive material and fouling by suspended solids, which accumulate with the
recycled TiO; particles, decreasing its photoactivity by reuse [4]. The preparation of
TiO, films deposited on conducting substrates is an alternative to overcome these
disadvantages and extend its industrial applications such as the
photoelectrochemical (PEC) oxidation of pollutants in wastewaters [5] or dye-
sensitized solar cells [6]. In PCE processes, when the TiO; film employed as
photoanode is illuminated, the electron/hole (e’/h*) pairs are generated, promoting
the holes accumulation in the semiconductor while the electrons are transported
within the film to the conducting substrate or current collector where the film is
deposited, generating a photocurrent [7]. However, the TiO, exhibit important
problems such as: (1) it is only active to the UV irradiation, limiting its PCE
performance [3], (2) presents low conducting properties, hindering the electron
transport which promotes the charge carrier recombination [5] and (3) the TiO,
based films are obtained from suspensions which can exhibit low adherence
occasioning the detachment of the film from the current collector [8]. In the
previous chapter, boron-doped TiO,/graphene composite films (B-TiO./RGO) were
prepared by the sol-gel method with the aim of the dip-coating technique on 304SS
with the purpose of enhance the PEC performance of TiO, for the phenol oxidation
under visible light illumination. The presence of boron extended the light absorption
to the visible region, increasing its electron/hole pair photogeneration capability of

TiO, while the RGO incorporation improved the electron transport within the film,
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promoting the charge carrier separation, which was evidenced in an increase of the
generated photocurrent. The composite films were obtained from B-TiO,/RGO sol
solutions to enhance the homogeneity and the adherence of the film on the current

collector.

Although, the PEC properties of the TiO, films can be enhanced, an important
aspect to study is the conducting substrate. The nature of substrate has been
shown to be essential in the preparation of the TiO, films [9]. Ambat et al [10]
reported the study of the photoelectrochemical properties of TiO, films deposited
on 316L stainless steel (S316L) and aluminum alloy (AA1050) by DC magnetron
sputtering, indicating that the TiO, on S316L exhibit higher photoelectrochemical
activity than the film deposited in AA1050, due to the multiple donor states within of
band gap of TiO, by the presence of Fe,O3 in TiO,-substrate interfase, but the
photogenerated charge carrier separation is hindered by the presence of Cr,0s3,
under UV light exposure. Thus, the choice of the type of conducting substrate can

be a determinant factor on the PEC activity of TiO5,

In this chapter, the effect of substrate on the PEC activity of the boron-doped
TiO,/graphene (B-TiO,/RGO) composite films for the phenol oxidation is studied.
This effect was investigated by voltammetry, photocurrent transients and OCP
measurements under UV-Vis light illumination. Mott-Schottky measurements were
performed in absence of phenol to investigate the semiconducting properties of the
composite films. Films were deposited on 304SS and Ti plates by sol-gel method
and dip-coating technique, being 0.03 wt% boron doped TiO,/3 wt% RGO (0.03B-
TiO2/3RGO) the best preparation of B-TiO,/RGO sol to obtain composite films with
high PEC properties under visible light illumination, reported in the previous
chapter. The morphology and the crystalline phase of the 0.03B-TiO,/3RGO

composite films deposited on both substrates are also presented.
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3.2 Experimental

3.2.1 Preparation of the 0.03B-TiO,/3RGO composite films

The 0.03B-TiO2/3RGO sol solution was prepared by sol-gel process with a
procedure reported in the previous chapter. 304 SS and Ti plates were ground with
No. 120, 240, 320 and 600 emery papers, and cleaned by sonication with ethanol
and acetone. The 0.03B-TiO,/3RGO composite films were deposited by the dip-
coating technique in both substrates at a rate of 60 mm/min, followed by
dehydration at 100°C. The deposition and thermal treatment was repeated 3 times
in order to prepare films with high adherence [11]. Finally, the films were calcined
at 400°C with a constant heating rate of 3°C/min and kept for 90 min. The

geometric area was 0.765 cm?.

3.2.2 Characterization of 0.03B-TiO,/3RGO composite films

The surface morphology of the 0.03B-TiO,/3RGO composite films deposited on
both 304SS and Ti substrates, 0.03B-TiO,/3RG0O/304SS and 0.03B-TiO2/3RGO/TI,
respectively was analyzed by field scanning electron microscopy (FESEM) using a
JOEL Quanta 650 FEG equipped equipped with an EDAX Apollo X energy
dispersive X-ray spectroscopy (EDS). The grazing incidence X-ray diffraction
(GIXRD) profiles of the films were recorded using a Bruker D8 Discover
diffractometer with Da Vinci geometry operated at 40 kV and 30 mA, using Cu Ka
radiation (0.15406 nm) selected with Ni filter, in grazing incidence mode with a
step of 0.015° and a counting time of 1.0 s per step. The analysis of the phases
present in the composite film was analyzed by comparing the observed profile with
the patterns reported in the PDF-2 database of the International Centre for
Diffraction Data (ICDD). X-ray photoelectron spectroscopy (XPS) spectra were

carried out through Thermo Scientific K-alpha X-ray photoelectron spectrometer
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with an Al Ka X-ray source (1.487 eV). Carbon C 1speak is usually a good way to
detect and compensate the charge shift effect. Unfortunately, carbon is not the
main component of the film surfaces. Since oxygen is the predominant element in
this type of films, O 1s peak is more suitable to detect and compensate the charge
shift. Hence, the binding energy of XPS spectra was calibrated with reference to
the O 1s peak (531 eV). Gaussian-Lorentzian mix function and Shirley background
subtraction were employed to deconvolute the XPS Ti 2p, O 1s and C 1s spectra.
Collected XPS spectra correspond to an average of three measurements in

different points of each simple.

