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Abstract The structural and photoelectrochemical properties
of mixed oxide semiconductor films of Bi-Nb-M-O (M = Al,
Fe, Ga, In) were studied in order to explore their use as
photoanodes in photoelectrochemical cells. These films were
prepared on AISI/SAE 304 stainless steel plates by sol-gel
dip-coating. The films were characterized by scanning elec-
tron microscopy—energy dispersive spectroscopy (SEM-
EDS), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS), and their photoelectrochemical proper-
ties were studied by open circuit potential (OCP) measure-
ments, linear sweep voltammetry (LSV), and cyclic voltamm-
etry (CV). SEM micrographs show homogeneous and rough
films with agglomerates on the surface. EDS analyses show
that the films are composed of Bi, Nb, and M, and the
agglomerates are mainly composed of Bi. XRD analyses show
a predominant crystalline phase of bismuth(III) oxide (Bi,O5)

Electronic supplementary material The online version of this article
(doi:10.1007/s10008-014-2420-4) contains supplementary material,
which is available to authorized users.

J. L. Ropero-Vega (P<)) - M. E. Nifio-Gomez

Centro de Investigaciones en Catalisis—CICAT, Centro de
Materiales y Nanociencias - CMN, Universidad Industrial de
Santander, Sede Guatiguara, Calle 8N No. 3W-60 El Refugio, C.P.
681011 Piedecuesta, Santander, Colombia

e-mail: jlropero@ciencias.uis.edu.co

M. E. Niflo-Gémez
e-mail: marthan@uis.edu.co

A. M. Meléndez - J. A. Pedraza-Avella

Grupo de Investigaciones en Minerales, Biohidrometalurgia y
Ambiente—GIMBA, Centro de Materiales y Nanociencias—CMN,
Universidad Industrial de Santander, Sede Guatiguara, Calle 8N No.
3W-60 El Refugio, C.P. 681011 Piedecuesta, Santander, Colombia

R. J. Candal

Instituto de Quimica Fisica de Materiales, Medio Ambiente y
Energia—INQUIMAE, Universidad de Buenos Aires, Ciudad
Universitaria Pabellon 2, C1428EHA Buenos Aires, Argentina

and a secondary phase composed of Bi-M mixed oxides. It is
noteworthy that there was no identified niobium-based crys-
talline phase. XPS results reveal that the films are composed
by Bi(Il), Nb(V), and M(III). CV results show that the elec-
trochemical behavior is attributed only to the semiconductor
films which indicate a good coating of the stainless steel
support. OCP measurements show that all the films have n-
type semiconductor properties and exhibited photoresponse to
the visible light irradiation. LSV results show that the appli-
cation of a potential higher than +0.1 V enhances the photo-
current which can be attributed to an improved charge carrier
separation. The results indicate that these materials can be
used in photoelectrochemical cells.

Keywords Sol-gel - Dip-coating - Bismuth oxide -
Photoelectrochemistry - Visible light radiation

Introduction

Since Fujishima and Honda [1] reported the photoinduced
water splitting on a TiO, electrode under irradiation in 1972,
photoelectrolysis has attracted much attention and has been
widely studied with the aim of applying this process in solar
energy conversion [2—7]. All this is focused on dealing with
the problems of environmental remediation and production of
clean and renewable fuels (e.g., hydrogen) [5, 8].

In recent years, research efforts have focused on develop-
ment of new semiconductor materials capable of being excited
by visible light radiation [9]. Researchers have explored dif-
ferent strategies in the design of catalysts as in the case of
coupled semiconductors as WO5-TiO,- [10, 11] and Bi,Os-
TiO,-doped [12-14] semiconductors, among them highlight
mainly non-metal and transition-metal-doped TiO, (N, S, Fe,
or Cr) [15, 16], and mixed metal oxide semiconductors (bina-
ry, ternary, or quaternary) [17]. Among the latter, bismuth-
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Fig. 1 Emission spectrum of the visible light source

based mixed oxide semiconductors have attracted interest due
to their excellent stability, visible light absorption, and photo-
catalytic properties [18-26]. These include, among others,
bismuth oxide (Bi,O3) [18], bismuth niobate (Bi;NbO-)
[26], perovskite-type bismuth ferrite (BiFeO3) [19], and
sillenite-type BiysGaO39 [27] and BiysFeOy [28].

