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ABSTRACT

Bismuth-based oxides have gained attention because of their particular electronic configuration that
enhances the mobility of photogenerated carriers. In this work, we focused on the synthesis, and the
evaluation of the physical and photocatalytic properties of BisNb3O15 films. Bismuth niobate films were
deposited by dual magnetron co-sputtering, starting from Bi;O3 and Nb independently driven targets.
Although the substrates were heated at 150 °C during the deposition, the films were amorphous;
therefore, they were annealed at 600 °C in air for 2 h to obtain the nanocrystalline BisNb3O15 ortho-
rhombic phase. The BisNb30¢5 compound is an interesting material for applications in microelectronics
due to its high-k dielectric value at the radiofrequency range; another possible and reported application
is as photocatalyst for degradation of organic pollutants and water splitting processes. The films structure
was confirmed by X-ray diffraction (6-26 and in-plane modes). The Raman and infrared spectra were
measured and compared with calculated vibrational modes since they have not been reported in the
past. The optical properties (refractive index, extinction and absorption coefficients) of the BisNb3Oq5
films were estimated using UV—VIS reflectance and transmittance spectroscopy. The optical band gap
was estimated assuming an indirect fundamental inter-band transition at 3.25 eV. The prospective to use
the BisNb3Oq5 films as a photocatalyst was evaluated through the measurement of the photo-
discoloration of indigo carmine (IC) dye solutions (5 ppm) under UV light irradiation at three pHs: 3.5, 7
and 11. The results showed a decrease in the absorbance spectrum of the IC solution as a function of
irradiation time only at acidic pH where almost 100% of degradation was achieved at 270 min; this
behavior is probably due to the increment of the adsorption of IC molecules on the positively charged
surface. A similar response was observed after 5 cycles without any structural change of the films.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

synthesis of highly crystalline thin films has been proved difficult
even when the starting target material has the right composition.

Bismuth compounds are attractive because of their low toxicity,
low cost and the facility to produced nanostructures with different
shapes, morphology and size. Among the different bismuth com-
plex oxides, the bismuth niobate phases have been less investi-
gated. The BisNb3015 compound is a high-k dielectric material that
if obtained as a thin film has potential application as the dielectric
material in metal-insulator-metal capacitors [1—3]. However, the
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Cho et al. [2] prepared different BixNbyO, (named as BNO) films by
magnetron sputtering from a single BisNb3015 target, obtaining the
BisNb3O15 phase for deposition temperatures between 450 and
550 °C, while at higher temperatures the films had another bismuth
niobate phase. Seong et al. [4] obtained crystalline BNO films by
pulsed laser deposition (PLD) from a BisNb3015 target working at a
deposition temperature of 550 °C.

The BisNb3O;5 structure was firstly described by Roth and
Wiaring [5] as tetragonal; although they could not indexed all of the
peaks in the XRD pattern taking the tetragonal structure and they
recognized a possible pseudo-tetragonal distorted pyrochlore-like
structure. Takenaka et al. [6] considered that the structure of this
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niobate was orthorhombic and related to the Aurivillius-phases,
specifically as a mixed-layer Aurivillius-phase composed by two
parts: [(Bix02)>" (NbO4)*>] and [(Bi»02)*" (BiNb,05)], and so they
could indexed the XRD pattern according to an orthorhombic lat-
tice. Tahara et al. [7] refined the BisNb3Oq5 structure from powder
neutron diffraction patterns demonstrating the proposal of the
above mentioned orthorhombic layered structure; they assigned it
to the Pnc2 (No. 30) space group with a = 2.1011(4), b = 0.5473(1)
and c = 0.5463(1) nm. However, between these two authors [6,7],
there is still some controversy about the proper indexation of the
crystallographic planes and up to date, the vibrational Raman and
IR spectra have not been reported.

We used the dual co-sputtering technique for the synthesis of
the BisNb3Oq5 phase, starting from two independently driven tar-
gets, BipO3 and Nb. The sputtering deposition technique is a scal-
able low cost method; the films deposited by this technique are
compact, have high quality, good adhesion to the substrate and
uniformity. Multi-target sputtering allows an easy control of the
film composition by varying the power applied to the targets
[8—11].

