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RESUMEN

TITUTULO: PRODUCCION DE HIDROGENO POR ELECTROLYSIS FOTO-ASISTIDA DEL AGUA
USANDO PELICULAS SEMICONDUCTORAS DE Bi,MNbO; (M= Al, Fe, Ga, In)*

Autor: Kevin Leandro Rosas Barrera**

Palabras Claves : Oxidos complejos, Sistema Bi-M—-Nb-O, Estructura tipo pirocloro, Peliculas
semiconductoras, fotoanodos, Rompimiento fotoelectroquimico de agua.

En este trabajo de investigacion, se estudio la produccién de hidrégeno y la oxidacién simultanea
de de cianuro usando como fotoanodos peliculas de Bi,MNbO; (M= Al, Fe, Ga, In,) sobre laminas
de acero inoxidable AISI/SAE 304. Las peliculas fueron preparadas por sol-gel dip-coating y
calcinadas a 500<C. Una celda electroquimica de dos compartimientos con catodos de diferentes
materiales (Plata, Platino y Acero inoxidable platinizado) fue empleada en la evaluacion bajo
diferente composicion de electrolito. La corriente que circulaba, la generacion de hidrégeno y la
degradacién de cianuro fueron monitoreadas en funcién del tiempo.

Los resultados muestran que la actividad de los fotodnodos de Bi,MNbO,/SS 304 fue mas alta o
equivalente al fotoanodo de TiO,/SS 304 in el rompimiento fotoelectroquimico del agua. Ademas,
se encontrd que la actividad mas alta en el proceso es fuertemente influenciada, sino determinada,
por las propiedades locales de la interface semiconductor-electrolito y no por las caracteristicas de
transporte fotoeléctrico. Por otra parte, el empleo de un catodo de platino en una solucién alcalina
(sin KCI) muestra valores mas altos de velocidad de produccién de hidrégeno y oxidacion de
cianuro con respecto a los resultados obtenidos con el catodo de plata.

Finalmente, en todos los casos el valor mas alto de la densidad de corriente y de la cantidad de
hidrégeno producida fue obtenida usando acero inoxidable platinizado como catodo. Siendo el
fotoanodo de Bi>InNbO- el que mostré la mayor actividad fotocatalitica.

*Trabajo de Investigacion de Maestria en Ingenieria: Area Ingenieria Quimica.
**Facultad de Ingenierias Fisicoquimicas, Escuela de Ingenieria Quimica. Director: Julio Andrés
Pedraza Avella, Ph.D. Director: Dionisio Antonio Laverde Catafio, Ph.D
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ABSTRACT

TITLE: HYDROGEN PRODUCTION BY PHOTOASSISTED WATER ELECTROLYSIS USING
SEMICONDUCTORS FILMS OF Bi;MNbO; (M= Al, Fe, Ga, In)

Author: Kevin Leandro Rosas Barrera**

Keywords : Complex oxides, Bi—-M—Nb—-O system, Pyrochlore-type structure, Semiconductor films,
Photoanode, Photoelectrochemical water splitting.

The hydrogen production and the simultaneous cyanide oxidation by a photoelectrocatalytic
process was studied using Bi,MNbO,; (M = Al, Fe, Ga, In) films on AISI/SAE 304 stainless steel
plates (SS) as photoanode. The films were prepared by sol-gel dip-coating and annealed at 500<C.
A two-compartment electrochemical cell with cathodes of different materials (silver, platinum and
platinized stainless steel) was employed in the evaluation under different electrolyte compositions.
The circulating current, the hydrogen generation and the cyanide degradation were monitored at
different times.

Results showed that the activity of Bi,MNbO-/SS 304 photoanodes in the photoelectrochemical
water splitting was higher or equivalent than that of TiO,/SS 304 photoanode. Furthermore, it was
found that the higher activity in the photoelectrocatalytic process is strongly influenced, if not
determined, by the local properties of semiconductor-electrolyte interface and not by the
photoelectrical transport characteristic. The other hand, the use of a platinum cathode in an alkaline
solution (without KCI) shows higher values of hydrogen production rate and cyanide oxidation with
regard to obtained results with Ag cathode.

Finally, in all cases the highest value of current density and amount of hydrogen produced was
obtained using the platinized stainless steel as cathode. Being the Bi,InNbO; photoanode the most
active.

* Thesis to obtain the degree of Master in Engineering, Area: Chemical Engineering.
** Faculty of Physical-chemical Engineering, Chemical Engineering School. Advisor: Julio Andrés
Pedraza Avella, Ph.D. Advisor: Dionisio Antonio Laverde Catafio, Ph.D
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INTRODUCTION

Around the world, many experts motivated by the need of develop cleaner
energy alternatives and reduce the emission of greenhouse gases [1], perceive the
possibility of use the energy derived of sun to mitigate some dependence of fossil
fuels.

An alternative fuel based in solar energy, obtained of renewable and
economic sources, is the hydrogen [2-5]. It is the most abundant gas in the world,
the source of all energy that we receive from sun, highlighted by have the energetic
content higher per unit weight and by generate water vapor as combustion product.

Although hydrogen is one of the elements most abundant over earth crust,
it is not a primary energy source, that is, is not find as H, but it can be found
combined with others elements as oxygen (to form water), and carbon and nitrogen
in lightweight materials and fossil fuels; needing some physical chemical processes
that involve the use of primary energy sources to be obtained. It is for this reason
that hydrogen is not considered as an energy source, but as secondary energy
carrier [6].

There are some ways to obtain hydrogen, since catalytic reforming with
water vapor (process industrially more used) through a variety of technologies as
process chemicals, biological, thermals, electrolytic, among other things. However,
only some of them are environmentally friendly.

Alkaline water electrolysis, that it has been used for more than 80 years, is
enough attractive because hydrogen and oxygen gases obtained are extremely
pure. This technique involves the induction of an electric current through an
electrolytic conductor, where an anode and cathode are immersed, to origin a
transport of material (electrons) and produce a redox reaction. However, the cost
of the hydrogen production is high because the process needs the application of an
external potential to water split into its constituent elements [7].

There are some modifications of the traditional process that looking the
consume decrease of electric energy during the electrolysis using a semiconductor
material as photoanode. The process that is known as photoelectrolysis
(photoassisted electrolysis of water), use the semiconductor material to absorb the
energy derived of the sun to promote redox in the surface and generate an electric
current that is transmitted to cathodic material to hydrogen generation. The
absorption of light energy by the photoanode decreases the amount of electric
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energy that it should apply to water splitting molecule, it making a more rentable
process and one of the most promising alternatives in hydrogen production. [8]

This process began around 1970 with Fujishima and Honda [9], who use a
TiO, photoelectrode and a platinum electrode as cathode in a cell called
photoelectrochemical cell (PEC). Is worth nothing mentioned that while Fujishima
and Honda did experimental test, Bockris[10] and Gerischer[11] establish scientists
foundations of the photoelectrochemical hydrogen production; since then this
reaction has been object of many investigators in different knowledge areas as
photocatalysis, electrochemical, and materials science [12-14].

The water photoelectrolysis can take place with the help of the light on a
material semiconductor, provided the conduction band potential of the
semiconductor is more negative than the reduction potential of the water to form
H2 (0 V vs. ENH to pH = 0) and the valency band potential of the semiconductor is
more positive than the potential of oxidation of the water to form O2 (1.23 V vs.
ENH to pH = 0).

For this reason, not all material can be used to hydrogen generation.
Historically TiO, is the material that has attracted most interest in water
photoelectrolysis [9, 15, 16]. However, from standpoint of hydrogen production it is
not attractive, because the potential band conduction is not enough negative to the
hydrogen evolution will be possible (H./H,O) and also it need photons of high
energy, with wavelengths in UV region, to the pairs of electron-hole can be
generate [17-21] Additionally, the potential capacity that this material has to
produce hydrogen from the water, disappear when the pairs of electron-hole are
generated, since the activation of the semiconductor generate a shift in the levels
of valence and conduction bands [22].

Some materials, as MoS,, Fe;0s3, In,03, WO3 y CdO, as well as TiO,, do not
have an enough negative conduction band to produce the hydrogen evolution, as
is shown in figure 1. [23]

21



T -1.0 — GaAs cds
& - Cdse o
A 0.0 Conduction _T_ =5 MoS, - H'/H,
> : Band | | Fe,03 E°=0.00V
> - 205 wo,
= 2.4 1.7 53
© 1.0 — | 1.2 _T_ Cdo
-g A Valence | | J— H,0/0,
I3 | Band ‘l_ R A | | E=1.23V
[S)
[a¥ 20 — 2.7
28 21  Elev]
3.0 — v l
v

A\ 4

Figure 1 Potentials of valence and conduction bands and gaps between
bands (E,) different to typical semiconductors (pH = 0).

Other materials as GaAs y CdSe, with small band gaps make inefficient the
water decomposition for its high recombination. On the contrary, those with wide
band gaps between needs high energy photons not supplied by visible radiation to
generate the respective pair electron-hole or simply photocorrosion factors or
toxicity, delimited the application of photocatalysts as ZnO and CdS.

All these needs and limitations exposed previously, shown that is clue
develop new materials to make feasible and economically viable the water
photodecomposition. Also, the search should be directed to that these
semiconductors absorb major quantity of solar energy and they shown an
appropriate catalytic activity that favors the possible reaction that they will happen
on its surface [24]. In this sense, a semiconductors materials series including
trinitates, niobates and tantalates, with laminar or tuneladas structure perovskita
type (ABO3: SrTiO3, NaTaO3, LaTiO3) and pyrochlore type (A2B207: Bi,MNbO; (M
= Al, Ga, In, Y, Fe, Sm))[25], has been tested in hydrogen production, showing a
high activity and propose them as appropriate materials to be applied in
photoelectrochemical cells; because so far most of them have only been tested as
photocatalysts in suspension [26].

In Figure 2 can be see the valence and conduction bands potentials
determined theoretical form [27], of Bi,MNbO; materials with pyrochlore structure
types as well as the band gap. The materials pyrochlore type shows an appropriate
position to hydrogen and oxygen evolution.
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Figure 2. Diagram of bands materials Bi,MNbO-, (M = Al, In, Ga) to pH = 0.

In 2001, this family of semiconductors materials was for first time prepared
through solid state reaction technique (SSR) [25]; using oxides and carbonates as
raw material, which are submitted to high temperature (> 1000C) and several
conditions during a considerable time to allow the metal cations diffusion. However,
this method generally leads to materials with low surface area (~1 m?g), non-
uniform particle sizes and low purity of the crystalline phases. In 2006, Lorena L.
Garza-Tovar et al [28] used the sol-gel method for the preparations of Bi,MNbO;
(M = Al, Fe, In, Sm) materials under soft conditions, where the structural and
textural properties can be controlled. These materials were evaluated in methylene
blue oxidation, showing an important increase of activity in regard to materials
prepared by SSR.

On the other hand, it is necessary to support the semiconductors materials
to make electrodes, since this form it allows to study their photoelectrochemical
behavior and their use in photoassisted electrolysis of water. Also, the use of the
supported materials allows increasing the useful life of the prepared material and it
avoids the separation process of the powders after being used in suspension.

As support metal sheets can be used (stainless steel, aluminum, titanium) or
conductor glass (ITO: Indium-Tin Oxide, FTO: Fluorine-Tin Oxide) which allow to
obtain a transparent electrode with a larger area for the illumination [29].
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The specific reactions that occur on the electrodes are dependent of the pH. In
this work, the photoassisted electrolysis process was carried out to basic pH, for
which the reactions can be represented by means of the following chemical
equations:

2h* + 20H™ - 1/2 0, + H,0 (In the fotoanode) (1)

2e” + 2H,0 - H, + 20H™ (In the catode) (2)

The use of sacrificial reducing agent (electron donors), as ethanol [30],
methanol [31], Na,SOs3, Na,S, Na,S,03, K4[Fe(CN)g], Kl [32] and NaCN [33], has
shown a considerable increase in the amount of hydrogen produced, because
need an anodic reaction thermodynamically more favorable that increase the
electron flow toward the cathode. In KCN case, which was used in this work, the
reaction can be written as:

The use of sacrificial reducing agent (electron donors), as ethanol [30],
methanol [31], Na,SOs3, Na,S, Na,S,03, K4[Fe(CN)g], Kl [32] and NaCN [33], has
shown a considerable increase in the amount of hydrogen produced, because it
implies an anodic reaction thermodynamically more favorable than increases the
electrons flow toward the cathode. In the case of the KCN, which was used in this
work, this reaction can be written as:

2h* + CN™ + 20H™ - CNO~ + H,0 (semiconductor) (3)

Keeping in mind the state of the art presented previously, this investigation
project evaluated the performance of the materials Bi,MNbO; (M= Al, Fe, Ga,
In,)/SS pyrochlore type, prepared by sol-gel dip-coating method to be used as
photoanodes in the hydrogen photoassisted production from water. In this process
was evaluated the main operating variables as electrolyte concentration, the
increase of solution conductivity and the presence of sacrificial reducing agents as
KCN. As well as the influence of both the type of metal in the semiconductor
structure and the type the cathodic material used in the electrochemical cell.