3.2.3 Photoelectrochemical properties of the 0.03B-TiO,/3RGO composite
films

Photoelectrochemical properties of the 0.03B-TiO,/3RGO/304SS and 0.03B-
TiO./3RGO/Ti composite films were investigated in a three-electrode
photoelectrochemical cell with a BAS Epsilon potentiostat. A graphite bar was used
as counter electrode and a saturated calomel electrode (SCE) as reference
electrode. The electrolyte used was 0.1 M HCIO, dissolved in deionized water as a
supporting electrolyte at pH 1. Dissolved oxygen was removed from all solutions by
bubbling nitrogen. The volume filled in the cell was 40 mL. The UV-Vis light source
was a 100 W Xe lamp (Orion instruments), kept at a distance of 30 cm from the
films. Open circuit potential (OCP) measurements were measured by irradiating
the sample in solution intermittently with UV-Vis light, and the resulting potential
was measured using the SCE electrode. Linear sweep voltammetry (LSV) curves
were recorded at a scan rate of 10mVs™ and each measurement was done in
duplicate. Cyclic voltammetry (CV) measurements were performed at a scan rate
of 10mVs™? during 10 cycles from OCP in both anodic and cathodic direction.
Photocurrent measurements were carried out with an anodic potential of 0.85 V vs

SCE during 10 min and four ON/OFF light cycles. All the electrochemical
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experiments were performed in presence and absence of 1 mM phenol at room

temperature.

3.2.4 Mott-Schottky measurements

The determinations of charge carriers density and flat-band potentials of the 0.03B-
TiO2/3RGO/304SS and 0.03B-TiO2/3RGO/Ti composite films were derivated from
analysis of Mott-Schottky plots, which were obtained by performing a potential
scan in the cathodic direction. The capacitance measurements were carried out at
100 mV of signal amplitude, at a constant frequency of 7 KHz. The potential range
was -0.1 to 0.9 V vs SCE, where the generated photocurrent is capacitive. The
measurements were carried out using an E&GG 283 potentiostat (Princeton
Applied Research, PAR 283) coupled to a Solartron frequency analyzer model Sl
1260. Each measurement was done in duplicate. The experiments were performed
in presence of 0.1 M HCIO, and the dark.

3.2.5 Photoelectrochemical phenol oxidation

The photoelectrochemical process was carried out in a three-electrode cell
containing the 0.03B-TiO,/RGO/304SS and the 0.03B-TiO./RGO/Ti composite
films with an exposed surface area of 0.765 cm? as working electrodes. A graphite
rod and SCE electrode were used as counter and reference electrodes,
respectively. The phenol oxidation was preformed with the same UV-Vis light
source described before. A stirred 1 mM phenol solution with 0.1 M HCIO, was
used as the solution (total volume of 40 mL). The photoelectrochemical
experiments were conducted under anodic potential of 0.85 Vvs SCE, using a BAS
Epsilon potentiostat. The phenol oxidation was monitored with an Ocean optics
USB4000 spectrophotometer using a peristaltic pump. The absorbance of the
phenol was evaluated at a wavelength of 270 nm each 30 min. Subsequently, the

geometry area was increased to 3.0 cm?and illuminated with visible light with the
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purpose of observe the PEC activity of the composite films under this irradiation. In
this case, a two-electrode cell was employed to carry out the oxidation process.
The visible light source was a 150 W metal halide lamp (MHN-TD Philips) with UV-
block. A stainless steel sheet was used as counter electrode. A stirred 1 mM
phenol solution with 0.1 M HCIO, was used as the solution (total volume of 40 mL).
The photoelectrochemical experiments were conducted under anodic potential of
0.85 V, using an Agilent 08001Apower supply. The absorbance of the phenol was
also evaluated at a wavelength of 270 nm each 30 min. The phenol oxidation was

monitored using a Shimadzu PC 2401 UV-Vis spectrophotometer.

3.3 Results and discussion

3.3.1 FESEM images

Figure 1 shows the typical morphology for the 0.03B-TiO2/3RGO composite film
deposited on both 304SS and Ti substrates. It can observe that the 0.03B-
TiO,/3RGO/304SS composite film (Figurela) displays a highly cracked surface
compared with the 0.03B-TiO»/3RGO/Ti composite film (Figure 1b). The cracked
morphology is attributed to the shrinkage during the thermal treatment due to the
differences between the thermal-expansion coefficients (TEC) of the film and each
substrate [11, 12]. The TEC of the TiOfilm is closed to the TEC of the 304SS to be
11.59x10° K™ and 10.2x10°® K™, respectively [9]. This indicates that the composite
film deposited on 304SS has less possibility of crack formation. However, a high
difference between the TEC of TiO, film and the Ti is observed due to the TEC of
the Ti is reported to be 5.0x10° K™ [13]. This difference implies a high possibility to
form large cracks or fractures during the thermal stress. The average thickness is
approximately 158.0 nm and 346.2 nm for the 0.03B-TiO,/3RG0O/304 and 0.03B-
TiO./3RGO/Ti films. Figure 1c, d display the surface of the 0.03B-TiO,/3RGO/304
and 0.03B-TiO,/3RGO/Ti composite films, respectively after the PEC phenol

oxidation under an anodic bias potential of 0.85 V. it can be noted that the films not
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present adsorbed products on its surface, indicating that under this potential, the
PEC oxidation process is carried out trough of the reaction between phenol and the
high oxidant photogenerated holes or the physisorbed hydroxyl radicals on the
composite film surface, avoiding the fouling or passivation effect which can present
to higher potential values [14, 15]. The average thickness is approximately 215.4
nm and 306.6 nm for the 0.03B-TiO,/3RGO/304 and 0.03B-TiO/3RGO/Ti
composite films, respectively. The difference in film thickness can be ascribed to
the different amounts of TiO; sol retained during the deposition of the films before

calcination [9].