Mixed oxides of Bi,MNbO, (M = Al, Fe, Ga, In) with
pyrochlore crystalline structure are a type of semiconductor
materials of the Bi-Nb-M-O system [29-31]. These semicon-
ductor oxides are very promising as photocatalyst due to their
structural, optical, and electrical transport properties [31-34].
They were prepared as powders initially by solid-state reac-
tion [29-32] and then by the sol-gel method [35] and metal-
organic decomposition processes [36]. In our research groups,
we have prepared a series of mixed oxide semiconductor films
of the Bi-Nb-M-O system (M = Al, Fe, Ga, In) which have
presented good physical, optical, photocatalytic, and
photoelectrocatalytic properties [37—40]. However, the films
in fact consist of a mixture of mixed oxides, which had not
been identified so far, so it is not possible to define a correct
structure for this material. For this reason, we refer to these

Fig. 2 SEM micrographs of the
films: a, b Bi-Nb-Al-O/304 SS, ¢,
d Bi-Nb-Fe-0/304 SS, e, f Bi-Nb-
Ga-0/304 SS, g, h Bi-Nb-In-O/
304 SS

@ Springer

Table 1 Elemental analysis by SEM-EDS of the Bi-Nb-M-0/304 SS (M
= Al, Fe, Ga, In) films. All values are reported in atomic percentages

Film Inside the agglomerates Outside the agglomerates

Bi Nb M Bi Nb M

Bi-Nb-Al-0/304 SS  26.5 0.4 2.1 05 NA. 0.7
Bi-Nb-Fe-0/304 SS 163 1.6 228" 1.0 06 61.7"
Bi-Nb-Ga-0/304 SS 258 0.3 2.6 04 NA. 1.0
Bi-Nb-In-O/304 SS  29.8 1.6 0.9 1.0 05 1.2

?The percentage value of Fe includes the contribution made by the
stainless steel support

N.A. data not available

materials as mixed oxide semiconductor films of Bi-Nb-M-O
(M = Al, Fe, Ga, In). Despite all the above, the films exhibit
visible light absorption properties and presented good photo-
catalytic activity in the oxidation of methyl orange [37, 38].
Additionally, these mixed oxide films were used as
photoanodes in the photoelectrochemical hydrogen produc-
tion from alkaline solutions containing cyanide showing a
marked increase in their activities compared with the analo-
gous electrochemical process (in the dark) [39, 40]. Neverthe-
less, the obtained results cannot be straightforward correlated
with the optical or structural properties of the films, and
apparently the photoelectrochemical properties have a major
contribution in this behavior.

Therefore, in this work, we report the structural char-
acterization and photoelectrochemical properties of Bi-
Nb-M-O (M = Al, Fe, Ga, In) films prepared on stain-
less steel in order to explore their potential application
as photoelectrochemical materials. The structural prop-
erties of the films were studied by SEM-EDS, XRD,
and XPS. The electrochemical behavior was evaluated
by cyclic voltammetry, and the photoresponse and sta-
bility of the films were studied by open circuit potential
and linear sweep voltammetry measurements.
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Fig. 3 XRD profiles of a Bi-Nb-Al-O/304 SS, b Bi-Nb-Fe-O/304 SS, ¢
Bi-Nb-Ga-0/304 SS, d Bi-Nb-In-0/304 SS, and e 304 SS plate annealed
at 500 °C (used as reference)

Experimental

Mixed oxide semiconductor films of Bi-Nb-M-O (M = Al Fe,
Ga, In) were prepared by dip-coating on AISI/SAE 304 stain-
less steel (304 SS) plates (2.0 cmx2.0 cm). Details of the sol
preparation were published previously [37]. The films were
obtained at a withdrawal speed of 10.0 cm/min, dried at room
temperature (25 °C) for 1 h, and finally annealed in air at
500 °C for 4 h.