This report is divided in 5 chapters, through which it is present of order form
the results obtained as product of the investigation.

In the first chapter, Photocatalytic degradation of methyl orange using
Bi,MNbO; (M = Al, Fe, Ga, In) semiconductor films on stainless steel, the
photocatalytic activity of Bi,MNbO; films was evaluated by the degradation of
methyl orange and compared with the activity of TiO, films under the same
reaction conditions. It was found that the photoactivity of Bi,MNbO- films is higher
or equivalent to TiO; films.
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In the chapter 2, Photoelectrochemical Hydrogen Production from Aqueous
Solution Containing Cyanide Using Bi;,MNbO; (M = Al, Fe, Ga, In) Films on
Stainless Steel as Photoanodes, the preliminary results of photoelectrochemical
hydrogen production are showed. In this process, the photoelectrocatalytic activity
of materials of Bi,MNbO; (M = Al, Fe, Ga, In) was compared in regard to TiO;
under the same conditions. Furthermore, it is showed as electrolyte composition
and concentration is a factor very important during the hydrogen generation.

In the chapter 3, Photoelectrolytic hydrogen production using Bi,MNbO;
(M = Al, Ga) semiconductor film electrodes prepared by dip-coating; the results as
a function of the annealing temperature of photoanodes and electrolyte
composition is showed; using the amount of hydrogen produced as response
variable. It was found that the photoanodes evaluated has a very similar behavior,
reaching your higher activity to annealing temperature of 500C in a electrolytic
solution of 0.3 M of KOH and 120 ppm of CN'.

El capitulo 4, Photoelectrocatalytic hydrogen generation and cyanide
oxidation using Bi;MNbO; (M= In, Fe) films on stainless steel, muestra una
metodologia muy similar a la presentada en el capitulo 3 con el objetivo de
encontrar la composicion del electrolito que permita obtener la mayor cantidad de
hidrégeno posible. A diferencia de los resultados presentados en el capitulo dos,
estos fotodanodos presentan diferencias significativas en su actividad
photoelectrocatalitica, que pueden ser relacionadas con la carga superficial
establecida por el pH de la solucion electrolitica

The chapter 4, Photoelectrocatalytic hydrogen generation and cyanide
oxidation using Bi,MNbO; (M= In, Fe) films on stainless steel, a methodology very
similar to the presented in the chapter 3 is showed with the objective of finding the
electrolyte composition that allows to obtain the biggest quantity hydrogen.
Contrary to the results presented in the chapter 2, these fotoanodes presents
significant differences in their photoelectrocatalytic activity that can be related with
the superficial load settled down by the pH of the electrolytic solution.

Finally in the chapter 5, Hydrogen production by water splitting using Bi,MNbO7
(M = Al, Fe, Ga, In) films as photoanodes. A comparison between Ag, Pt and Pt/SS
cathodes, the evaluation of different cathodic materials in the production of
hydrogen in search of to avoid the polarization of the silver cathode (employee in
the previous chapters) due to the presence of the chloride of potassium is showed.
In this chapter it was found that besides avoiding the polarization of the cathodic
material, the highest values in current density and hydrogen production are
obtained using the cathode of Pt/SS.
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CHAPTER 1.

Photocatalytic degradation of methyl orange
using Bi ,MNbO; (M = Al, Fe, Ga, In)

semiconductor films on stainless steel

Abstract

Semiconductor Bi,MNbO; (M = Al, Fe, Ga, In) films were prepared by sol-gel
method. The films were deposited on AISI-SAE 304 stainless steel at three
different withdrawal speeds using the dip-coating technique and annealed at
500 °C. Films were characterized by X-Ray Diffraction, Scanning Electron
Microscopy and X-Ray Fluorescence Spectroscopy. The photocatalytic activity of
Bi,MNbOy films was evaluated by the degradation of methyl orange and compared
with the activity of TiO, films under the same reaction conditions. Films exhibited
the following photocatalytic performance: Bi,GaNbO; > Bi,FeNbO; > Bi,AINbO; >
TiO, = BiInNbO; >> UV light. It is worth noting that the Bi,MNbO; films have
results as good as titanium dioxide in the degradation of methyl orange.
Furthermore, the kinetic of the photodegradation of the methyl orange has been
investigated.

1.1 Introduction

Recently, the so-called Advanced Oxidation Processes (AOPs) have been
proposed as alternative methods for water purification [1,2]. Among AOPs,
heterogeneous photocatalysis appears as an emerging destructive technology
leading to the total mineralization of most of the organic pollutants [3-5]. Titanium
dioxide suspension has been extensively used for water treatment and other
process due to its exceptional optical and electronic properties, chemical stability,
non-toxicity and low cost [6-8]. One of the disadvantages of using TiO, in these
processes is the need to illuminate them with high-energy photons (UV light). For
this reason, the search for new promising photocatalysts that can operate with
visible light is an important challenge to extend the range of their applications
[9,10]. In this sense, a series of photo-catalysts that can extend their response to
UV-Vis, have been synthesized and tested in the photo-catalytic hydrogen
production [11,12] and photo-degradation of methylene blue [13], showing a high
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activity, when materials suspensions are used, these must be recovered at the end
of the treatment, either by filtration or sedimentation which is expensive in terms of
time, reagents and manpower [14]. The immobilization, in the form a film, of the
catalyst on inert support surfaces has been recently used in order to avoid the
catalyst-recovering step [15-17]. In present study, photodegradation of methyl
orange (MeO, Fig.1.1), used as a model molecule, was studied using as
photocatalyst Bi,MNbO; semiconductor films prepared by sol-gel method and
supported on AISI-SAE 304 stainless steel by dip-coating technique.

N SO3Na

/

(CH3)2N N

Fig. 1.1. Molecular structure of MeO.
1.2. Experimental
1.2.1. Materials

The following reagents were used as received without further purification:
bismuth(lll) acetate (Aldrich, 99.99%), aluminum(lll) acetylacetonate (Aldrich,
99.999%), gallium(lll)  acetylacetonate (Aldrich, 99.99%), indium(lll)
acetylacetonate (Aldrich, 99.99%), iron(lll) acetylacetonate (Aldrich, 99.9%),
niobium(V) ethoxide (Aldrich, 99.95%), titanium(IV) isopropoxide (Aldrich, 97%), 2-
propanol (Merck, 99,5%), ethanol (Merck, 99.9%), acetylacetone (Aldrich, 99%),
HNO; (Carlo Erba, 65%), methyl orange (Merck, 100%) and distilled water
(2 MQ-cm).

1.2.2. Preparation of the films

Semiconductor films of Bi-M-Nb-O (M = Al, Fe, Ga, In) were prepared by
dip-coating on AISI/SAE 304 stainless steel (304 SS) plates (15 mm x 25 mm),
which were ultrasonically cleaned in ethanol (15 min) prior to use. Details of the sol
preparation were described elsewhere [15]. Briefly, films of Bi-M—Nb—-O (M= Al,
Ga, In, Fe) system were prepared by dissolving the corresponding metal (M)
precursor in a solution of ethanol:HNOjs:acac:water. The solution was kept under
constant agitation for 15 min. Then stoichiometric amounts of bismuth(lll) acetate
in ethanol:HNO3:acac and niobium(V) ethoxide in ethanol:acac were added
dropwise to the initial solution. The resulting suspension was kept in constant
agitation during 24 h at 25 € until the sol was formed. The films were made at
different withdrawal speeds (5.0, 7.5 and 10.0 cm/min) with different number of
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layers (1, 3 and 5). The films were dried at room temperature (25C) for 1 h after
each layer deposition. Finally, they were annealed at 500C for 4 h.

TiO, films were also prepared by similar procedure for comparative
purposes [18].

1.2.3. Characterization of the films

Scanning electron microscopy (SEM) micrographs were obtained with a
LEO 430 microscope operated at 20 kV in secondary electron mode.

X-ray diffraction (XRD) patterns were collected on a PANalytical X'Pert PRO
diffractometer operated at 40kV and 40 mA, using CuKa radiation (A =
1.540598 A) selected with Ni filter, in the thin film mode with a step of 0.02°and a
counting time of 1.0 s per step.

Elemental analyses were performed by energy dispersive X-ray
fluorescence (EDXRF) in a Shimadzu EDX-800HS spectrometer equipped with a
Rh tube and a Si(Li) detector. The measurements were performed in vacuum
atmosphere and the quantification was performed using fundamental parameters
method.

1.2.4. Photocatalytic evaluation of the films

Photocatalytic activity of the Bi,MNbO; (M = Al, Fe, Ga, In) films deposited
on AISI/SAE 304 stainless steel support was evaluated on the degradation of
methyl orange (MeO), used as model molecule [19-21]. A 200 mL glass cell
equipped with an immersion Hg lamp (UVP Pen-Ray 5.5 W) was employed in the
photocatalytic experiments (Fig. 1.2). In all tests, 40 mL of aqueous solution
containing 5 ppm of MeO were used at natural pH. Before starting each test, the
system was kept in the dark for 15 min to achieve the adsorption equilibrium. The
reaction was carried out during 2 h with continuous air bubbling and magnetic
stirring. Samples were taken each 30 min and the MeO concentration was
determined by colorimetry, using the 460 nm absorption band, in a LaMotte Smart
apparatus. The reaction was also carried out using TiO, films deposited on
AISI/SAE 304 stainless steel as reference. Blank reaction was done without
semiconductor films in order to determine the contribution of photolytic
degradation.
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Fig. 1.2. Schematic representation of the photoreactor.

1.3 Results and discussion
1.3.1. Scanning electron microscopy

SEM micrograph of Bi,GaNbO; film (1layer) on 304 SS obtained at
5.0 cm/min show a fairly flat but cracked surface (Fig. 1.3a). The formation of
microcracks all over the surface may be a consequence of the coating contraction
during the heat treatment [22]. When the withdrawal speed was increased to
7.5 cm/min, the cracks became slightly thinner (Fig. 1.3b) probably because the
thickness of the films increased.

When the number of deposited layers was increased to 3, the cracks were
covered partially but agglomerates appeared (Figs. 1.3c and 1.3d) because the
amount of deposited material increased.
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Fig. 1.3. SEM micrographs of Bi,GaNbO-, films on 304 SS: (a) 1 layer at 5.0 cm/min
(1000x), (b) 1 layer at 7.5 cm/min (1000x), (c) 3 layers at 5.0 cm/min (7000x), (d) 3 layers
at 7.5 cm/min (7000x).

1.3.2. X-ray diffraction

XRD patterns of Bi,MNbO; (M = Al, Fe, Ga, In) films on 304 SS (3 layers at
7.5 cm/min) are shown in Fig. 1.4.
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Fig. 1.4 XRD patterns of (a) Bi,AINbO-, (b) Bi,FeNbO-, (c) Bi.GaNbO, (d)
Bi.InNbO; and (e) TiO, films on 304 SS (3 layers at 7.5 cm/min) and (f) 304 SS annealed

at 500C.

In the XRD patterns of the sol-gel Bi,MNbO; (M = Al, Fe, Ga, In) films, only
broads peaks at about 28.7° corresponding to the pyrochlore structure-type could
be identified [23]. The peaks present at 43.6, 44.6 and 50.7° correspond to the
stainless steel support [24]. It is strongly proposed that such a broad peaks are due
the small crystallite size and the poor crystallinity [25]. Although the Bi,MNbOy films
showed similar XRD patterns, the 20 angles of the pyrochlore reflection were
slightly different: Bi,AINbO; (28.37°) < BiFeNbO; (28.63°) < Bi,GaNbO; (28.77°) <
BioInNbO; (28.97°). They were shifted according to the ionic radius of the 6-
coordinated substituent atom M3*": Al (67.5 pm) < Fe (69 pm) < Ga (76 pm) < In
(94 pm) [26]. It is worth noting that the (101) anatase reflection at 26=25.11 in the
XRD pattern of the TiO, film (Fig. 1.4e) is more intense that the corresponding
pyrochlore reflections indicating that this material has more crystallinity that the
corresponding ones.