Fig.1l. FESEM images of the 0.03B-TiO2/3RGO/304SS and 0.03B-TiO,/3RGO/Ti
composite films a) and b) before, c) and d) after the PEC phenol oxidation.
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3.3.2 GIXRD analysis

The GIXRD profile of the 0.03B-TiO/3RGO/Ti composite film is shown in Figure 2.
Compared with the GIXRD profile of Ti substrate, the 0.03B-TiO,/3RGO/Ti
composite film displays a signal at a Bragg angle of 25.22° for the reflection (101)
peak attributed to the anatase form of TiO, in the composite film. The GIXRD
profile for the 0.03B-TiO,/3RGO/304SS composite film exhibited in the previous
chapter shows the same reflection (101) peak at a Bragg angle of 25.13°. This
indicates that the nature of the substrate no induce changes in the crystalline
phase of TiO,. Assuming a spherical shape of the patrticles, the crystallite size (D)

Is estimated using the Scherrer equation (eg. 2)

s 0.89A )
"~ PBcosO (2)

where, A is the X-ray wavelength of Cu Ka radiation (0.15402 nm), B is the half-
value width of (101) anatase peak, and 6 is the Bragg angle (in radians) [16, 17].
The average crystallite size for the 0.03B-TiO,/3RGO/Ti composite film is 10.74
nm. The crystallite size of the 0.03B-TiO,/3RGO/Ti composite film is lower than the
0.03B-TiO,/3RGO/304SS composite film (16.68 nm), due to the Ti substrate at
high temperatures also can form a TiO, layer, which could facilitate the oxygen
diffusion between the composite film and the Ti substrate, which can increase the
oxygen vacancies into the TiO, lattice of the film [18]. On the other hand, the
0.03B-TiO2/3RGO/304SS and the 0.03B-TiO/3RGO/Ti composite films are doped
with the same boron content (0.03 wt%) suggesting that the Ti** specie content in
the TiO, lattice of the 0.03B-TiO,/3RGO/Ti film can be increased due to the

formation of these vacancies during the thermal treatment.
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Fig.2. GIXRD patterns of 0.03B-TiO»/3RGO/Ti composite film. The asterisk
corresponds to reflection for Ti.

3.3.3 XPS analysis

To evaluate the XPS spectra of the 0.03B-TiO,/3RGO/Ti composite film, it was
necessary to employ the following strategy. First, the binding energies (BE) of the
B 1s, C 1s and Ti 2p peaks of the film were determined by fixing the Ti-O
component of the O 1s peak at 531 eV as reference. This peak was preferred over
the adventitious carbon C — C due to the overlapping of this signal and the sp?

carbon besides of oxygen was the predominant element in this type of films.

In order to determinate the composition and chemical state of 0.03B-TiO,/3RGO/Ti
composite film (Figure 3), XPS analysis was performed. From the general

spectrum (Figure 3a) was possible to identify and confirm the presence of Ti, O, C
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and B (enlargement of Figure 3a) in the composite film. The Figure 3b displays the
core-level XPS spectrum of B 1s, which is composed by three contributions: 188.8
eV, 190.5 eV and 191.2 eV. The standard binding energies of B 1s reported in the
literature are: 193.6 eV in B,O3 (B-O bonds), 193.0 eV in H3BO3 and 188.2 eV in
TiB, (Ti-B bonds) [16]. The first peak was associated to B-Ti bonds in the TiB, [17]
and the second peak was attributed to O-Ti-B bonds [16,19]. These signals imply
the incorporation of boron in sustitucional positions in the TiO, lattice, occupying
the oxygen vacancies formed during the thermal treatment. The third peak
corresponded to the formation of B-O-Ti bonds, indicating that boron was also
incorporated in interstitial positions of the TiO;, lattice [16].

Figure 3c, shows the of O 1s photoelectron spectrum that was decomposed in
three components. The main one was located in 530.0 eV and was assigned to
oxygen bound to titanium (Ti — O) in the TiO. lattice (calibration reference) [20,21],
the second component in 532.0 eV was ascribed to oxygen atoms bound to carbon
[C — O] and in hydroxyl groups (O — H) [21]. This component was fixed to 1.2 eV to
the Ti — O component. The third component in 532.9 eV was associated to the
oxygen doubly bound to carbon in carboxyl [(C=0)-OH] and ester [(C=0)-O-C]
functional groups from the RGO [21,22].

On the other hand, The C 1s high-resolution spectrum, Figure 3d, was
reconstructed from the decomposition of this in four contributions at 284.1eV,
284.6 eV, 286.4 eV and 288.5 eV. The first peak was attributed to sp? carbon (C =
C) from the structure of graphene [20]. The second peak was ascribed to
adventitious carbon [C — (C, H)] [21], the third peak corresponded to the carbon
atoms bounded to oxygen (C — O) [22]. This peak was fixed to 1.5 eV to the
second signal. The fourth signal was assigned to the carbon atoms doubly bound
to oxygen in carboxyl [(C=0)-OH] and ester [(C=0)-O-C] functional groups [21-23].
The fraction and the FWHM of the components of the B 1s, O 1s and C 1s from
XPS are showed in Table 1.
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Fig.3. XPS spectra of a) 0.03B-TiO2/3RGO/Ti composite film, b) B 1s,

decomposition of the ¢) O 1s and d) C 1s core level.

Tablel. Components of the O 1s and C 1s peaks of the 0.03B-TiO,/3RGO

composite film from XPS.
B 1s O1s Cis

Component Fraction Component Fraction Component Fraction

(FWHM) (FWHM) (FWHM)
TiB2 0.51 (1.40) Ti-0O 0.73 (1.43) sp”carbon (C=C) 0.17 (1.35)

(reference calibration)
O-Ti-B C-(C,H) 0.69 (1.80)
(substitutional boron)  0.09 (1.57) C-0/0-H 0.14 (1.98) (adventitious carbon)
B-O-Ti Cc-0 0.07 (1.80)
(interstitial boron) 0.40 (1.66) (C=0)-OH, (C=0)-0-C  0.13 (2.35)