Scanning electron microscopy (SEM) micrographs of the
films (Bi-Nb-M-0/304 SS) were obtained with a Quanta Field
Emission Gun microscope (model 650) equipped with an
EDAX Apollo X energy-dispersive X-ray spectroscopy
(EDS) detector operated at 5, 8, and 10 kV in second electron

Table2 The crystalline phases found in Bi-Nb-M-0/304 SS (M = Al Fe,
Ga, In) films

Film Crystalline phase found PDF number
Bi-Nb-Al-O/304 SS Bi,O; (B) 76-0147
BiysALO39 (A) 42-0184
Bi-Nb-Fe-0/304 SS Bi,05 (B) 76-0147
BiFeO; (F) 71-2494
Bi-Nb-Ga-0/304 SS Bi,O0; (B) 76-0147
BiysGaOs9 (G) 79-0767
Bi-Nb-In-0/304 SS Bi,05 (B) 76-0147
Bi35In054 (l) 42-0188

mode. X-ray diffraction (XRD) profiles were collected on a
Bruker D8 Discover diffractometer operated at 40 kV and
30 mA, using Cu K« radiation (1.540598 A) selected with
Ni filter, in grazing incidence mode with a step 0f 0.015° and a
counting time of 1.0 s per step. X-ray photoelectron spectros-
copy (XPS) analysis was performed in a Physical Electronics
1257 system using monochromatic Al Ko« radiation
(1,486.6 e¢V). Bismuth, niobium, aluminum, iron, gallium,
indium, and oxygen peaks were deconvoluted into several
components by fitting the experimental data to Gaussian-
Lorentzian curves. The XPS peaks were referred to the posi-
tion of the C1s peak at 284.5 eV. In all XPS measurements, the
photoelectrons were collected perpendicularly to the surface
sample.

Electrochemical measurements of the films were per-
formed with a Gamry Reference 600 Potentiostat/
Galvanostat/ZRA (Gamry Instruments) using a conventional
three-electrode cell. A saturated calomel electrode and a
graphite bar were used as reference and counter electrode,
respectively. However, all the potentials reported are referred
to the normal hydrogen electrode (NHE). The geometric area
of the working electrode (Bi-Nb-M-0/304 SS film) was
3.0 cm?. The electrochemical behavior of the films was stud-
ied by cyclic voltammetry (CV) measurements in 60 mL of an
aqueous solution of Na,SO4 (0.1 M) at pH 8.5. The
photoresponse of the films was evaluated by open circuit
potential (OCP) and linear sweep voltammetry (LSV) mea-
surements with chopped visible light irradiation. The electro-
lytic solution (60 mL) was an aqueous solution of NaClO,4
(0.1 M) at pH 8.5. In all cases, the system was purged with
nitrogen and stirred for 20 min before each test. A metal halide
lamp (Philips MHN-TD, 150 W) was used as visible light
radiation source. The emission spectrum of the lamp is shown
in Fig. 1. All the electrochemical experiments were performed
at room temperature (25 °C).

@ Springer
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Table 3 Binding energies (eV) of
Bi-Nb-M-0/304 SS films

Results and discussion

Scanning electron microscopy

Film Bi(4f;,) Bi(df;n) Nb(3dys) Nb(dss) O(ls) M

Bi-Nb-Al-0/304SS  159.0 164.3 206.8 209.6 529.5 73.8 (Al 2p)
5315

Bi-Nb-Fe-0/304 SS 1583 163.6 206.1 208.8 5298 710.3 (Fe 2ps»)
531.8

Bi-Nb-Ga-0/304 SS 1592 164.4 207.0 209.8 529.4 20.0 (Ga 3d)
5313 1,118.1 (Ga 2p3p)

Bi-Nb-In-0/304 SS  159.0 164.3 206.9 209.6 5297 444.8 (In 3dsp)
5315 4523 (In3dsp)

The morphology of mixed oxide films of Bi-Nb-M-0/304 SS
(M = Al Fe, Ga, In) was analyzed by SEM, and the results are

shown in Fig. 2.