1.3.3 Energy dispersive X-ray fluorescence

EDXREF results, showed in table 1.1, indicate that the elemental proportion in
Bi-Ga-Nb-O sample fits better to the stoichiometric ratio (Bi:Ga:Nb = 2:1:1) of
pyrochlore-type structure (Bi,GaNbOy). In the other samples a Bi excess was
detected suggesting the presence of BisNbzOi5 [27], BislngNbzOisx [28] or
Bi,O3/Bi2O4« [29].
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Table 1.1. Elemental analyses of Bi,MNbO; (M = Al, Fe, Ga, In) films (3 layers at
7.5 cm/min) on 304 SS are summarized in Table 1.1

Film Bi (at. %) M (at. %) Nb (at. %)
Bi,AINbO-, 70.3 16.1 13.6
Bi,FeNbO, 64.8 19.1 16.1
Bi,GaNbO; 545 23.1 22.4
Bi,InNbO; 76.7 12.6 10.7
Bi,MNbO-* 50.0 25.0 25.0

& Stoichiometric ratio.
1.3.5. Photodegradation of methyl orange

MeO degradation over time using BizMNbO; (M = Al, Fe, Ga, In) and TiO,
films on 304 SS (3 layers at 7.5 cm/min) is shown in Fig. 1.5.

06 T T T T T T L T T T T T
0 20 40 60 80 100 120
t (min)

Fig. 1.5 Relative concentration of MeO vs. time using: (V) Bi,AINbO,, (®) Bi,FeNbO-,
(A) Bi,GaNbOy, (#) Bi,InNbO; and (*) TiO2 films on 304 SS (3 layers at 7.5 cm/min) and
(O) WV light (without photocatalyst).
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In Fig. 1.5 it can be seen that the films exhibit the following photocatalytic
performance: Bi,GaNbO; > Bi,FeNbO; > Bi,AINbO; > TiO, = Bi,InNbO; >> UV
light. Slight differences between the films with different substituent atom M were
detected. These can be correlated to their stoichiometric deviations in regard to
Bi,MNbO7 (see Table 1.1). Although the photoactivity of Bi,InNbO- is comparable
to that of TiO, at the end of the test, it is worth noting that the second one
decreases with the time. There is a change in the slope at about 60 min. The
photocatalytic behavior of Bi,MNbO; (M = Al, Fe, Ga, In) with regard to TiO, films
could be related to their poor crystallinity (see Fig. 1.4).

The curves C/Cy vs. time are well described by a mono-exponential curve
suggesting that a pseudo-first-order reaction model can be used to describe the
kinetic behavior of the films. Using a modified Langmuir-Hinshelwood model, the
rate of photodegradation can be expressed as:

_ _dC _ kKC,

= -— 1
dt  1+KC, @)

Due to the low concentration of methyl orange (KCy << 1), the term KCy in
the denominator could be neglected. Integration of Eq. (1) with initial condition
C=Cpatt=0gives:

C:O —
In (?j = Kyt (2)

where Kapp = kK is an apparent first-order rate constant.

The plot of In Co/C vs. t represents a straight line and is shown in Fig. 1.6.
The slope of linear regression is Kapp.
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Fig. 1.6 Linear transformation of the relative concentration of MeO vs. time using: (V)
Bi,AINbO-, (®) Bi,FeNbO,, (A) Bi,GaNbO,, (®) Bi,InNbO; and (%) TiO2 films on 304 SS
(3 layers at 7.5 cm/min) and (O) UV light (without photocatalyst).

For a pseudo-first-order reaction, the half-life time (ti2) can be calculated
according Eqg. 3:

In 2
by, = K C)
app
The corresponding values of the kinetic parameters (kapp, ti2) for each
photocatalyst are shown in Table .12.

All the films showed a higher photocatalytic activity than those obtained only with
UV light. The photoactivity of Bi,MNbO;7 films was higher or equivalent than TiO,
films. The Bi,GaNbOy film exhibited the highest kap, and therefore the lowest ty.
This result can be explained due to the Bi-Ga-Nb-O system fits better to the
stoichiometric ratio in Bi,MNbO-; according to the EDXRF results (see Table 1.1).
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Table 1.2 Kinetic parameters for the MeO photodegradation (2 h) over Bi,MNbO; (M = Al,
Fe, Ga, In) films on 304 SS (3 layers at 7.5 cm/min).

Apparent first-order rate Half-life time, .
Photocatalyst constant, Kapp x 102 t Correlation
' anp v coefficient, R?
(min™) (min)

UV light 0.47 1475 0.9999
Bi,AINbO; 3.41 203 0.9955
Bi,FeNbO, 3.51 197 0.9971
Bi,GaNbO;, 3.66 189 0.9969
Bi,InNbO, 2.85 243 0.9919

TiO, 3.04 228 0.9970

MeO degradation over time using Bi,GaNbO-; films on 304 SS (3 layers)
made at different withdrawal speed (5.0, 7.5 and 10.0 cm/min) is shown in Fig. 1.7

1.0 4

0.9+

o i
S 0.8
0.7+
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t (min)

Fig. 1.7 Relative concentration of MeO vs. time using (A) Bi,GaNbO; films (3 layers)
made at a withdrawal speed of: (a) 5.0 cm/min, (b) 7.5 cm/min, (c) 10.0 cm/min and ()
UV light (without photocatalyst).
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In Fig. 1.7 it can be seen that the degradation increases with a faster
withdrawal speed. The highest degradation was achieved with the films made at
the fastest withdrawal speed (10.0 cm/min). This behavior can be explained by the
higher amount of deposited material when a faster withdrawal speed was used,
according to the equation proposed by Landau and Levich, which expresses that
the film thickness is directly proportional to the withdrawal speed [30,31]. However,
it is worth noting that a significant difference in the degradation was not detected
when the withdrawal speed was increased from 7.5 to 10.0 cm/min. This result
could be due to two factors: (1) further increments in the withdrawal speed after
certain value not lead to an increase in the thickness or (2) further increments in
the amount of deposited material after certain value are not followed by an
increase in the degradation. It is worth mentioning that similar results in the
photodegradation behavior were obtained using Bi,GaNbO; films on 304 SS
(1 layer) made at the same withdrawal speeds and therefore the previous result
could be attributed mainly to the first factor.

MeO degradation over time using Bi,GaNbO- films on 304 SS with different
number of layers (1, 3 and 5) at a withdrawal speed of 7.5 cm/min is shown in
Fig. 1.8.

1.0+
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0.7
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t (min)

Fig. 1.8 Relative concentration of MeO vs. time using (A) Bi.GaNbO; films with different
number of layers (7.5 cm/min): (a) 1, (b) 3, (c) 5 and (O) UV light (without photocatalyst).

In Fig. 1.8 it can be seen that the degradation increases when the number of
layers was increased from 1 to 3 but a further increment to 5 layers not lead to any
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improvement. Undoubtedly, the enhancement in the degradation until a certain
value is due to the increase in the amount of deposited material with the augment
of number of layers. It is worth mentioning that the behavior of the other films was
similar.

All materials used in the photo-degradation of MeO were subjected to
several cycles of use, among which there were no significant changes in their
photocatalytic performance, showing stability and resistance to the reaction
conditions employed. The obtained results with the sol-gel method and dip-coating
technique make further work on the subject very encouraging.

1.4 Conclusions

The photoactivity of Bi,MNbO- films was higher or equivalent to TiO, films.
The Bi,GaNbO- film has the major cristallinity and the best elemental proportion
according to pyrochlore-type structure, exhibiting the major photocatalytic activity
and the highest kapp and therefore the lowest ty/.

The photodegradation of MeO increase with a faster withdrawal speed and
with increases of the number of layer deposited. Degradation of MeO follows an
apparent first order kinetics as most of the pollutant, which confirm the
heterogeneous catalytic character of system for diluted solution.
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CHAPTER 2.

Photoelectrochemical Hydrogen Production
from Aqueous Solution Containing Cyanide
Using Bi ,MNbO-; (M = Al, Fe, Ga, In) Films on

Stainless Steel as Photoanodes

Abstract

Photoelectrochemical water splitting (UV-Vis, 2.5V) from alkaline solution
containing cyanide was evaluated in a conventional two-compartment
electrochemical cell using Bi,MNbO; (M = Al, Fe, Ga, In) films on AISI/SAE 304
stainless steel as photoanode and a silver plate as cathode. The films were
prepared by sol-gel dip-coating followed by a thermal treatment at 500 C. They
were characterized by scanning electron microscopy, X-ray diffraction and energy
dispersive X-ray fluorescence. During the photoelectrochemical process, both
circulating current and hydrogen production were measured. Changes in cyanide
concentration were determined by potentiometric titration. The activity of Bi,MNbO;
films was higher or equivalent to that of TiO, film and dependent on the electrolyte
composition and concentration. The obtained results make further work on the
subject very encouraging.

2.1 Introduction

Since the pioneering works of Fujishima & Honda [1-3] and Frank & Bard [4-6]
photoelectrochemistry and semiconductor photocatalysis for hydrogen production
and environmental cleanup have attracted a great interest because of their
potential in solar energy conversion [7-11].

Initial interest in these photoinduced reactions was prompted by the
discovery that water could be split (simultaneously oxidized and reduced to form
O, and H, respectively) in a photoelectrochemical cell upon illuminating a TiO,-
single crystal photoanode and having an inert cathode to which a small
electrochemical bias had been applied [1-3]. It soon became apparent that novel
redox reactions of inorganic compounds, such as CN” and SOs*, and other organic
compounds could also be induced by band-gap irradiation of a variety of
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semiconductor particles [4, 6]. More focused scientific interest in these reactions
has also developed within the last decade due to the suggested use of
photoexcited TiO, dispersions in environmental protection and amelioration [12-
16]. Since then, research efforts to understand the fundamental processes and to
enhance the photocatalytic efficiency of TiO, have come from extensive work
performed by chemists, physicists and chemical engineerings [17-21]. Nowadays,
a growing interest in hydrogen generation (as a combustible fuel), using solar
energy and renewable sources such as water, has focused the attention again on
the photoelectrochemical water splitting [22-26].

Historically, TiO, is the material which really sparked interest in the
photoelectrolysis of water [1-3]. However, from the viewpoint of H, production, it is
not very attractive due to the position of its conduction band edge with respect to
the redox potential of Ho/H,O couple and its low visible light absorption [27-31].

Current research is focused on the modification of TiO, [32-36] as well as
the development of new semiconductor materials, such as titanates, vanadates
niobates and tantalates [37-41]. Other groups investigate the use of sacrificial
reducing agents or electron donors [42-46], which can also be present in water as
unwanted species like CN" [4-6, 42, 47-52].

In this work, we evaluated for the first time the photoelectrochemical H;
production from aqueous solution containing CN™ by using Bi,MNbO; (M = Al, Fe,
Ga, In) films on stainless steel as photoanode. This new series of promising
photocatalysts for water decomposition with visible light was first synthesized as
powders, by a solid-state reaction [53-57] and a sol-gel process [58], and recently
as thin films, by sol-gel dip-coating [59-61].

2.2 Experimental
2.2.1. Materials

The following reagents were used as received without further purification:
bismuth(lll) acetate (Aldrich, 99.99%), aluminum(lll) acetylacetonate (Aldrich,
99.999%), gallium(lll)  acetylacetonate (Aldrich, 99.99%), indium(lll)
acetylacetonate (Aldrich, 99.99%), iron(lll) acetylacetonate (Aldrich, 99.9%),
niobium(V) ethoxide (Aldrich, 99.95%), ethanol (Merck, 99.9%), acetylacetone
(Aldrich, 99%), HNO3; (Carlo Erba, 65%), titanium(IV) isopropoxide (Aldrich, 97%),
2-propanol (Merck, 99.5%), KOH (Carlo Erba, 85%), KCN (Aldrich, 97%), KCI
(Merck, 99.5%), AgNO3 (Carlo Erba, ACS-ISO for analysis), NaCl (Merck, 99.5%)
and distilled water (1 MQ-cm).
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2.2.2. Preparation of the films

Semiconductor films of Bi-M-Nb-O (M = Al, Fe, Ga, In) system were prepared by
sol-gel dip-coating on AISI/SAE 304 stainless steel (304 SS) plates. Briefly, an
alcoholic suspension was made by mixing stoichiometric amounts of the
corresponding metal precursors (the reagents mentioned above), in the presence
of a complexing agent (acetylacetone). Details of the preparation have been
described elsewhere [59]. Subsequently, by hydrolysis and polycondensation
reactions, a stable sol was formed and used for the preparation of films on metallic
substrates (15 mm x 25 mm), which were degreased by sonication in ethanol
(15 min) and rinsed with distilled water. The films were made at a withdrawal speed
of 7.5 cm/min. They were dried at room temperature (25C) for 20 min and finally
annealed in air at 500C for 4 h.

TiO, film was also prepared by a similar procedure for comparative
purposes [62].