(C=0)-0OH, (C=0)-0-C  0.07 (2.01)
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Figure 4 shows the decomposition of the Ti 2p core level for the TiO,, 0.03B-TiO,
and 0.03B-TiO,/3RGO films deposited on Ti. The Ti 2p doublet spectrum of the
0.03B-TiO,/3BRGO composite film (Figure 4c) exhibited three contributions
associated to Ti**, Ti** and Ti**. For Ti*', the peaks are located at 458.1 eV (Ti
2pa2) and 463.8 eV (Ti 2pyy.). For Ti**, Ti 2pasp, is located at 456.8 eV and Ti 2py; at
462.5 eV and for Ti*, Ti 2ps;, and Ti 2py, peaks are located at 455.6 eV and 461.3
eV respectively [24,25]. These contributions were also determinated for the TiO;
(Figure 4a) and 0.03B-TiO; films (Figure 4b) for comparative purposes and their
atomic concentration are reported in Table 2. The Ti 2ps» and 2py,, for the Ti**
specie were fixed to 1.3 eV to the signals from the Ti** specie. It can observed that
after boron doping both Ti 2ps;» and p1, peaks for each Ti specie not were shifted
to higher or lower BE values in the 0.03B-TiO; film compared with the TiO, film.
This indicates that boron could be introduced in interstitial positions within the TiO»
lattice forming a B-O-Ti type bond, without modify the semiconductor structure
[16,17]. The interstitial boron can donate its valence electrons to Ti** reducing to
Ti?*, increasing the Ti?* species content in the TiO; lattice, which was evidenced in
the decrease of the Ti**/Ti** ratio (Table 3). Although Ti** is also a donor state, the
Ti** states are present in high proportion and the content is approximately the
same for each analyzed film. Furthermore, after boron doping, the Ti** content is
not considerably modified, which indicates that the Ti** species are formed during
the thermal treatment, by the increase of the oxygen vacancies where boron can
be also substitutionally incorporated to form O-Ti-B and Ti-B bonds in the TiO,
lattice [16,19]. Ti** ions are well known by introducing donor levels below of the
bottom of conduction band extending the photoactivity of semiconductor to visible
region and act as photogenerated electron traps decreasing the electron/hole pair
recombination [27]. Thus, due to the Ti** content for the 0.03B-TiO/3RGO/Ti
composite (Table 3) is higher than 0.03B-TiO,/3RGO/304SS composite film, (Table
4 of the chapter IlI) the 0.03B-TiO,/3RGO/Ti composite film could exhibit better
PEC properties in the phenol oxidation than the 0.03B-TiO2/3RGO/304SS

composite film.
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Fig.4. Decomposition of the Ti 2p core level of the (a) TiO2, (b) 0.03B-TiO2
and (c) 0.03B-TiO2/3RGO films deposited on Ti.

Table2. Ti 2p representative signals of each Ti chemical species in the films

deposited on Ti.
' Ti chemical species signals / eV
Ti** (FWHM) Ti** (FWHM) Ti* (FWHM)

Films
2ps;2 2p12 2par 2p1r2

2p32 2pas2

4555 (2.20)  461.2 (2.20)  456.7 (1.38)  462.4 (1.84) 458.0 (1.84)  463.7 (1.84)
461.2 (2.30) 456.7 (1.35)  462.4 (1.85) 458.0 (2.05) 463.7 (2.05)
456.8 (1.42) 462.5(1.82) 458.1(1.89) 463.8 (1.89)

TiOz

0.03B-TiO, 455.5 (2.30)
0.03B-TiO,/3RGO* 4556 (2.20)  461.3 (2.20)

*increase about 0.1 eV to higher BE
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Table3. Relative titanium chemical specie fraction and atomic ratios of the
films deposited on Ti from XPS.

Ti chemical species fraction

TiO2 0.28 0.66 0.06
0.03B-TiO2 0.31 0.62 0.07
0.03B-TiO2/3RGO 0.31 0.62 0.07

On the other hand, when RGO was incorporated in the films, the 2pz, and 2pi;
peaks of each Ti species in the 0.03B-TiO,/3RGO composite film were shifted
towards higher BE values compared with the 0.03B-TiO, film. These results
strongly indicated that RGO could be coupled with Ti atoms from TiO, through the
carboxyl and ester groups identified by the XPS spectra of the O 1s and C 1s,
forming a Ti-O-C type bond. This affirmation is in good accordance with the report
of Chen et al [20], who also proposed the formation of Ti-O-C bond between TiO,
and RGO in carbon nanotube-doped TiO; films by XPS.

3.3.4 Photoelectrochemical properties of the 0.03B-TiO»/3RGO composite
films

The best electrochemical method for investigating the photocatalytic properties is
monitoring the variation in open circuit potential (OCP) with and without UV-Vis
light. The potential shift (Fermi level shift) when the films are exposed to UV-Vis
light represents the charge development in the system, when electrons and holes
are formed, independent of the surface area. Thus, Figure 5 shows the influence of
the UV-Vis light on the open circuit potential (OCP) of the 0.03B-
TiO./3RGO/304SS and 0.03B-TiO,/3RGO/Ti composite films in presence and
absence of phenol. When a TiO; film is illuminated, the electron/hole pairs are
generated. The electrons are promoted to the conduction band (CB) of the

semiconductor, generating a decrease in the OCP values [27] while the holes
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accumulated in the valence band (VB) of TiO, travel to the semiconductor-
electrolyte solution interfase to react with adsorbed water molecules to highly
oxidant species as hydroxyl radicals. These radicals can oxidize adsorbed species
on the semiconductor surface. On the other hand, the holes also can oxidize the
adsorbed species directly [27, 28]. Meanwhile, the electrons in the CB can reduce
the oxygen to form superoxide anion radicals [28]. Thus, the 0.03B-TiO,/3RGO
composite films deposited on 304SS and Ti substrates exhibit an n-type

semiconductor behavior.

In absence of phenol, the shift in the OCP value to more negative potentials is due
to the photoexcitation of electrons from the VB to the Ti** donor states located
below of the bottom of CB of TiO,, indicating that the materials are photoactive
under UV-Vis light. This shift is denominated photopotential (AV). Subsequently,
these donor states promote electrons to the CB [27]. According with the XPS
results of Ti 2p, the Ti** species content in the 0.03B-TiO,/3RGO/Ti composite film
(Table 3) is higher than the 0.03B-TiO,/3RGO/304SS (Table 4 of the chapter II)
which indicates that an increase of the electron accumulation in the 0.03B-
TiO./3RGO/Ti composite film (Figure 5a) generating a higher photopotential
compared with the 0.03B-TiO,/3RGO/304SS composite film when the light is ON.
Besides of the low Ti*" donor states content in the 0.03B-TiO./3RGO/304SS
composite film (Figure 5b), the presence of electron traps or recombination centers
can hinder the electron accumulation, generating a low photopotential [29]. On the
other hand, when the light is OFF, the OCP rapidly relaxes back to the initial value
for the 0.03B-TiO,/3RGO/Ti composite film, confirms a low electron trapping,
allowing the return of electrons to the VB of TiO; [27].