Fig. 5 Cyclic voltammograms of
a 304 SS plate, b Bi,05/304 SS, ¢
Bi-Nb-Al-0/304 SS, d Bi-Nb-Fe-
0/304 SS, e Bi-Nb-Ga-0/304 SS,
and f Bi-Nb-In-0/304 SS films
(0.1 M of Na,SOy; pH 8.5,

100 mV/s)

@ Springer

The micrographs on top show that the surface of the films is
rough and with agglomerates distributed in all the analyzed
area. EDS analyses reveal that the films are composed of Bi,
Nb, and M (Al, Fe, Ga, or In), while the agglomerates are
mainly composed of Bi with a minor amount of Nb and M
(see Table 1). Furthermore, these agglomerates are composed
of particles with irregular size and shape, as shown in Fig. 2

Current
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Potential / V vs. NHE
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Fig. 6 Open circuit potential measurement versus time under visible
light irradiation: a Bi,05/304 SS, b Bi-Nb-Al-O/304 SS, ¢ Bi-Nb-Fe-O/
304 SS, d Bi-Nb-Ga-0/304 SS, and e Bi-Nb-In-0/304 SS (0.1 M of
NaClOy; pH 8.5)

(bottom). EDS spectra were included as supplementary mate-
rial. It is worth highlighting that the results provided by EDS
analyses are qualitative and depend on the distribution of
elements in the surface, its uniformity and homogeneity, so
it cannot be taken as overall performance if only one portion
of the surface is being observed.

X-ray diffraction

XRD profiles of mixed oxide films of Bi-Nb-M-0/304 SS (M
= Al, Fe, Ga, In) are shown in Fig. 3. The reflections present at
43.7, 44.7, and 50.7° correspond to the 304 SS support
(marked with black diamond) [41]. The other reflections
shown in the profiles were analyzed by comparing the ob-
served profile with the patterns reported in the PDF-2 database
of the International Center for Diffraction Data (ICDD). The

Fig. 7 Energy diagram of an n- a)

crystalline phases found in each of the films are shown in
Table 2.

The presence of Bi,O3 was observed in all the films. The
aforementioned oxides have been investigated for photocata-
lytic applications due to its visible light adsorption properties.
Bismuth oxide (Bi,O3, E£,~2.8 €V) has been studied in the
oxidation of model pollutant (methyl orange [18, 42] and
rhodamine B [43, 44]) as well as the production of renewable
energies such as hydrogen [45]. Sillenite-type BirsGaOsg
(Eg~2.95 V) has exhibited comparable photocatalytic behav-
ior on the oxidation of methylene blue than TiO, [27], where-
as perovskite-type BiFeOj; is a bismuth-iron-based compound
with good photocatalytic properties under visible light due to
their low band-gap (2.18) [19]. The photophysical or photo-
catalytic properties of BiyyAl,O39 and BizsInOsy, to our
knowledge, have not been studied so far.

X-ray photoelectron spectroscopy

XPS measurements of mixed oxide films of Bi-Nb-M-0/304
SS (M = Al Fe, Ga, In) were performed to investigate the
surface chemistry. The XPS spectrum of Bi-Nb-Ga-0/304 SS
film is shown in Fig. 4. The XPS spectra corresponding to Bi
4f,Nb 3d, O s, and M (Al 2p, Fe 2p, Ga 2p, Ga 3d, and In 3d)
for each of the film were included as supplementary material.

It can be seen in Fig. 4 that the surface of the film is mainly
composed by Bi, Ga, and Nb elements. The presence of Fe
element is due to 304 SS support. The composition of the
other films was similar. The binding energy (BE) values for all
the films are given in Table 3.