2.2.3. Characterization of the films

Scanning electron microscopy (SEM) images were obtained with a LEO 430
microscope operated at 20 kV in secondary electron mode.

X-ray diffraction (XRD) patterns were collected on a PANalytical X'Pert PRO
diffractometer operated at 40kV and 40 mA, using CuKa radiation (A =
1.540598 A) selected with Ni filter, in the thin film mode with a step of 0.02°and a
counting time of 1.0 s per step.

Elemental analyses were performed by energy dispersive X-ray
fluorescence (EDXRF) in a Shimadzu EDX-800HS spectrometer equipped with a
Rh tube and a Si(Li) detector. The measurements were done in vacuum
atmosphere and the quantification was performed using fundamental parameter
method.

2.2.4. Photoelectrochemical evaluation of the films

The performance of the prepared films was tested in photoelectrocatalytic water
splitting from alkaline solutions (0.1-0.3 M KOH) containing cyanide as sacrificial
reducing agent (100-300 ppm CN), in resemblance to gold mining effluents. The
experiments was conducted in a conventional cell with two cylindrical
compartments (D = 4 cm, h = 4 cm) separated by an anion exchange membrane
(Ameridia Neosepta AMX), see Fig.3.1. The prepared films were used as
photoanode and a silver plate (15 mm x 25 mm) was used as cathode. They were
separated by 2cm and connected with a copper wire to a DC power supply
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(Hewlett Packard 6282A) operating at 2.5 V. Outer-irradiation was provided by a
high pressure mercury-lamp (General Electric Kolorlux, 125 W). The circulating
current and potential differences applied on the electrodes were measured at least
every 10 min during 1 to 3 h with an Amprobe 30XR-A digital multimeter. The
hydrogen concentration in the headspace of the cathodic compartment (15 mL)
was measured each 30 min during 1 to 3 h with a Crowcon Tetra gas analyzer
(detection range: 0-1000 ppm, detection limit: 1 ppm). Finally, changes in the
cyanide concentration in the anodic compartment (35 mL) were determined by
potentiometric titration on a Metrohm 751 GPD Titrino using a combined Ag ring
electrode, against a standardized AgNO3 solution [63, 64].

Blank experiments were done in the dark in order to determine the
contribution of electrolytic hydrogen production.

Fig. 2.1 Scheme of the photoelectrochemical cell.

2.3 Results and discussion
2.3.1 Scanning electron microscopy

SEM image of BioAINbOy7 film on 304 SS is shown in Fig. 2.1. The surface is fairly
flat, with cracks distributed in all the area analyzed. The presence of cracks is due
to the contraction of the film during the thermal treatment [65]. This feature was
also observed in the other films.
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Fig. 2.2 SEM image of Bi,AINbO-/304 SS (1000x).

2.3.2. X-ray diffraction

XRD patterns of Bi,MNbO; (M = Al, Fe, Ga, In) films on 304 SS are shown in
Fig. 3.3 Those of TiO; film on 304 SS and 304 SS annealed at 500C also were
included for comparative purposes and as reference, respectively.
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Fig. 2.3 XRD patterns of  (a) Bi,AINbO,/304 SS, (b) Bi,FeNbO,/304 SS,
(c) Bi,GaNbO,/304 SS, (d) Bi,InNbO,/304 SS, (e) TiO,/304 SS and (f) 304 SS.
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In the XRD patterns of the Bi,MNbO- films, only broad peaks at about 28.7°
corresponding to the pyrochlore structure-type could be identified [57]. The intense
reflections at 43.6, 44.6 and 50.7° correspond to the stainless steel support
(Fig. 2.3f) [66]. It is strongly proposed that the broadening of the pyrochlore peaks
is related to the small crystallite size and the low crystallinity [67]. Although all the
Bi,MNbO; films showed similar XRD patterns, the 206 angles of the pyrochlore
reflection: Bi,AINbO; (28.379 < Bi,FeNbO; (28.559 < Bi,GaNbO; (28.779 <
BioInNbO; (28.919 were slightly shifted according to the ionic radius of the 6-
coordinated substituent atom M**: Al (67.5 pm) < Fe (69 pm) < Ga (76 pm) < In
(94 pm) [68]. It is worth noting that the (101) anatase reflection at 25.21°in the
XRD pattern of the TiO, film (Fig. 2.3e) is more defined that the corresponding
pyrochlore reflections, indicating that the latter material achieves a higher
crystallinity at the same annealing conditions. Previous reports indicated that the
temperature to achieve the pyrochlore structure in the Bi-M-Nb-O system should
be 2900 when powders are prepared by solid state reac tion [54, 55] while should
be >400°C when powders are prepared by the sol-gel method [58].

2.3.3. Energy dispersive X-ray fluorescence

EDXRF results of Bi,MNbO- films on 304 SS are summarized in Table 2.1.

Table 2.1 Elemental analysis of the Bi,MNbO-/304 SS.

Film Bi (at. %) M (at. %) Nb (at. %)
Bi,AINbO,/304 SS 60.1 20.6 19.3
Bi,FeNbO,/304 SS 57.4 22.0 20.6
Bi,GaNbO,/304 SS 52.2 241 23.7
Bi,InNbO,/304 SS 63.3 18.8 17.9
Bi,MNbO,/304 SS*? 50.0 25.0 25.0

& Stoichiometric ratio.

Elemental analyses indicate that the atomic percentages of Bi-Ga-Nb-O
sample fit better to the stoichiometric ratio of pyrochlore-type structure (Bi,MNbO).
In the other samples a Bi excess was detected suggesting the presence of
BisNb3O15 [58], BislnoaNbzO15.« [69], Bi>O3/Bi>O4 [70] or amorphous phases.
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2.3.4. Photoelectrochemical evaluation of the materials

Preliminary experiments showed a significant increase in current density when
Bi,MNbO7/304 SS immersed in alkaline solutions containing cyanide were
illuminated. Current density values recorded over time during 1h of the
photoelectrochemical process by using Bi,AINbO;/304 SS and Bi,FeNbO;/304 SS
as photoanode, under UV-Vis illumination, in a solution 0.2 M KOH and 250 ppm
CN" (using 0.02M KCI as supporting electrolyte) is shown in Fig. 2.4. The
corresponding values by using TiO,/304 SS and 304 SS as photoanode, under
UV-Vis illumination, and Bi,AINbO;/304 SS as anode, in the dark, were also
included for comparative purposes.
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Fig. 2.4 Current density vs. time by using (a) Bi,AINbO-/304 SS, (b) Bi,FeNbO-/304 SS,
(c) TiO,/304SS and (d) 304 SS as photoanode, under UV-Vis illumination, and
(e) Bi,AINbO,/304 SS as anode, in the dark.

All Bi,MNbO- films were more photoactive than TiO, film. Note that at the
beginning of the process (t = 0) the current density obtained with 304 SS is higher
than those obtained with the semiconductor films on 304 SS because the
deposited material gives an electrical resistance to the electrical flux. This
resistance is lower for Bi,MNBO- films than TiO, film indicating that the former
semiconductor family has a lower band-gap than TiO,, as is shown in previous
reports [56-59]. After 25 min, this barrier is overcome by the generation of
photoelectrons and their subsequent transfer to the cathode (photogenerated
current), resulting in increased current density and therefore an enhanced

48



hydrogen production [71, 72]. It is worth mentioning that 304 SS shows the same
behavior with UV-Vis illumination and in the dark because it is a not photoactive
material.

The values of accumulated current density and total amount of hydrogen
produced after 1h of the photoelectrochemical process by using
Bi,MNbO7/304 SS, TiO,/304 SS and 304 SS as photoanode, under UV-Vis
illumination, in a solution 0.2 M KOH and 250 ppm CN’ (using 0.02 M KCI as
supporting electrolyte) are summarized in Table 2.2. The values of accumulated
current density were expressed quantitatively as the integral of the curves current
density vs. time.

Table 2.2 Accumulated current density and total amount of hydrogen produced after 1 h of
the photoelectrochemical process by using Bi,MNbO,/304 SS, TiO,/304 SS and 304 SS as
photoanode, under UV-Vis illumination.

Photoanode Accumulated c,;urrer?t density Total amount of hydrogen
(mA/cm” x min) (umol)
Bi,AINbO,/304 SS 410.00 1.20
Bi,FeNbO,/304 SS 328.38 0.88
Bi,GaNbO,/304 SS 308.31 0.77
Bi,InNbO-/304 SS 330.25 0.89
TiO,/304 SS 308.25 0.77
304 SS 299.05 0.68

It can be seen from the results in Table 2.2 that the accumulated current
density has a direct relationship with the total amount of hydrogen produced, as
expected in electrolytic processes. At the same electrolyte conditions and 1 h of
the photoelectrochemical process the photoanodes exhibited the following
performance: Bi,AINbO7/304 SS >> Bi,InNbO;/304 SS = Bi,FeNbO7/304 SS >
BioGaNbO,/304 SS = TiO»/304SS > 304 SS. These results can not be
straightforward correlated with their band-gap values, degree of crystallinity or
stoichiometric ratios as in the previous reports on photocatalytic degradation
[59, 60]. Electrical and photoelectrical transport properties seem to play a
preponderant role on these photoelectrochemical systems [54, 61]. Nevertheless, it
is worth mentioning that nearly the same values of accumulated current density
(about 180 mA/cm? x min) and total amount of hydrogen produced (about
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0.3 umol) were obtained with all Bi,MNbO; films during the electrochemical
process in the dark.

On the other hand, each film exhibits the highest values of current density at
different electrolyte conditions. These are presented in Table 2.3 together with the
percentage of current increase by illumination, the hydrogen production rate and
the cyanide conversion obtained after 3 h of the photoelectrochemical process.
The percentage of current increase by illumination was calculated from the values
of accumulated current density in the dark and under UV-Vis illumination. The
hydrogen production rate was estimated from the linear regression slope of the
graph total amount of hydrogen produced vs. time, shown in Fig. 2.5.

Table 2.3 Conditions employed and results obtained after 3 h of the photoelectrochemical
process by using Bi,MNbO-/304 SS as photoanode, under UV-Vis illumination.

Electro!yte Photoelectrochemical results

composition
Photoanode Current increase  Hz production CN

KOH CN rate conversion

(M)  (ppm) by illumination (Umol/min x o

(%) 107) 0)

Bi,AINbO,/304 SS 0.3 120 70.02 1.02 22.1
Bi,FeNbO,/304 SS 0.2 200 112.01 1.09 20.8
Bi,GaNbO,/304 SS 0.3 120 85.39 1.05 24.3
Bi,InNbO,/304 SS 0.3 200 142.94 1.31 25.2
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Fig. 2.5 Total amount of hydrogen produced vs. time by using (a) Bi,AINbO-/304 SS,
(b) Bi,FeNbO,/304 SS, (c) Bi,GaNbO,/304 SS and (d) Bi,InNbO,/304 SS as photoanode,
under UV-Vis illumination.

It can be seen from the results in Table 2.3 that the percentage of current
increase has a direct relationship with the hydrogen production rate, as is expected
in photoelectrolytic processes. At different electrolyte conditions and 3 h of the
photoelectrochemical process the photoanodes exhibited the following
performance: Bi,InNbO,/304 SS >> Bi,FeNbO;/304 SS > Bi,GaNbO;/304 SS >
Bi,AINbO,/304 SS. Comparing Table 2.2 and 2.3, it can be clearly seen that further
than optical or structural properties of the films, the semiconductor-electrolyte
interface characteristics (determined by the electrolyte composition and
concentration) govern their photoelectrochemical behavior. Finally, it is worth
noting that the hydrogen production has a direct relationship with the cyanide
oxidation, as is expected for the conjugated anodic reaction. This interdependence
is not fulfilled with Bi,FeNbO;/304 SS because the oxidation of Fe?* to Fe*" could
also take place in the film [73].

2.4. Conclusion

The activity of Bi,MNbO-/SS 304 photoanodes in the photoelectrochemical
water splitting from alkaline solution containing cyanide was higher or equivalent
than that of TiO,/SS 304 photoanode.
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Further than optical (band-gap values) or structural (degree of crystallinity,
stoichiometric ratios) properties of Bi,MNbO; films, the photoelectrical transport
properties (intrinsic barrier to photoelectron transfer due to the interaction between
the film and support) and the semiconductor-electrolyte interface characteristics
(determined by the electrolyte composition and concentration) seem to have a
major effect in their photoelectrochemical behavior.

The obtained results make further work on the photoelectrochemical
application of Bi,MNbOy films for both hydrogen production and water treatment
very encouraging.
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CHAPTER 3.