In presence of phenol, the potential transients before the illumination for the
composite films are shifted to more positive potentials, indicating that the charge
transfer between the composite films to the solution can occur to reach the
electrochemical equilibrium [27]. This shift can suggest that the depletion layer is
presented in the composite films. When the light is ON, the 0.03B-TiO,/3RGO/Ti
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composite film (Figure 5c) exhibits the same behavior, but the generated
photopotential is higher compared with the photopotential obtained in absence of
phenol [30] (Table 4). This indicates that holes accumulated in the VB collect
electrons from the phenol when this is oxidized, promoting more electrons to the
Ti** donor states and subsequently to CB [28]. Therefore, the electron
accumulation in the semiconductor is increased. This effect can be also observed
in the 0.03B-TiO,/3RGO/304SS composite film (Figure 5d), but the OCP is not
relaxed back to the initial value when the light is OFF, confirming the presence of
electron traps or recombination centers, restraining the return of the electrons to
the VB of TiO; [29, 31]. Hence, the photocatalytic properties of film deposited on Ti

is superior compared with the film on 304SS.
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Fig.5. OCP measurements for the 0.03B-TiO2/3RGO/304SS and 0.03B-
TiO2/3RGO/Ti composite films a) and b) in absence of phenol; ¢) and d) in

presence of phenol.
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Table4. Photopotential generated by the composite films in absence and
presence of phenol

e AV,. absence AV, presence
Composite film
of phenol /V of phenol /V
0.03B-TiO,/3RGO/304SS 0.03 0.40
0.03B-TiO,/3RGO/Ti 0.21 0.37

Although the photocatalytic properties of the composite films can be enhanced
depending on the nature of the conducting substrate, the electron transport in the
TiO, film-interfase defines the PEC performance of the film in the oxidation
process. Hence the electrochemical measurements under illumination are an
important tool to study in the effect of the conducting substrate or as well known as

current collector on the PEC behavior of the films.

Figure 6 shows the linear sweep voltammograms of the 0.03B-TiO,/3RGO/304SS
and 0.03B-TiO,/3RGO/Ti composite films started in anodic direction from OCP in 1
mM phenol + 0.1 M HCIO,4. The OCP values from the measurements performed
under visible light illumination (Figure 6a, c) are observed to more negative
potentials compared with the OCP values obtained from the measurements in the
dark (Figure 6b, d), confirming the n-type behavior and the photoactivation of the
films under this irradiation [32]. When the potential is scanned between OCP and
1.0 V, an initial photocurrent is generated in both composite films under visible
light, compared with the low current in the dark. This means that in this potential
range in the dark, the composite films are not photoelectrochemically active and
the photocurrent observed under illumination is obtained by the electron/hole pair
generation [3]. However, the 0.03B-TiO,/3RGO/Ti composite film (Figure 6a)
generates 3.2 times more photocurrent than the 0.03B-TiO2/3RGO/304SS
composite film (Figure 6c¢). Due to the high chromium content in the 304SS (13-

18%), a highly resistive Cr,O3 passive layer is formed during the thermal treatment,
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inhibiting the photogenerated electron transport in the films, which hinder the
charge carrier separation [29].

In contrast, the high photocurrent generated by 0.03B-TiO2/3RGO/Ti is caused for
the facilitated electron transport within the film, promoting the electron/hole pair
separation [34, 35]. The Ti substrate collects the photogenerated electrons which
are transported to the cathode, leaving more holes accumulated in the film to carry
out the oxidation process with high effectiveness. These results suggest that the
0.03B-TiO2/3RGO/Ti composite film can be more photoelectrochemically active in
a prolonged time than the 0.03B-TiO,/3RG0/304SS composite film.
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Fig.6.Linear sweep voltammograms (10 mVs-1) obtained in 0.1 M HCIO4 in

presence and absence of 1 mM phenol for the 0.03B-TiO2/3RGO/Ti and

0.03B- TiO2/3RGO/304SScomposite film; a) and c¢) under visible light

illumination, b) and d) in the dark, respectively.
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In order to observe the PEC properties of the composite films in a prolonged time,
Figure 7 exhibits the cyclic voltammograms were obtained in anodic direction from
OCP to 1.5 V in 1 mM phenol + 0.1 M HCIO4 during 10 cycles. The 0.03B-
TiO2/3RGO/304SS composite film (Figure 7a) presents a low photocurrent
generated due the resistive feature of the 304SS, hindering the electron transport
and the charge carrier separation. Thus, the photocurrent decreases after each
cycle [15].When the potential is scanned at potentials over 1.0 V, an increase in
photocurrent can be observed, due to the phenol oxidation is carried out in a
photoassisted electrochemical process depending only on the applied potential
[14].In contrast, for the 0.03B-TiO»/3RGO/Ti composite film(Figure 7b),the
photocurrent not exhibit a significant decrease after each cycle, indicating that the
phenol oxidation is carried out in a photoelectrocatalytic process through the holes
accumulated in the semiconductor or hydroxyl radicals produced by water
oxidation with the holes [33]. Thus, it can be clearly observed that the film
deposited on Ti present better PEC properties in the oxidation process than the

composite on the 304SS in prolonged time [36].
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Fig.7. Cyclic voltammograms(10 mVs™, 10 cycles) obtained in anodic
direction in 0.1 M HCIO4in presence of 1 mM phenol for the a) 0.03B-
TiO,/3RGO/Ti and b) 0.03B-TiO,/3RGO/304SS composite film under the UV-
Vis light.