The BE values for Bi 415, and Bi 4fs,, demonstrated that Bi
species are present in the form of Bi(Ill) [12, 13]. The BE
values for Nb (3d;, and 3dsy,) [46], Al (2p) [47], Fe (2psy)
[48], Ga (3d and 2p3/2) [49], and In (3d5/2 and 3d3/2) [50]
correspond to Nb(V), Al(III), Fe(Ill), Ga(Ill), and In(II),
respectively, as reported in the literature. In the case of oxygen

b)

type semiconductor a before and
b after of contact with an aqueous
electrolyte —

B e N _/

L e E.° Ecp E.°
F redox EF F redox
E
g
E
g
Eyp _/
lEVB

Semiconductor Electrolyte

Semiconductor Electrolyte

@ Springer



1968

J Solid State Electrochem (2014) 18:1963-1971

Fig. 8 Schematic illustration of 20— — 25
calculated energy positions of o L .
valence and conduction band w —] Bi,O; Bi-Nb-Al-O Bi-Nb-Fe-O Bi-Nb-Ga-O Bi-Nb-In-O — 35
edges at pH 0 of the films % -1.0 - - - —_ —_ 9.
prepared . 7 H*/H m
2 00 24— 45 3
> 4 28ev 279ev  247€V 2676V 301ev - g
= 104 0,H,0 f— 55 =
8 A n o
T | - 1 <
8 204 — - 4 — 6.5
o} - -
o
3.0 — -7.5

atom, the lower BE (529.6+0.2) is attributed to metal-O
bonding (metal = Bi, Nb, Al, Fe, Ga, In), and the higher BE
(531.5+0.3) is related to O-H surface group.

Electrochemical properties

Cyclic voltammetry was used in order to explore the electro-
chemical behavior of the films at pH 8.5. Cyclic voltammo-
grams of the Bi-Nb-M-0/304 SS films recorded under dark
are shown in Fig. 5. The voltammograms of a 304 SS plate
annealed at 500 °C and Bi,05/304 SS film was also included
for comparative purposes. This film was prepared using the
same procedure as described for Bi-Nb-M-0/304 SS films but
without using the Nb and M precursors.

The voltammogram of 304 SS plate (Fig. 5a) shows the
presence of oxidation-reduction processes related principally
to Fe species. It can be seen that the voltammograms of all the
films are different and not have the same anodic-cathodic

peaks, indicating that there was a good coating of the support.
The only anodic peak observed in the voltammograms of the
films is related to oxidation of Bi(Ill) [S1]. The shape of the
voltammograms of Bi-Nb-Al-0/304 SS and Bi-Nb-Fe-O/304
SS films (Fig. S5c, d) is similar to the Bi,O3/304 SS film
(Fig. 5b). However, the anodic peak grows more rapidly with
each scan cycle in the Bi-Nb-Al-O/304 SS film, which indi-
cates that this material has greater corrosion. On the other
hand, the position and shape of the anodic peak change for the
Bi-Nb-Ga-0/304 SS and Bi-Nb-In-O/304 SS films (Fig. Se,
f).

Open circuit potential (OCP) measurements of the films as
a function of time under visible light irradiation are shown in
Fig. 6. The results for a Bi,03/304 SS film are shown by
comparative purposes.

It can be observed that in all cases, the lighting of the films
changes the OCP toward less positive values. When an n-type
semiconductor immersed in an aqueous electrolyte is

Fig. 9 Linear sweep
voltammograms with chopped a)
visible light irradiation of a Bi-
Nb-Al-0/304 SS, b Bi-Nb-Fe-O/
304 SS, ¢ Bi-Nb-Ga-0/304 SS,
and d Bi-Nb-In-0/304 SS films
(0.1 M of NaClOy; pH 8.5;

50 mV/s)

b)