Photoelectrolytic hydrogen production
using Bi ,MNbO-, (M = Al, Ga) semiconductor

film electrodes prepared by dip-coating

Abstract

The performance of Bi,MNbO; (M = Al, Ga) films on AISI/SAE 304 stainless
steel was evaluated in the photoelectrochemical hydrogen production as a
function of the annealing temperature of the films (400, 500 and 600<C) and the
composition of the electrolyte solution (containing KOH, KCN and KCI). The
films were prepared by sol-gel dip-coating on AISI/SAE 304 stainless steel
followed by a thermal annealing. The photoelectrochemical evaluation (UV-Vis,
2.5V) was carried out in a conventional two-compartment electrochemical cell
by using the prepared films as photoanode and a silver plate as cathode. During
the process, circulating current was recorded and hydrogen production and
cyanide degradation were measured. In both cases, it was found that the higher
activity was obtained with the films annealed at 500C and using an electrolyte
solution 0.3 M of KOH and 120 ppm of CN'". Further works on the subject should
involve a cathode evaluation to avoid the electrode polarization in presence of
KCl and an experimental design to optimize the evaluated variables.

3.1 Introduction

Since Fujishima and Honda reported the photoelectrochemical water
splitting using a TiO, electrode [1], many efforts has been made to synthesize
visible-light responsive photocatalysts for the efficient use of solar energy [2]. On
the other hand, other researchers have used electron donors as sacrificial agents
(such as cyanide [3], oxalic acid [4], methanol [5] and iodide [6]), in order to
achieve a higher efficiency, because they react with the photoinduced holes or the
generated reactive oxygen species and in this way the electron-hole recombination

is reduced.
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Several investigations have been devoted on the modification of TiO, by
doping [7-11] and current research is focused in the development of new
semiconductor materials [12,13]. Among these Bi,MNbO; (M = Al, Fe, Ga, Y, In,
Rare Earth) are very promising photocatalysts [14-16]. They were prepared as
powders initially by solid-state reaction [14-16] and then by the sol-gel method [17].
Our group has prepared Bi,MNbO; (M = Al, Fe, Ga, In) films by sol-gel dip-coating
on glass slides [18] and stainless steel [19] for the photocatalytic degradation of
methyl orange and recently we have reported the preliminary evaluation of these
latter on the photoelectrochemical hydrogen production from aqueous solution
containing cyanide [20].

In this work, we evaluated the performance of the Bi,MNbO; (M = Al, Ga)
films on AISI/SAE 304 stainless steel in the photoelectrochemical water splitting for
hydrogen production as a function of the annealing temperature of the films (400,
500 and 600<C) and the composition of the electroly te solution (containing KOH,
KCN and KCl).

3.2. Experimental
3.2.1. Materials

The following reagents were used as received without further purification:
bismuth(lll) acetate (Aldrich, 99.99%), aluminum(lll) acetylacetonate (Aldrich,
99.999%), gallium(lll) acetylacetonate (Aldrich, 99.99%), niobium(V) ethoxide
(Aldrich, 99.95%), ethanol (Merck, 99.9%), acetylacetone (Aldrich, 99%), HNO3
(Carlo Erba, 65%), 2-propanol (Merck, 99.5%), KOH (Carlo Erba, 85%), KCN
(Aldrich, 97%), KCI (Merck, 99.5%), AgNOs3 (Carlo Erba, ACS-ISO for analysis),
NaCl (Merck, 99.5%) and distilled water (> 1 MQ-cm).

3.2.2. Preparation of the films

Semiconductor films of Bi-M-Nb-O (M = Al, Ga) system were prepared by
the sol-gel dip-coating on AISI/SAE 304 stainless steel (SS) following the
procedure described elsewhere [18]. In this process, stoichiometric quantities of
the corresponding metal precursors (aluminum(lll) or gallium(lll) acetylacetonate)
were mixed together with the complexing agent (acetylacetone), until a
homogeneous alcoholic suspension was obtained. Later on, by hydrolysis and
polycondensation reactions, a stable sol was formed and used for the preparation
of the films on SS plates (1.5 cm x 2.5 cm). They were obtained at a withdrawal
speed of 7.5 cm/min, dried at ambient temperature (25C) for 20 min and finally
annealed at 400, 500 or 600<C for 4 h in air atmosp here.
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3.2.3. Characterization of the films

X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert PRO
diffractometer operated at 40kV and 40 mA, using CuKa radiation (A =
1.540598 A) selected with Ni filter, in the thin film mode with a step of 0.02°and a
counting time of 1.0 s per step.

Elemental analyses were performed by energy dispersive X-ray
fluorescence (EDXRF) in a Shimadzu EDX-800HS spectrometer equipped with an
Rh tube and a Si (Li) detector. The measurements were done in vacuum
atmosphere and the quantification was performed using fundamental parameter
method.

Scanning electron microscopy (SEM) was performed with a Leo 430
instrument operated at operated at 20 kV in secondary electron mode. The
thickness of the films was measured by mounting the specimens in a perpendicular
orientation on a thermo-hardening resin and which face was polished with alumina
in order to obtain a plane surface.

UV-Vis transmission spectra of analogous films supported on glass slides
were obtained using a Hewlett Packard 8453 spectrophotometer in the 800-200 nm
range. They were used to estimate the band-gap energy (Ey) by extrapolation of
the straight line from the absorption curve to the abscissa.

3.2.4. Photoelectrochemical evaluation of the films

The photoelectrochemical experiments were carried out in a 100 mL
conventional cell with two cylindrical compartments (Diameter = 4 cm, Height = 4
cm). They were separated by an anion-permeable membrane (Ameridia Neosepta
AMX), which avoids the mixture of gas products. As electrolyte solution, it was
used an alkaline solution of KOH (0.1, 0.2, 0.3 or 0.4 M) containing CN" (100, 120,
200 or 250 ppm) and KCI (0.01, 0.02 or 0.03 M). A traditional experimental method,
varying one factor at a time and holding all other factors fixed, was used in this
exploratory work. The Bi,MNbO; (M = Al, Ga) films on SS were used as
photoanode (Area = 3.75 cm?) and a silver plate was used as cathode (Area = 3.75
cm?). They were separated 2 cm and connected through a copper wire to a DC
power supply (Hewlett Packard 6282A), which was used to apply a potential
difference of 2.5 V during the experiments. Outer-irradiation was provided by a
high pressure mercury-lamp (General Electric Kolorlux, 125 W), which emits UV-
Vis radiation. A schematic representation of the system is shown in Fig. 3.1.

The potential difference was monitored and the circulating current was
recorded every 10 min with a digital multimeter (Amprobe 30XR-A). The hydrogen
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concentration in the headspace of the cathodic compartment (15 mL) was
measured each 10 min during 1 h or each 30 min during 3 h with a gas analyzer
(Crowcon Tetra, detection range: 0-100 ppm, detection limit: 1 ppm). The change
in the cyanide concentration was determined by potentiometric titration (Metrohm
751 GPD Titrino, combined Ag ring electrode) against a standardized AgNOs;
solution [21,22].

Electrolysis experiments without illumination were carried out as a blank in
order to determine the net contribution of the photocatalytic process.

To gas

e'T o analyzer

Membrane

Cathode

Photo-anode

CN- +20H +2h* = OCN +H,0

20H 420" = % 0, + H,0 2H,0+2e = H, + 20H

Fig. 3.1 Schematic representation of the photoelectrochemical system.

3.3. Results and discussion
3.3.1. Characterization of the films

XRD patterns of both materials showed a broad peak at about 28.7° when
the annealing temperature was = 500C. These peaks appear at almost the same
20 value than the given in the JCPDS card No. 053-1042 for the most intense
reflection of Bi,InNbO; suggesting a pyrochlore-type structure. The XRD patterns
corresponding to the Bi,AINbO; films are shown in Fig. 3.2. The intense reflections
at 43.6 and 44.6° are relate d to the SS support. It is worth noting that an increase
in the annealing temperature from 500 to 600<C allo ws obtaining films with higher
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crystallinity, as it could be observed more clearly when the films were supported on
indium tin oxide coated glass slides [23].

Intensity (a.u.)

\vt

WMW”W@WWW LNW

WWMWMWJ?JMJ | L

20 25 30 35 40 45 50
26 (%)

Fig. 3.2 XRD patterns of Bi,AINbO- films on SS annealed at (a) 400C, (b) 500C and ( ¢)
600C.

EDXRF results of the prepared Bi,MNbO; (M = Al, Ga) films on SS are
summarized in Table 3.1.

Table 3.1. Elemental analyses of Bi,AINbO; and Bi,GaNbO-, films on SS annealed at
different temperatures.

. BleleO7 BizGaNbO7
Annealing
temperature Bi Al Nb Bi Ga Nb
T
(©) (at. %) (at. %) (at. %) (at. %) (at. %) (at. %)
400 62.4 19.7 17.9 54.8 22.7 22.5
500 60.1 20.6 19.3 52.2 24.1 23.7
600 58.9 21.3 19.8 51.5 24.6 23.9
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It can be seen from Table 3.1 that when the annealing temperature was
increased, the atomic percentages were fitted better to the stoichiometric ratio of
Bi,MNbOy in a pyrochlore-type structure (Bi: 50.0 at. %; Al, Ga and Nb: 25.0 at. %).
These results appear in agreement with the previous findings obtained by XRD.
Furthermore, the atomic percentages of the Bi-Ga-Nb-O films fitted better than
those of the Bi-Al-Nb-O films. This behavior could be related to the stability of the
sol prior to gelation. However, in both cases a Bi excess was detected, probably
due to the dissimilar rates of dissociation of bismuth(lll) acetate and complexation
of bismuth(lll) with acetylacetone in regard to the other precursors.

SEM micrographs of Bi,AINbOy films annealed at 500 and 600T are shown
in Fig. 3.3

Figure 3.3. SEM micrographs (1000x) of Bi,AINbO- films on SS annealed at (a) 500C
and (b) 600C.

It can be seen from Fig. 3.3 that both films show a fairly but cracked surface.
The film annealed at higher temperature (600C) exhibit bigger cracks (see
Fig. 3.3b) as a consequence of volume reduction (shrinkage) caused by grain
coarsening with the increase of annealing temperature. The thickness of both films
was about 4 pum.

The estimated Egy values were 2.79 eV for the Bi,AINbO; film and 2.67 eV
for the Bi,GaNbOy film, both annealed at 500C. These films were able to absorb
visible-light until 444 or 464 nm, respectively.

61



3.3.2. Photoelectrochemical evaluation of the films

Current density values versus time for the photoelectrochemical process
carried out during 1 h by using Bi,AINbO;/SS photoanodes annealed at 400, 500
and 600<C in an electrolyte solution 0.2 M of KOH a nd 250 ppm of CN™ are shown
in the Fig. 3.4. The corresponding values obtained in the dark by using
Bi,AINbO;/SS and SS anodes annealed at 500C were also included for
comparative purposes.
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Fig. 3.4 Current density vs. time by using Bi,AINbO//SS photoanodes annealed at (a)
400%C, (b) 500 and (c) 600C, under UV-Vis illumi nation, and (d) Bi,AINbO,/SS and (e)
SS anodes annealed at 500<C, in the dark. Electroly te solution: 0.2 M KOH, 250 ppm CN'.

It can be seen from Fig. 3.4 that under the same electrolyte conditions the
higher current density was obtained with the film annealed at 500C. The values of
accumulated current density (which was expressed quantitatively as the integral of
the curve current density vs. time) and total amount of hydrogen produced by using
BioAINbO7/SS electrodes are summarized in Table 3.2.
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Table 3.2 Results of the photoelectrochemical process (1 h) by using Bi,AINbO-/SS films
annealed at different temperatures in an electrolyte solution 0.2 M KOH and 250 ppm of
CN-.

Accumulated current

Total amount of hydrogen
Anode density ydrog

(mA/cm? x min) (kmol)
Under UV-Vis illumination
Bi,AINbO-/SS (400C) 166.29 0.272
Bi,AINbO,/SS (500C) 181.64 0.350
Bi,AINbO,/SS (600C) 174.82 0.298
In the dark
Bi,AINbO-/SS (500C) 81.73 0.137
SS (500C) 130.95 0.256

It can be seen from Table 3.2 that the accumulated current density has a
direct relationship with the total amount of hydrogen produced, as expected in
electrolytic processes. These results showed that the higher values of accumulated
current density and total amount of hydrogen are obtained with the Bi,AINbO7/SS
photoanode annealed at 500<C. It is worth noting th at an increase in the annealing
temperature from 400 to 500C implies a higher accu mulated current density and
total amount of hydrogen, in accordance with the higher crystallinity (see Fig. 3.2).
Although a further increment in the annealing temperature to 600C implies even a
higher crystallinity, it has a detrimental effect probably because the specific surface
area of the film was reduced. When the electrochemical process takes place in the
dark, the values of accumulated current density and total amount of hydrogen
significantly decrease, evidencing the importance of the photogenerated currents.
Moreover, the values obtained with Bi,AINbO/SS (500<C) electrode in the dark are
lower than those obtained with SS (500C) electrode because the deposited
material gives an electrical resistance to the electrical flux through the circuit.