On the other hand, Figure 8 displays the cyclic voltammograms of the composite
films obtained by potential scan in cathodic direction in 0.1 M HCIO4 under the
dark. At more negative potentials than -0.4 V, the composite films exhibit a
capacitive behavior, typical of nanocrystalline TiO, [34]. This behavior is
associated to the electron accumulation in the CB of TiO, or the filling of surface
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states below of CB. For the 0.2B-TiO,/3RGO/Ti composite film (Figure 8a), the
generated current is not decreased after 10 cycles, indicating the absence of any
resistance of faradaic process [31]. Furthermore, this composite film exhibit a
voltammetric signal at ~ 0 V (enlargement of Figure 8a) associated to states
localized within the band gap of the composite film [31, 34]. After the second cycle,
this signal disappears. These states can be attributed to the Ti** donor species
formed in the TiO; lattice, which facilitates the electron accumulation in the 0.03B-
TiO2/3RGO/Ti composite film [37]. For the 0.03B-TiO,/3RG0O/304SS composite film
(Figure 8b), the capacitive current diminishes as consequence of the oxidation of
iron and chromium species from the 304SS substrate (enlargement of Figure 8b).
After each cycle, the anodic peaks at -0.05 V and 0.12 V associated to the
oxidation of iron and chromium species are increased, but a cathodic peak is not
increased during the measurements, indicating that the oxidation of Fe and Cr is
an irreversible process. On the other hand, a representative signal is observed at
about ~0.07 V. This signal is also associated to Ti** but this peak is not diminished,
which means that the electron accumulation or the filling of these states is hindered
[38].This can be consequence of recombination centers as Cr** from the 304SS
substrate where the electrons can be trapped [29]. Thus, the accumulated charge
is higher in this material than the 0.03B-TiO/3RGO/Ti composite film. This
confirms the high resistivity in the 0.2B-TiO,/3RGO/304SS composite film,

decreasing the electron transport and its PEC performance.
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Fig.8. Cyclic voltammograms (10 mVs™, 10 cycles) obtained in cathodic

direction in 0.1 M HCIO4for the a) 0.03B-TiO2/3RGO/Ti and b) 0.03B-
TiO,/3RG0O/304SS composite film under the dark.

Figure 9 exhibits the photocurrent generated by the composite films in function on
the time by applying an anodic potential of 0.85 V, in 1 mM phenol + 0.1 M HCIO,.
These measurements were performed with the purpose to observe whether the
films characterized by voltammetry are even photoelectrochemically active. For the
0.03B-TiO2/3RGO/Ti composite film (Figure 9a), the current holds at a constant
value in the dark. When the light is ON, the photocurrent is rapidly increased to

74



reach a steady value. When the light is OFF, the photocurrent decreases and fell
back to the initial value [32]. After four ON/OFF light cycles, the film is even
photoactive, exhibiting the same behavior. This indicates that the composite film
surface is not passivated after the oxidation process, allowing a prolonged
electron/hole pair photogeneration [33, 35]. Thus, the phenol oxidation through a
photoelectrocatalytic process can be suggested. In the case of 0.03B-
TiO2/3RGO/304SS composite film (Figure 9b), the photocurrent is not increased
when the light is ON applying the same potential of 0.85 V which means that its
surface is passivated after the oxidation process, inhibiting the electron/hole pair
photogeneration. Therefore, the PEC performance of this material is diminished.
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Fig.9. Photocurrent transients (four ON/OFF light cycles under 0.85 V)

obtained in 0.1 M HCIO4 in presence of 1 mM phenol for the a) 0.03B-
TiO2/3RGO/Ti and b) 0.03B-TiO2/3RGO/304SS composite films.
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On the other hand, to confirm the photoelectrocatalytic effect in the same 0.03B-
TiO2/3RGO/Ti composite film for the phenol oxidation, the anodic bias potential is
changed to observe the generated photocurrent (Figure 10). When the potential is
increased, a high generated photocurrent is obtained during the measurements,
implying that the electron/hole pair separation is promoted, transporting more
electrons to the current collector [32]. The 0.03B-TiO2/3RGO/Ti composite film is
photoelectrochemically active during a prolonged time carrying out the

photoelectrocatalytic phenol oxidation.
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Fig.10. Photocurrent transients (four ON/OFF light cycles) obtained in 0.1 M
HCIO,4 in presence of 1 mM phenol for the 0.03B-TiO»/3RGO/Ti composite
films under a) 0.85V, b) 1.05V and c) 1.25 V.
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3.3.5 Mott-Schottky plots

Figures 11 and 12 show the Mott-Schottky plots of the 0.03B-TiO,/3RGO films
deposited on 304SS and Ti substrate respectively, obtained in 0.1 M HCIO, in dark
conditions. When a semiconductor contacts an electrolytic solution containing
redox couples, the charge transference between the semiconductor and the
solution is established until an electrochemical equilibrium is reached [39]. The
charge excess in the semiconductor is distributed in the space charge layer, which
is compensated with by the opposite charges induced in the solution within a
localized layer known as the Helmholtz layer. When the space charge layer shows
a depletion layer, the relation of the capacitance and the potential obeys the Mott-
Schottky equation.

1 B 2 (V v kT) )
CZ  egoqN P g @)

where, N is the donor or acceptor density, € the relative dielectric constant of the
film (TiO,, € = 38), €y the vacuum permittivity, g the elementary charge (+e for
electrons, and -e for holes), k the Boltzman constant, T the absolute temperature
and Vp, the flat-band potential [39] From eq. 2, it can be observed that the Cg.?
displays a linear relationship with the applied potential (V), which the Mott-Schottky
plots shows a straight line. If the slope of the straight line is positive, it is
associated to an n-type semiconductor; if the slope is negative, the result is
attributed to a p-type semiconductor [40]. The donor or acceptor density N can be
determinated from the slope of the straight line, and the flat-band potential Vi, can
be estimated from the intercept of the straight line on the potential axis [39, 40]. In
this work, the donor/acceptor density and the flat-band potentials were measured
at a constant frequency of 7 kHz. For the 0.03B-TiO,/3RG0O/304SS composite film
(Figure 11), the plot exhibits three potential regions (I, Il and IIl), with different
capacitance responses. The region | is associated to the formation of Cr,O3 while

the region 11l is attributed to the formation of Fe,O3. Both oxides are present in the

77



304SS substrate [39]. Ambat et al [10] reported the contributions of Cr,O3 in the
region |, Fe;O3; and TiO; in the region IIl in a TiO; film deposited on a 316LSS
plate. As the 0.03B-TiO,/3RGO composite film is also a n-type semiconductor, it
contributes to the signal obtained in the region Ill. The region Il is localized near to
the flat-band potential [41].