0.04 mA
[0.05 mA

Current

—>

[0.03 mA

03 00 03 06 09 12
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illuminated with radiation of equal or higher energy to its
band-gap, electron-hole pairs (e -h") are generated. These
photogenerated charge carriers can promote oxidation-
reduction reactions at the semiconductor/electrolyte solution
interface [52, 53]. The electrons are accumulated in the con-
duction band of the semiconductor, which generates a de-
crease of the OCP values. The photogenerated holes can travel
to the semiconductor/electrolyte interface where they can react
with absorbed hydroxyl groups (OH ) producing hydroxyl
radicals ("OH). These radicals can oxidize adsorbed species
on the semiconductor surface (indirect photocatalysis). On the
other hand, the adsorbed species can be oxidized directly by
holes (direct photocatalysis). Meanwhile, the electrons in the
conduction band can reduce oxygen (O,) to form superoxide
anion radicals (O, ) [54]. Therefore, the mixed oxide films of
Bi-Nb-M-0/304 SS (M = Al, Fe, Ga, In) exhibited a typical n-
type semiconductor behavior.

It is well known that for an n-type semiconductor, the
position of the Fermi level (EF) is located just below the
potential of conduction band (E¢g) (Fig. 7a). When the semi-
conductor comes into contact with an aqueous solution in the
absence of an external potential (i.e., OCP), the Fermi levels
of the semiconductor and the electrolyte (redox potential, Er
redox) are equal (Fig. 7b) [55, 56].

Taking into account the above, it is possible to schematize
the potentials of valence and conduction bands for the Bi-Nb-
M-0/304 SS films, as shown in Fig. 8. The band-gap values of
the films were determined experimentally and published else-
where [37] (see supplementary material for details).

It can be observed in Fig. 8 that the Ecp values are similar
for all the Bi-Nb-M-0/304 SS films and in turn are near to the
Ecp value of Bi,O;. Therefore, the photoelectrochemical
properties of the films indicate that they have bismuth oxide
nature. Nevertheless, the addition of metal oxides in the bis-
muth oxide structure (i.e., Al, Fe, Ga, and In-based oxides)
changes the Ey g value of the material, modifying its oxidative
capacity. According to the above, the ability of the films to
carry out photolysis of water would be given by the following
performance: Bi-Nb-Fe-0/304 SS>Bi-Nb-Ga-0/304 SS~Bi-
Nb-Al-O/304 SS>Bi-Nb-In-0/304 SS.

The photoresponse of the Bi-Nb-M-0/304 SS (M = Al, Fe,
Ga, In) films was evaluated by linear sweep voltammetry with
chopped visible light irradiation, and the results are shown in
Fig. 9. These photovoltammetry experiments can be used to
evaluate both of the electrochemical (in dark) and the
photoelectrochemical (under light irradiation) behavior of
the films under the same experimental conditions [57].

All the voltammograms show an increase in the photocur-
rent in the anodic direction which is indicative of n-type
semiconductors. This is consistent with the results obtained
in the OCP measurements. It can be seen that the rise and fall
of the photocurrent correspond to the irradiation being
switched on and off, respectively. It should be noted that after

illumination, there is a photocurrent increase and then declines
to a steady-state value. The onset of the photocurrent is close
to +0.1 V for all the films. Below this value, the rate of
electron—hole recombination is high, which does not generate
a photocurrent [58]. There was not observed current in dark
since the onset of the photocurrent until much more positive
potentials. Furthermore, the photocurrent is dependent of the
potential and increases as the applied potential increases. All
the above indicates that these materials may be promising for
use in photoelectrochemical cells.

Conclusions

The surface of the films is rough and composed of agglomer-
ates distributed in all the analyzed area. The SEM-EDS anal-
yses reveal that the surface of the films is composed by Bi with
a minor amount of Nb and M (Al, Fe, Ga, or In). All the films
are composed principally of a mixture of Bi,O3 and a Bi-M-
based mixed oxide which most of them have visible light
absorption properties. The presence of any Nb-containing
oxide crystalline phase was not evidenced; probably the nio-
bium is doping the bismuth oxides.

The response in the anodic region was good for all the films
which indicate that these materials can be used in
photoelectrochemical processes.
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