In order to explore the conditions that lead to a higher hydrogen production,
different electrolyte concentrations were evaluated and their results are shown in
Table 3.3
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Table 3.3. Results of the photoelectrochemical process (1 h) by using Bi,AINbO-/SS and
Bi.GaNbO-/SS films annealed at 500C in electrolyte solution s of different concentration.

Electrolyte Bi,AINDO,/SS Bi,GaNbO,/SS
concentration
A lated Total A lated Total
KOH CN’ KCI ccumuiate amount of ccumuiate amount of

current density current density

M) (ppm) (M) (mA/cm? x min) hydrogen (mA/cm? x min) hydrogen
(Hmol) (Hmol)
0.1 - - 225.44 0.336 239.75 0.233
0.2 - - 525.36 0.815 479.53 0.377
0.3 - - 735.51 1.090 572.68 0.567
0.4 - - 598.23 0.923 513.47 0.497
0.3 100 - 609.01 0.991 353.01 0.315
0.3 120 - 806.17 1.200 648.75 0.771
0.3 200 - 542.63 0.839 444 .52 0.394
0.3 120 0.01 464.17 0.640 394.98 0.403
0.3 120 0.02 545.09 0.710 512.20 0.543
0.3 120 0.03 526.97 0.643 486.09 0.526

It can be seen from Table 3.3 that in the absence of CN" and KCI, a KOH
concentration of 0.3 M lead to the higher values in both accumulated current
density and total amount of hydrogen produced. A further increment in the
concentration of KOH to 0.4 M has a detrimental effect, probably because at higher
pH the oxide surface is negatively charged and prevents the OH™ adsorption [24].
An addition of 100 ppm of CN" also has a detrimental effect, probably because
mass transfer limitations and the low adsorption of cyanide ions [25,26]. However,
an addition of 120 ppm of CN" has a positive effect, because the oxidation of CN is
more feasible than OH" oxidation [26]. A further increment in CN™ concentration to
200 ppm again has a detrimental effect, probably because desorption of OCN" from
the surface of photoanode is more difficult than desorption of O,. In all cases, the
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addition of KCI (0.01, 0.02 and 0.03 M) has a negative effect. Although this
increases the conductivity of electrolyte solution, it reacts with the silver cathode
forming AgCl at the surface, causing electrode polarization [27]. Among the
evaluated electrolyte concentrations the most favorable was 0.3 M of KOH and
120 ppm of CN'. The differences among BIi,AINbO7/SS and Bi,GaNbO7/SS
photoanodes can be attributed to their photoelectrical transport properties
[23,28,29].

Keeping in mind that in the cathode occurs the hydrogen production
(Eq. (1)) and in the photoanode occurs the oxidation of cyanide and hydroxide ions
(Egs. (2) and (3)), a photoelectrochemical process was carried out for 3 h by using
Bi,AINbO,/SS and Bi,GaNbO;/SS photoanodes annealed at 500C in an
electrolyte solution 0.3 M of KOH and 120 ppm of CN" in order to determine the
hydrogen production rate (which was estimated from the linear regression slope of
the graph: total amount of hydrogen produced vs. time, shown in Fig. 3.5) and the
cyanide conversion. These results are shown in Table 3.4.

2H,0 + 2e~ > H, + 20H" (1)
2CN™ + 20H™ + 2h* - OCN™ + H,0 (2)

OH™ + 2h* - %0, + H,0 (3)
2.0+
154

1.04

0.5+

Total amount of hydrogen (umol)

00 ' 1 i I i 1 ' 1 ' 1 i 1
0 30 60 90 120 150 180

Time (min)

Fig. 3.5 Total amount of hydrogen produced vs. time by using (a) Bi.AINbO,/SS and (b)
Bi.GaNbO-/SS photoanodes annealed at 500C, under UV-Vis ill umination. Electrolyte
solution: 0.3 M KOH, 120 ppm of CN".
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Table 3.4 Results of the photoelectrochemical process (3 h) by using Bi,AINbO,/SS and
Bi,GaNbO,/SS films annealed at 500 in an electrolyte solution 0.3 M KOH and 120 ppm
of CN'".

Anode H, production rate CN'’ conversion
(umol/min x 10%) (%)
Bi,AINbO,/SS 1.02 22.1
Bi,GaNbO,/SS 1.05 24.3

The results reported in Table 3.4 can be correlated with the proximity of the
atomic percentages of the films to the stoichiometric ratio of Bi,MNbO; in a
pyrochlore-type structure as well as with the band-gap values of the films, such as
in previous reports on photocatalytic degradation [18,19]. However, it is important
to point out that the semiconductor-electrolyte interface characteristics (determined
by the electrolyte composition and concentration) have a major effect in their
photoelectrochemical behavior.

3.4 Conclusion

The activity of BiMNbO;/SS (M = Al, Ga) photoanodes in the
photoelectrochemical hydrogen production from alkaline solution containing
cyanide was higher than that of SS anode in an analogous electrochemical
process in the dark.

It was found that the higher activity in the photoelectrochemical process was
obtained with the photoanodes annealed at 500C and using an electrolyte solution
0.3 M of KOH and 120 ppm of CN'".

Although Bi,GaNbO,/SS photoanode annealed at 500C exhibits a slightly
higher activity than the corresponding Bi,AINbO;/SS photoanode after 3 h of the
photoelectrochemical process, and this result are in agreement with the nearest
atomic percentages to the stoichiometric ratio of Bi,MNbO; in a pyrochlore-type
structure and the lowest band-gap value, the photoelectrical transport properties
(intrinsic barrier to photoelectron transfer due to the interaction between the film
and support) and the semiconductor-electrolyte interface characteristics
(determined by the electrolyte composition and concentration) seem to govern the
photoelectrochemical behavior.
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Further works on the subject should involve a cathode evaluation to avoid
the electrode polarization in presence of KCI and an experimental design to
optimize the evaluated variables.
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CHAPTER 4.

Photoelectrocatalytic hydrogen generation
and cyanide oxidation using Bi ,MNbO;

(M = Fe, In) films on stainless steel

Abstract

The hydrogen production and the simultaneous cyanide oxidation by a
photoelectrocatalytic process was studied using Bi,MNbO; (M = Fe, In) films on
AISI/SAE 304 stainless steel plates (SS) as photoanode. The films were
prepared by sol-gel dip-coating and annealed at 500C. A two-compartment
electrochemical cell with a silver cathode was employed in the evaluation under
different electrolyte compositions. The circulating current, the hydrogen
generation and the cyanide degradation were monitored at different times. The
higher activity was obtained by using 0.2 M of KOH and 200 ppm of CN" for the
Bi,FeNbO,/SS photoanode and 0.3 M of KOH and 200 ppm of CN" for the
Bi2InNbO7/SS photoanode. This result seems to be related with the surface
charge at different pH values and the corresponding effect in the cyanide

adsorption.

4.1 Introduction

Hydrogen can be produced by different process, inside those that the

electrolysis of the water is feature due to that obtains hydrogen totally pure. The

reaction that takes place during the process is,

H,0 - 1/,0,+ H, (1)

due to its endothermic nature this reaction requires input energy of

237 kd/mol to it carried out [1]. However, Fujishima and Honda reported in 1972
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the cleavage of water using TiO, semiconductor as photoanode in an
electrochemical cell [2] without applying electric power. From then on, considerable
interest has been devoted to photodecomposition of water as an alternative for
solar energy conversion [3-5].

Photoelectrocatalytic processes using supported semiconductor materials
as photoanodes is an advantage against using photocatalytic process. Since in a
photoelectrochemical cell, an external potential is applied to the photoanode to
promote the efficient separation of electron-hole pairs and accelerates the

production of holes and *OH as oxidizing species [6].

During the last decade, a series of semiconductor materials, Bi,MNbO7; (M=
Al, Fe, Ga, In, Sm), were synthesized as powders, by a solid—state reaction [7] and
a sol-gel process [8], and recently as films on glass slides, by sol-gel dip-coating
[9]. This semiconductor has been evaluated in different reactions as photocatalytic

hydrogen production and photodegradation of methylene blue.

Recently, our group prepared films of semiconductor oxides Bi,MNbO;
(M =Fe, In) which have shown visible light absorption and their photocatalytic
activity in the degradation of methyl orange is higher or equivalent than the of TiO,
films [10]. In this work, we explored the performance of the Bi,MNbO; (M = Fe, In)
films as a function of the electrolyte solution composition containing KOH, KCN
and KClI

4.2 Experimental
4.2.1 Materials

The following reagents were used as received without further purification:
bismuth(lll) acetate (Aldrich, 99.99%), iron(lll) acetylacetonate (Aldrich, 99.999%),
indium(lll) acetylacetonate (Aldrich, 99.99%), niobium(V) ethoxide (Aldrich,
99.95%), ethanol (Merck, 99.9%), acetylacetone (Aldrich, 99%), HNO3 (Carlo Erba,
65%), 2-propanol (Merck, 99.5%), KOH (Carlo Erba, 85%), KCN (Aldrich, 97%),
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KCI (Merck, 99.5%), AgNO3 (Carlo Erba, ACS-ISO for analysis), NaCl (Merck,
99.5%) and distilled water (> 1 MQ-cm).

4.2.2. Preparation of the films

Semiconductor films of Bi-M-Nb-O (M = Fe, In) system were prepared by
sol-gel dip-coating on AISI/SAE 304 stainless steel (304 SS) plates. Briefly, an
alcoholic suspension was made by mixing stoichiometric amounts of the
corresponding metal precursors (iron(lll) or indium(lll) acetylacetonate), in the
presence of a complexing agent (acetylacetone). Subsequently, by hydrolysis and
polycondensation reactions, a stable sol was formed and used for the preparation
of flms on metallic substrates (15 mm x 25 mm), which were degreased by
sonication in ethanol (15 min) and rinsed with distilled water. The films were made
at a withdrawal speed of 7.5 cm/min. They were dried at room temperature (25C)

for 20 min and finally annealed at 500C for 4 h.
4.2.3. Characterization of the films

X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert PRO
diffractometer operated at 40kV and 40 mA, using CuKa radiation (A =
1.540598 A) selected with Ni filter, in the thin film mode with a step of 0.02°and a

counting time of 2.0 s per step.

Elemental analyses were performed by energy dispersive X-ray
fluorescence (EDXRF) in a Shimadzu EDX-800HS spectrometer equipped with an
Rh tube and a Si (Li) detector. The measurements were done in vacuum
atmosphere and the quantification was performed using fundamental parameter
method.

UV-Vis transmission spectra of analogous films supported on glass slides
were obtained using a Hewlett Packard 8453 spectrophotometer in the 800-200 nm
range. They were used to estimate the band-gap energy (Eg) by extrapolation of
the straight line from the absorption curve to the abscissa. Transparent glass slide

was used as blank.
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4.2.4. Photoelectrochemical evaluation of the films

The performance of the Bi;MNbO; (M= Fe, In) films on 304 SS was
evaluated by hydrogen production from aqueous solution. A 100 mL conventional
cell with two cylindrical compartments (Diameter = 4 cm, Height = 4 cm) equipped
with a high pressure mercury-lamp (General Electric Kolorlux, 125 W), which emits
UV-Vis radiation, was employed in the photoelectrocatalytic experiments. The
compartments were separated by an anion-permeable membrane (Ameridia
Neosepta AMX), which avoids the mixture of gas products. In all tests,70 mL of
alkaline solution of KOH (0.1, 0.2, or 0.3 M) containing CN" (100, 200 or 300 ppm)
and KCI (0.01, 0.02 or 0.03 M) were used as electrolyte. A traditional experimental
method, varying one factor at a time and holding all other factors fixed, was used in

this work.

The prepared films were used as photoanode and a silver plate (15 mm x
25 mm) was used as cathode. They were separated 2 cm and connected with a
copper wire to a DC power supply (Hewlett Packard 6282A) operating at 2.5 V.
The circulating current and potential differences applied on the electrodes were
measured at least every 10 min during 1 to 3 h with an Amprobe 30XR-A digital
multimeter. The hydrogen concentration in the headspace of the cathodic
compartment (15 mL) was measured each 30 min during 1 to 3 h with a Crowcon
Tetra gas analyzer (detection range: 0-1000 ppm, detection limit: 1 ppm). Finally,
changes in the cyanide concentration in the anodic compartment (35 mL) were
determined by potentiometric titration on a Metrohm 751 GPD Titrino using a
combined Ag ring electrode, against a standardized AgNOs solution [11, 12].