It can be observed that the donor (Ng) and acceptor (N,) densities determinated
from the plots (Table 5) for the 0.03B-TiO»/3RGO/304SS composite film present an
increase compared with the TiO,/304SS and 0.03B-TiO,/304SS films (plots not
shown). After boron doping, the Ti** species are formed in the TiO, lattice,
increasing the donor states in the 0.03B-TiO,/304SS film and 0.03B-
TiO2/3RGO/304SS composite film. This is confirmed by XPS analysis. The Ti?*
species formed during the thermal treatment are also contributes as donor states in
the 0.03B-TiO,/3RGO/304SS composite film. On the other hand, RGO also
contributes to the semiconducting properties of the composite film due to it can
provide donor and acceptor states. This was reported by Pelc et al [42]. Thus, the
donor and acceptor densities for the 0.03B-TiO2/3RGO/304SS composite film are
increased even more. The donor and acceptor states in this composite film are
also associated to the Fe?" and Fe*" species in the Fe,Os; [43], and the Cr*
recombination centers in the Cr,03 [29], respectively, from the 304SS substrate.
The flat-band potential of the n-type semiconductor contribution for the 0.03B-
TiO,/3RGO/304SS composite film shifts anodically with respect to TiO,/304SS and
0.03B-TiO,/304SS films, which confirms the increase in the majority charge
carriers (electrons) in the composite film. This implies that a potential above the
flat-band potential can be applied to extend the depletion layer within the space

charge layer of the composite film [39, 41].
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Fig.11. Mott-Schottky plots (from 0.9 V to -0.1 V at 7KHz) obtained in 0.1 M
HCIO4for the 0.03B-TiO2/3RGO/304SS composite film under the dark.

Table5. Mott-Schottky parameters for the films deposited on 304SS

Nqg N Vi, N-type Vi, p-type
Composite film 21 -3 21,2 3 semiconductor (V semiconductor (V
10/ cm 10%" /cm vs SCE) vs SCE)
TiO, 1.07 - 0.01 -
0.03B-TiO, 10.6 9.5 0.26 0.18
0.03B-TiO,/3RGO 10.8 10.6 0.28 0.19

For the 0.03B-TiO,/3RGO/Ti composite film (Figure 12), the Mott-Schottky plot
shows two potential regions | and Il. The region | is localized near to the flat-band
potential, while the region Il indicates the presence of a n-type semiconductor in
the composite film [33]. Compared with the TiO,/Ti and 0.03B-TiO,/Ti films (plots
not shown) the donor density (Table 6) is increased in a low proportion after boron
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doping, which confirms that the three films shows the same donor states content.
These states are associated to the Ti** donor species determinated by XPS. The
Ti** species formed after boron doping also contributes as donor states in the
0.03B-TiO,/3RGO/Ti composite film. However, after the RGO incorporation, the
donor density increases about twice with respect the 0.03B-TiO,/Ti film. This
indicates the incorporation of donor states by RGO, similar to the 0.03B-
TiO2/3RGO/304SS composite film. The absence of a p-type semiconductor
contribution implies that in the potential range established in the measurement, the
n-type semiconductor is the most important contribution in the semiconducting
properties of the 0.03B-TiO,/3RGO/Ti composite film [35].
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Fig.12. Mott-Schottky plots (from 0.9 V to -0.1 V at 7KHz) obtained in 0.1 M
HCIO4for the 0.03B-TiO2/3RGO/304SS composite film under the dark.
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Table6. Mott-Schottky parameters for the films deposited on Ti

o " Vi
Composite film 102/ cm’ semiconductor
TiO, 0.12 -0.069
0.03B-TiO, 0.13 -0.061
0.03B-TiO,/3RGO 0.29 -0.036

The donor density provided by RGO can be estimated by subtracting the donor
density calculated in the 0.03B-TiO,/3RGO and the 0.03B-TiO; films deposited in
both substrates. The donor density of RGO in the film deposited on 304SS is the
2.0 x 10%° cm, while for the film on Ti is the 1.6 x 10?° cm™. This confirms that
RGO was approximately incorporated in a same amount during the films

preparation.

The flat-band potential of the 0.03B-TiO,/3RGO/Ti composite film is also anodically
shifted, displacing the depletion layer to more positive potentials similar to 0.03B-
TiO2/3RGO/304SS composite film, but it can be observed that the depletion layer
within the space charge layer of the 0.03B-TiO,/3RGO/Ti composite film is
extended with a lower potential value above the flat-band potential compared with
the 0.03B-TiO,/3RGO/304SS composite film [44]. This indicates that the minority
charge carrier accumulation (holes) is easily reached to less positive potential
compared with the 0.03B-TiO,/3RGO/304SS film [41].

On the other hand, the donor states density of the 0.03B-TiO,/3RGO/304SS
composite film is one magnitude order higher than the 0.03B-TiO,/3RGO/Ti
composite film due to this former material is also provided by donor states in the
Fe,O; from the 304SS [44]. However, the acceptor states contribution is not
present inthe0.03B-TiO,/3RGO/Ti composite film [33,35,45]. The 0.03B-
TiO»/3RGO/304SS composite film exhibits a high acceptor states density which
induces the high electron trapping [29], restraining the electron transport and the

charge carrier separation in the composite film when it is illuminated. The 0.03B-
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TiO2/3RGO/Ti composite film exhibits a low electron trapping due to it not presents
ahigh acceptor states contribution, improving the electron transport within the film,
which facilitates the electron/hole pair separation [35]. Hence, the film deposited on
Ti is more photoelectrochemically active to carry out the phenol oxidation with a
high effectiveness. These observations are in a good accordance with the
voltammetry and photocurrent transients results described above. It can be
mentioned that the semiconducting properties of the composite films defines their
PEC performance in the pollutants oxidation. This is also reported by Eli et al [45]
describing the increase in the photoelectrochemical properties for the methyl
orange oxidation with the increase of the donor states in the TiO films.