Blank experiments were done in the dark in order to determine the

contribution of electrolytic process.
4.3 Results and discussion

EDXRF results of the Bi,MNbO; (M = Fe In) flms on SS are summarized in
Table 4.1.
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Table 4.1. Elemental analysis of the Bi,MNbO; (M = Fe, In) films on 304 SS.

Film Bi (at. %) M (at. %) Nb (at. %)
Bi,FeNbO-, 60.8 20.5 18.7
Bi,InNbO, 71.2 15.9 12.9
Bi,MNbO/* 50.0 25.0 25.0

* Stoichiometry ratio.

Elemental analyses indicate that the materials present a Bi excess,
suggesting the formation of sometimes bismuth oxides as BisNb3Ois [8],
BisInaNb3O15.4[7], Bi2O3/Bi>04.«[13] or amorphous phases. it is possible to enhance
the stoichiometric ratio of pyrochlore-type structure (Bi,MNbOy), fitting and
controlling the speeds of the precursors' dissociation during the formation and
stabilization of the sol in the sol-gel process. As well as, an appropriate
modification in the thermal treatment of the films can influence significantly in the

formation of the pyrochlore structure.

The estimated Eq4 values were 2.47 eV for the Bi,FeNbO- film and 3.01 eV
for the Bi2InNbO- film, both annealed at 500C. These films were abl e to absorb
visible-light until 500 or 410 nm, respectively.

4.3.1. Photoelectrochemical evaluation of the materials

In order to explore the conditions that lead to a higher hydrogen production,
different electrolyte concentrations were evaluated. Current density values versus
time for photoelectrocatalytic process carried out during 1h by using Bi,MNbO;/SS
(M = Fe, In) films in an electrolyte solution (0.1, 0.2 and 0.3 M of KOH) are shown
in the Fig. 4.1 and 4.2.
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Fig. 4.1 Current density vs. time by using Bi,FeNbO-/SS as photoanode and (a) 0.1 M
KOH, (b) 0.2 M KOH and (c) 0.3 M KOH as electrolyte solution.
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Fig. 4.2 Current density vs. time by using Bi,InNbO,/SS as photoanode and (a) 0.1 M
KOH, (b) 0.2 M KOH and (c) 0.3 M KOH as electrolyte solution.

It can be seen from Fig. 4.1 and 4.2 than the current density values are

higher when the KOH concentration is increased. Being a KOH concentration of

74



0.3 M the one that lead to the higher values in current density for Bi,InNbO-/SS.
However, the Fig. 4.1 showed that a KOH concentration of 0.2 M exhibits slightly
higher values in current density than 0.3 M of KOH for Bi,FeNbO7/SS. This
increment of 0.2 to 0.3 M of KOH has a contrary effect probably because at higher
pH the oxide surface is negatively charged and prevents the OH- adsorption [14].

In order to scavenge the coproduced O, and to hinder the reverse reactions,
CN’ (100, 200 and 300 ppm) was added as oxidizing sacrifice agent to the alkaline
electrolyte. Current density versus time after 1 h of photoelectrochemical process
for Bi,MNbO7/SS (M = Fe, In) films is show in Fig. 4.3 and 4.4; as well as the
higher results of current density obtained in last test.
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Fig. 4.3 Current density vs. time by using Bi,FeNbO,/SS as photoanode and (a) 0.2 M
KOH + 100 ppm CN-, (b) 0.2 M KOH + 200 ppm CN’, (c) 0.2 M KOH + 300 ppm CN" and
(d) 0.2 M KOH as electrolyte solution.
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Fig. 4.4 Current density vs. time by using Bi,InNbO,/SS as photoanode and (a) 0.3 M KOH
+ 100 ppm CN’, (b) 0.3 M KOH + 200 ppm CN" and (c) 0.3 M KOH + 300 ppm CN" and (d)
0.3 M KOH as electrolyte solution.

It can be seen from Fig. 4.3 and 4.4 that in both cases an addition of 100
ppm of CN" has a detrimental effect, probably because mass transfer limitations
and the low adsorption of cyanide ions [15, 16]. However, an addition of 200 ppm
of CN has a positive effect, because the oxidation of CN" is more feasible than OH"
oxidation [16]. A further increment in CN™ concentration to 200 ppm again has a
detrimental effect, probably because desorption of OCN" from the surface of
photoanode is more difficult than desorption of O,.

Finally, with purpose to decrease the losses due to ohmic electrolyte
resistance KCI (0.01, 0.02 and 0.03 M) was added to the alkaline electrolyte. After
of 1h of test, current density versus time is show in Fig. 4.5 and 4.6 for
Bi,MNbO-,/SS (M = Fe, In); as well as the higher results of current density obtained

in last test.
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Fig. 4.5 Current density vs. time by using Bi,FeNbO-/SS as photoanode and (a) 0.2 M
KOH + 200 ppm CN™ + 0.01 M KClI, (b) 0.2 M KOH + 200 ppm CN'+ 0.02 M KCI and (c)
0.2 M KOH + 200 ppm CN+ 0.03 M KCI, and (d) 0.2 M KOH + 200 ppm CN" as electrolyte

solution.

(d)
/"
5 _,,_._7»*’("1:/4 (C)
i - e
. A
g
S ] ot (b)
g ’ e 0
£ 4 =
2 A e "?:
g et
o =
T 2
5
O
O T T T T T T
0 20 40 60
Time (min)

Fig. 4.6 Current density vs. time by using Bi,InNbO,/SS as photoanode and (a) 0.3 M KOH
+ 200 ppm CN" + 0.01 M KClI, (b) 0.3 M KOH + 200 ppm CN+ 0.02 M KCIl and (c) 0.3 M
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KOH + 200 ppm CN+ 0.03M KCI and (d) 0.3 M KOH + 200 ppm CN" as electrolyte

solution.

As it is shown in the Fig. 4.5 and 4.6, the addition of 0.03 M of KCI allows a
higher current density. However, in all cases the addition of KC| (0.01, 0.02 and
0.03 M) has a negative effect since it leads to a decreased in current density and
hydrogen produced with regard to electrolyte without KCI. The other hand,
although the addition of KCI increases the conductivity of electrolyte solution, it
reacts with the silver cathode forming AgCI at the surface and causes electrode
polarization [17].

The values of accumulated current density (which was expressed
guantitatively as the integral of the curve current density vs. time) and the
corresponding total amount of hydrogen produced by using Bi,MNbO-/SS (M = Fe,

In) photoanodes the all test are summarized in Table 4.2

Table 4.2 Results of the photoelectrochemical process (1 h) by using Bi,FeNbO-/SS and

Bi.InNbO-/SS films in electrolyte solutions of different concentration.

Electrolyte concentration Bi,FeNbO,/SS Bi,InNbO-/SS
Total
Accumulated Total amount Accumulated
KOH CN’ KCI _ _ amount of
current density of hydrogen current density
M) (ppm) (M) . . hydrogen
(mA/cm* x min) (umol) (mA/cm* x min )
(Hmol)
0.1 - - 241.77 0.2052 203.08 0.3275
0.2 - - 393.18 0.4531 266.42 0.3847
0.3 - - 353.34 0.4275 307.21 0.4531
0.2-0.3 100 - 338.04 0.3933 230.78 0.5130
0.2-0.3 200 - 436.32 0.4702 364.14 0.8635
0.2-0.3 300 - 267.46 0.3505 303.52 0.5386
0.2-0.3 200 0.01 189.77 0.4275 198.89 0.4702
0.2-0.3 200 0.02 267.30 0.6241 222.21 0.5386
0.2-0.3 200 0.03 230.01 0.4788 319.20 0.5643
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After testing the different electrolyte concentrations, the table 4.2 shows that
the electrolyte solution 0.2 M of KOH and 200 ppm of CN" for Bi,FeNbO,/SS and
0.3 M of KOH and 200 ppm of CN" for Bi2InNbO-/SS presents the higher result of
photoelectrocatalytic process in term of accumulated current density and total
amount of hydrogen produced. The differences among photoanodes can be
attributed to their photoelectrical transport properties [18, 19, 9].This table also
suggests that the accumulated current density and total amount of hydrogen has a

direct relationship as is expect in electrolytic process.

Keeping in mind that the photocatalytic process implies the use of the light
energy to transform it into chemical energy, they were carried out tests during 3 h
using Bi,FeNbO;/SS films annealed at 500C, in the most favorable electrolyte
concentration, in order to determine both current increase by illumination and
hydrogen production rate. The percentage of current increase by illumination was
calculated from the values of accumulated current density in the dark and under
UV-Vis illumination. The hydrogen production rate was estimated from the linear
regression slope of the graph total amount of hydrogen produced versus time,
shown in Fig. 4.7 The results of current increase, hydrogen production rate and

conversion of cyanide are summarized in table 4.3
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Fig. 4.7 Total amount of hydrogen produced vs. time by using (a) Bi,FeNbO//SS in 0.2 M
KOH + 200 ppm electrolyte and (b) Bi>InNbO-/SS in 0.3 M KOH + 200 ppm electrolyte as

photoanode.

Table 4.3 Conditions and results using Bi,MNbO; (M = Fe, In) films on 304 SS in the
photoelectrochemical process at 2.5 V during 3 h.

Electrolyte ,
) Photoelectrochemical results
concentration
Photoanode Current H, production Cyanide
KOH CN’ _ o
increase rate oxidation
[M] [ppm] .
[96] [umol/min] [%6]
Bi,FeNbO-, 0.2 200 112.01 1.09 20.8
Bi,InNbO-, 0.3 200 142.94 1.31 25.2

It can be seen from Table 4.3 that current increase of Bi,InNbO;
photoanode is approximately 27.6% higher than Bi,FeNbO; photoanode. As well
as, the higher hydrogen production rate and cyanide conversion. The results of

hydrogen production and cyanide conversion are smaller than the expected in the
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electrolytic process probably because the electrons generated in the Bi,FeNbO;
film is being used for oxidize herself of Fe*? to Fe**.

4.4 Conclusions

It was found that the higher activity in the photoelectrochemical process was
obtained using an electrolyte solution of 0.2 M of KOH and 200 ppm of CN" for
Bi,FeNbO; photoanode and 0.3 M of KOH and 200 ppm for BiInNbO;

photoanode.

The activity of Bi,InNbO7/SS 304 photoanode in the photoelectrocatalytic
hydrogen generation and cyanide oxidation was higher than that of
Bi,FeNbO,/SS 304 photoanode.

It was found that the higher activity in the photoelectrocatalytic process is
strongly influenced, if not determined, by the local properties of semiconductor-

electrolyte interface and not by the photoelectrical transport characteristic.

Further works on the subject should involve the evaluation of another
cathode material to avoid the electrode polarization in presence of KCl and an

experimental design to optimize the evaluated variables.
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CHAPTER 5.

Hydrogen production by water splitting using
Bi.MNbO-; (M = Al, Fe, Ga, In) films as
photoanodes. A comparison between Ag, Pt
and Pt/SS cathodes

Abstract

Cathodes of different materials (silver, platinum and platinized stainless steel) was
evaluated in the hydrogen production by photoelectrochemical water splitting using
Bi,MNbO; (M = Al, Fe, Ga, In) flms on stainless steel as photoanodes. Platinized
stainless steel cathode was prepared by the Pechini method. Semiconductor
Bi,MNbO; (M = Al, Fe, Ga, In) films were prepared by sol-gel dip-coating on
AISI/SAE 304 stainless steel plates and annealed at 500C. The electrodes were
immersed in an electrolyte solution containing KOH, KCN and KCI and during the
process (UV-Vis, 2.5V) circulating current, hydrogen production and cyanide
degradation were measured. Platinum cathode allows avoiding the electrode
polarization observed with silver cathode in the presence of KCI. however, in all
cases the highest value of current density and amount of hydrogen produced was
obtained using the platinized stainless steel. The Bi>InNbO7; film was the most

active.

5.1. Introduction

It is well known that electrolysis of water is the preferred method to produce
ultra pure hydrogen required in most of efficient fuel cells [1,2].Theoretically the

electrolysis of pure water requires 1.23V to produce hydrogen and oxygen.
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However, in the practice an overpotential is needed to overcome various activation
barriers. Without an excess energy the electrolysis of pure water occurs very
slowly or not at all, limited by its poor electrical conductivity. Owing to various
conductivity losses the applied voltage varies from 1.9 to as much as 3.0 V [3,4].
The efficiency in the electrolysis process can modify if one keeps in mind
that the inherent inefficiency of the system depends on significantly of the
electrodic materials and its capacity electrocatalytic to allow the reactions that

happen on its surface:
20H™ + 2h* > 1/,0, + H,0 (anode) (1)

2H,0+ 2e” - H, + 20H™ (Cathode) (2)

The noble metals are the material most used in electrochemical,
electrocatalysis, fuel cells and electroanalytic chemistry. Due to that these are inert
to extremely positive potential and they have great ability to favor the adsorption of
reagents and intermediary species formed during the reaction

Platinum is cathodic material most used in the hydrogen production. But due
to high cost can be a good alternative to make platinum electrodes on a cheap
substrate as long as they have the same electrochemical and chemical properties
observed in the bulk material.

Some materials (as titanium) has been platinized and evaluated in organic
compounds oxidation [5-7] and hydrogen production [8]. One of the methods used
to manufacture the platinized electrodes is the polymeric precursor method (PPM)
also called Pechini method [9,10]. Which is a simple and cheap route by obtain
platinum electrodes. In Pechini method, a polymeric network, that containing the
metallic ions, is obtained by metallic salts dissolving in a mixture of citric acid and
ethylene glycol. After the substrate is painted with polymeric solution, the metallic
films are obtained by an adequate thermal treatment.

In this chapter, platinized cathode was prepared on stainless steel 304 by
Pechini method. The photoelectrochemical hydrogen production was evaluated
and compared with Ag and Pt bulk in alkaline solution. The objective of this work is
to decreased the platinum content of cathode material and avoid the polarization

84



Ag electrode when the support electrolyte as KCI is adding to alkaline solution. The
Bi,MNbO; (M = Al, Fe, Ga, In) films on SS were used as photoanode.

5.2. Experimental
5.2.1. Materials

The following reagents were used as received without further purification:
bismuth(lll) acetate (Aldrich, 99.99%), aluminum(lll) acetylacetonate (Aldrich,
99.999%), gallium(lll)  acetylacetonate (Aldrich, 99.99%), indium(lll)
acetylacetonate (Aldrich, 99.99%), iron(lll) acetylacetonate (Aldrich, 99.9%),
niobium(V) ethoxide (Aldrich, 99.95%), ethanol (Merck, 99.9%), acetylacetone
(Aldrich, 99%), HNO3 (Carlo Erba, 65%), KOH (Carlo Erba, 85%), KCN (Aldrich,
97%), KCI (Merck, 99.5%), AgNOs (Carlo Erba, ACS-ISO for analysis), NaCl
(Merck, 99.5%) and distilled water (1 MQ-cm).

5.2.2. Preparation of the films

Semiconductor films of Bi-M-Nb-O (M = Al, Fe, Ga, In) system were
prepared by sol-gel dip-coating on AISI/SAE 304 stainless steel (304 SS) plates.
Briefly, an alcoholic suspension was made by mixing stoichiometric amounts of the
corresponding metal precursors (the reagents mentioned above), in the presence
of a complexing agent (acetylacetone). Details of the preparation have been
described elsewhere [11]. Subsequently, by hydrolysis and polycondensation
reactions, a stable sol was formed and used for the preparation of films on metallic
substrates (15 mm x 25 mm), which were degreased by sonication in ethanol
(15 min) and rinsed with distilled water. The films were made at a withdrawal speed
of 7.5 cm/min. They were dried at room temperature (25T) for 20 min and finally
annealed in air at 500C for 4 h.

The Pt electrode was prepared using the polymeric precursor method on
AISI/SAE 304 stainless steel substrates (15 mm x 25 mm). The precursor solution
was prepared following the procedure described by Freitas et al.[1]. The precursor

solution were painted onto the support (304 SS) with a brush and then it was
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subjected to a thermal treatment at 130C for 30 mi n and then at 450C for 10 min

to eliminate the organic compound and lead to the formation of metallic film.

5.2.3. Photoelectrochemical evaluation of the films

The photoelectrochemical experiments were carried out in a 100 mL
conventional cell with two cylindrical compartments (Diameter = 4 cm, Height = 4
cm). They were separated by an anion-permeable membrane (Ameridia Neosepta
AMX), which avoids the mixture of gas products. As electrolyte solution, it was
used an alkaline solution (0.1-0.3 M KOH) containing cyanide as sacrificial
reducing agent (100-300 ppm CN’) and KCI (0.01-0.03 M) as electrolyte
supporting. The Bi,MNbO; (M = Al, Fe, Ga, In) films on SS were used as
photoanode (Area = 3.75 cm?), silver (Area = 3.75 cm?), platinum (Area = 3.40
cm? and platinized stainless steel (Area = 3.75 cm?®) plates were used as
cathodes. They were separated 2 cm and connected through a copper wire to a
DC power supply (Hewlett Packard 6282A), which was used to apply a potential
difference of 2.5 V during the experiments. Outer-irradiation was provided by a
high pressure mercury-lamp (General Electric Kolorlux, 125 W), which emits UV-

Vis radiation.

The potential difference was monitored and the circulating current was
recorded every 10 min with a digital multimeter (Amprobe 30XR-A). The hydrogen
concentration in the headspace of the cathodic compartment (15 mL) was
measured each 10 min during 1 h or each 30 min during 3 h with a gas analyzer
(Crowcon Tetra, detection range: 0-100 ppm, detection limit: 1 ppm). The change
in the cyanide concentration was determined by potentiometric titration (Metrohm
751 GPD Titrino, combined Ag ring electrode) against a standardized AgNOj;
solution [12,13].

Electrolysis experiments without illumination were carried out as a blank in

order to determine the net contribution of the photocatalytic process.
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5.3. Results and discussion
5.3.1. Photoelectrochemical evaluation of the films

Percentage of current increase, hydrogen production rate and cyanide oxidation
values, for the photoelectrochemical process carried out for 3 h by using
Bi,MNbO7/SS (M = Al, Fe, Ga, In) photoanodes in alkaline solution using Pt as
cathode are summarized in Table 5.1. The corresponding results obtained (in the
previous chapters) using Ag cathode was also included for comparative purposes.
The electrolyte concentration employed in this test was that where the highest
values of accumulated current density and total amount of hydrogen produced (for

each photoanode) were reached.

Table 5.1. Results of the photoelectrochemical process at 2.5V during 3 h using
Bi,MNbO; (M = Al, Fe, Ga, In) films on 304 SS

Ag cathode Pt cathode
H, production H, production
] Current Cyanide  Current Cyanide
Film rate rate
increase . oxidation increase ) oxidation
[umol/min [umol/min
(%] » [%6] (6] » (6]
x 109 x 107
Bi,AINbO;" 70.02 1.02 221 65.83 1.13 23.45
Bi,FeNbO,* 112.01 1.09 20.8 120.20 1.23 22.87
Bi,GaNbO* 85.39 1.05 24.3 86.45 1.17 26.31
Bi,InNbO-* 142.94 1.31 25.2 130.12 1.64 29.43

It can be seen from the results in Table 5.1 that after 3 h of the
photoelectrochemical process and used a platinum cathode, the photoanodes
exhibited the following performance: Bi,InNbO;/304 SS >> Bi,FeNbO,/304 SS >
Bi.GaNbO,/304 SS > Bi,AINbO7/304 SS. as well as it has been showed in previous
chapters. But the hydrogen production rate and cyanide oxidation has been higher

that Ag cathode. It result is expected, since the Pt present a cathodic overpotential

A 0.3 M KOH + 120 ppm CN’ as electrolyte solution
20.2 M KOH + 200 ppm CN' as electrolyte solution
0.3 M KOH + 200 ppm CN’ as electrolyte solution
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smaller than Ag in the half reaction H*/H, [14] and a great affinity with the water
molecule.

On the other hand, with purpose to decrease the losses due to ohmic
electrolyte resistance and taking advantage of that the platinum is very stable and
extremely chemical inert metal, KCI (0.01, 0.02 and 0.03 M) was added to the
alkaline electrolyte. After of 3h of photoelectrochemical process, current density
versus time is showed in Fig. 5.1, using Bi,FeNbO7/SS as photoanode and Pt as

cathode; as well as the highest value of current density obtained without KCI.

21

Current density (mA/cm?)

0 T T ' T ' T ' T ' T ' T
0 30 60 90 120 150 180

Time (min)

Fig. 5.1. Current density vs. time by using Bi,FeNbO-/SS as photoanode in electrolyte
solution 0.2 M KOH + 200 ppm CN’ + (a) 0.00 M KClI, (b) 0.01 M KCI and (c) 0.02 M KCl,
and (d) 0.03 M KCI.

As it is shown in the Fig. 5.1, in all cases the addition of KCI (0.01, 0.02 and
0.03 M) has a positive effect since it leads to an increased in current density and
therefore hydrogen produced with regard to electrolyte without KCI. Furthermore,
this result shows that, to difference of Ag electrode, the Pt electrode does not react
with the potassium salt. It worth nothing mentioned that this behavior was obtained

for the other materials.

88



As it is well know, the performance of the water splitting process is strongly
influenced by the materials used as electrodes. The increases of accumulated
current density and hydrogen production when the Pt cathode was changed by
Pt/SS cathode during the photoelectrochemical process are show in the table 5.2.

Table 5.2. Increase of current density and total amount of hydrogen using Bi,MNbO;

(M = Al, Fe, Ga, In) films on 304 SS as photoanode. Comparison between Pt and Pt/SS

Photoelectrochemical results

Film Increase of current Increase of total amount of hydrogen
density [%)] [%0]
Bi,AINbO-* 27.5 11.2
Bi,FeNbO;° 33.6 16.3
Bi,GaNbO;" 29.3 13.4
Bi,InNbO;° 38.1 18.1

As it can be seen from table 5.2, in all cases the used of platinized stainless steel
has a positive effect over photoelectrolytic process. Since it causes an increment of
until 38.1 percent in the current density and an increment of until 18.1 percent in
the total amount of hydrogen produced. This positive effect causes by Pt/SS is not
yet clear but can be attributed to the change in the energy surface due to a change
of the crystallographic orientation and lattice stresses observed in the substrate
[15].

5.4. Conclusions
After 3 h of the photoelectrochemical process, the use of a platinum cathode

in an alkaline solution (without KCI) shows higher values of hydrogen production

rate and cyanide oxidation with regard to obtained results with Ag cathode.

0.3 M KOH + 120 ppm CN™ + 0.03 M KCI as electrolyte solution
®0.2 M KOH + 200 ppm CN’ + 0.03 M KCl as electrolyte solution
®0.3 M KOH + 200 ppm CN™ + 0.03 M KCI as electrolyte solution
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The addition of 0.03 M of KCI as support electrolyte leads to an increase of
the accumulated current density and hydrogen production. This result we suggest
that the platinum cathode allows avoiding the electrode polarization observed with
silver cathode in the presence of KCI.

Finally, in all cases the highest value of current density and amount of
hydrogen produced was obtained using the platinized stainless steel as cathode.

Being the Bi,InNbO; photoanode the most active.
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General Conclusions

In this thesis, the performance of a series of semiconductor materials for hydrogen
production by photoelectrochemical process was made, highlighting the following

conclusions:

The photodegradation of MeO increase with a faster withdrawal speed and
with increases of the number of layer deposited. Degradation of MeO follows an
apparent first order kinetics as most of the pollutant, which confirm the
heterogeneous catalytic character of system for diluted solution. Furthermore, the
photoactivity of Bi,MNbO- films was higher or equivalent than TiO, films and the
Bio,GaNbO; film has the major cristallinity and the best elemental proportion
according to pyrochlore-type structure.

The activity of Bi,MNbO;/SS (M = Al, Ga) in the photoelectrochemical
hydrogen production from alkaline solution containing cyanide was obtained with
the photoanodes annealed at 500C and depend of the electrolyte composition and

concentration.

The activity of Bi,MNbO;/SS (M = Al, Fe, Ga, In) photoanodes in the
photoelectrochemical water splitting from alkaline solution containing cyanide was
higher or equivalent than that of TiO,/SS 304 photoanode.

Further than optical (band-gap values) or structural (degree of crystallinity,
stoichiometric ratios) properties of Bi_MNbO; films, the photoelectrical transport
properties (intrinsic barrier to photoelectron transfer due to the interaction between
the film and support) and the semiconductor-electrolyte interface characteristics
(determined by the electrolyte composition and concentration) seem to have a
major effect in their photoelectrochemical behavior.

The addition of 0.03 M of KCI as support electrolyte leads to an increase of
the accumulated current density and hydrogen production. This result we suggest
that the platinum cathode allows avoiding the electrode polarization observed with

silver cathode in the presence of KCI.

92



Finally, in all cases the highest value of current density and amount of
hydrogen produced was obtained using the platinized stainless steel. Being the

Bi>InNbO- film was the most active.
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