3.3.6 Photoelectrochemical phenol oxidation

Figure 13 and 14 shows the PEC activity of the 0.03B-TiO»/3RGO/304SSand the
0.03B-TiO,/3RGO/Ti composite films during the phenol oxidation under UV-Vis
light illumination. Direct photolysis (DP), photocatalysis (PC) and electrochemical
measurements (EC) were studied in each composite film for comparative
purposes. The change of the absorbance (A/A;) for phenol at 270 nm was
analyzed every 30 minutes. The photoelectrochemical process (PEC) was carried
out under an applied potential of 0.85 V, to observe the photoelectrocatalytic
activity of the films. The UV-Vis light produces direct photolysis (DP) to the organic
compound, indicating that phenol is unstable under this irradiation [48]. After 3 h of
illumination, phenol was oxidized in 12%. For the 0.03B-TiO,/3RGO/304SS
composite film (Figure 13), in the EC process, the phenol was oxidized in 13 % [14,
15] while the phenol was oxidized in 16% after the PC process, implying a high
electron/hole pair recombination in the composite film, hindering the oxidation
process. In the PEC process, the electron/hole pair photogeneration is enhanced
compared with respect to the PC process during the first 60 min, but after this time
the oxidized phenol ratio holds constant as consequence of the inhibition of charge
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carrier separation, hindering the oxidation process. During this process, the phenol

was oxidized in 17%.
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Fig.13.phenol oxidation (1 mM, 40 mL) as function of reaction time in the a)

DP, b) EC, ¢) PC and d) PEC processes using the 0.03B-TiO2/3RG0O/304SS

composite film.

For the 0.03B-TiO/3RGO/Ti composite film (Figure 14), the EC, PC and PEC
processes carried out the phenol oxidation in 11%, 20% and 28 % respectively [33,
36]. Under dark conditions, the composite film presents a low electrochemical
activity, similar to the 0.03B-TiO,/3RG0O/304SS composite film. In the PC process,
the electron/hole pair photogeneration is highly facilitated due to the low electron
trapping, promoting the holes accumulation in the semiconductor to oxide phenol
[36]. However, The PEC process decreases the electron/hole pair recombination
exhibited in the PC process, increasing the holes accumulation in the composite

film to improve the oxidation process [45].
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Fig.14. phenol oxidation (1 mM, 40 mL) as function of reaction time in the a)
DP, b) EC, ¢) PC and d) PEC processes using the 0.03B-TiO2/3RGO/Ti
composite film.

In order to observe the PEC activity of the composite flmsunder an irradiation of
lower energy, the composite films were illuminated with visible light and the
geometry area was increased to 3.0 cm? to maximize the light absorption. Figure
15 shows that the phenol oxidation in the 0.03B-TiO,/3RGO/304SS composite film
is carried out in 24 %(Figure 15a) while that in the 0.03B-TiO,/3RGO/Ti composite
film, phenol was oxidized in 51% (Figurel5b). Hence, the 0.03B-TiO,/3RGO/Ti
composite film displays a high PEC activity for the phenol oxidation about twice
compared with the 0.03B-TiO,/3RGO/304SS composite film.
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Fig.15. PEC phenol oxidation (1 mM, 40 mL) as function of reaction time
using the a) 0.03B-TiO,/3RGO/304SS and b) the 0.03B-TiO,/3RGO/Ti
composite films.

3.4 Conclusions

The 0.03B-TiO2/3RGO composite films deposited on 304SS and Ti substrates
were successfully prepared by sol-gel method and dip-coating technique. The
0.03B-TiO2/3RGO/Ti composite film exhibits the best photoelectrochemical
properties to oxide phenol due to the formation of a high Ti** donor states content
in the composite film during the thermal treatment, promoting the electron/hole pair
separation and the holes accumulation in the semiconductor. Thus, the
photoelectrocatalytic phenol oxidation is carried out in the composite film which
shows to be photoelectrochemically active during a prolonged time. The 0.03B-
TiO2/3RGO/304SS composite film shows a low photoelectrochemical performance
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due to the high resistive features of 304SS, hindering the electron transport within
the film, which restrains the charge carrier separation. Thus, the holes
accumulation in the material decreases. On the other hand, Although the 0.03B-
TiO2/3RGO/304SS composite film presents higher donor density due to the two
kinds of n-type semiconductors as Fe,Ozand the 0.03B-TiO,/3RGO composite film,
it also shows a high acceptor states density from the Cr,O3 p-type semiconductor,
which confirms a high the electron trapping implying a low electron/hole pair
separation. Acceptor states are not presented in the 0.03B-TiO2/3RGO/Ti
composite film, diminishing the electron trapping, which facilities the
photogenerated electron transport to the current collector. Hence, this composite
film exhibits a PEC activity about twice compared the 0.03B-TiO,/3RG0O/304SS

composite film in the oxidation process.
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GENERAL CONCLUSION

The B-TiO,/RGO composite films prepared by the sol-gel dip coating technique
exhibit high PEC properties in the phenol oxidation, being 0.03B-TiO,/3RGO, the
composite film that generates the highest photocurrent in this process, which is 30
times compared with TiO,. Due to the RGO acts as an efficient acceptor and
transporter of electrons, the electron transport within the film is enhanced,
facilitating the electron/hole pair separation. Thus, the generated photocurrent is
increased. However, the photocurrent shows a little decrease as consequence of
the resistive features of the 304SS where the film is deposited, which hinder the
electron transport through TiO, film-current collector interfase. The 0.03B-
TiO2/3RGO deposited on Ti, present a higher generated photocurrent which is 3.2
times compared with the film deposited on 304SS. This increase in the
photoresponse is caused by the enhanced electron transport through the current
collector composed by this metal, which not display acceptor states compared with
304SS, decreasing the electron trapping in the deposited film. Hence, the
photogenerated electron transport is facilitated, leaving more holes accumulated in

the film to carry out the PEC oxidation process.
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SUPPLEMENTARY MATERIAL — ANEXXES
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Fig.1S. Emission spectrum of visible light source
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