On the other hand, the photocatalytic activity of the BisNb3O1s5
orthorhombic phase has been reported previously for powder
samples. One of the pioneering works was done by Gurunathan
et al. [12], who prepared particles of BisNb3Oqs5 via a solid state
reaction and evaluated the photocatalytic (PC) activity for water
splitting under near visible-light, concluding that it has potential
to be used for solar energy conversion. The photocatalytic prop-
erties of BisNb3O15 powders have been studied in comparison to
Ag/BisNb3015 [13] or Pt/BisNb3Oq5 [14] heterostructured systems.
The effect of the metal co-catalyst was dual, to retard the
electron-hole pair recombination by trapping the photo-induced
conduction band electrons in the metal and to enhance the op-
tical absorption of visible-light via the surface plasmon resonance.
In those works [13,14], the photocatalytic activity was demon-
strated for a flame retardant (tetrabromobisphenol A), methyl
orange dye and p-nitrophenol solutions under different illumi-
nation wavelengths. Zhao et al. [15] evaluated the photocatalytic
photodegradation of ornidazole solution using nanoparticles of
Y3*-doped BisNb3O;5 under visible-light, the degradation effi-
ciency of pure BisNb3Oq5 was 80.3% after 180 min, while the
doped sample reached about 90.5%. Zhang et al. [16] evaluated the
photocatalytic performance of heterojunctions of graphitic carbon
nitride and the niobate for the degradation of methyl orange and
4-chlorophenol under visible-light irradiation; the conversion of
methyl orange and 4-chlorophenol were 28% after 180 min and
38% after 60 min, respectively. Once again, the PC activity was
improved by the formation of the heterojunction using carbon
nitride, i.e. a common result is that the pure BisNb3Oq5 presents
moderate photocatalytic activity but that it is sensitive to be
improved by the addition of metallic nanoparticles or hetero-
junctions. All these results are related to powder samples and
there is no information about the PC activity of BisNb3Oq5 thin
films. The use of thin films would avoid the secondary process of
filtration or separation that has to be implemented when powder
samples are used.

The aims of this work are to demonstrate that it is possible to
obtain crystalline BisNb3015 thin films by co-sputtering from Bi,O3
and Nb targets driven independently, as well as evaluate their op-
tical and photocatalytic properties. Moreover, to properly and
completely characterize the film structure, theoretical calculations
based on the structure proposed by Tahara et al. [7] were done to
obtain the vibrational Raman and IR active modes. Finally, the
photocatalytic response of the BisNb3015 films for discoloration of
indigo carmine (IC) dye was assessed under different pHs and UV-
light irradiation.

2. Experimental procedures
2.1. Deposition of the films

The films were prepared by reactive magnetron co-sputtering
from two targets: BiyO3 (purity 99.9%) and metallic Nb (purity
99.95%), both of diameter 2 in; each magnetron had an indepen-
dent power source, radiofrequency (RF) for the oxide target and DC
for the metallic target. The magnetrons are placed 11 cm from the
substrate and at 58° angle, so that both plasmas converge in the
center area of the substrate holder. In order to obtain films with a
homogeneous composition, the substrates are placed radially along
a donut area of inner radius 2 cm and outer radius 5.5 cm, while the
substrate holder is rotated (10 rpm). Within this donut, the thick-
ness variation is between 5 and 10% but similar composition and
structure can be obtained. The RF power applied to the Bi;O5 target
was fixed at 30 W, while the DC power applied to the Nb target was
70 W. The deposition process was done under an Ar:0, atmosphere
with gas flow ratio (standard centimeters cubic per minute, sccm)
16:4, and the working pressure was 0.7 Pa. The substrates were
Corning® 7059 glass pieces of 2.5 x 1.25 cm?, which were heated at
150 C for 30 min before starting the deposition. Under these
conditions, the single oxides lead to deposition rates of 6 nm min~!
and 4 nm min~! for the delta-Bi,O3 phase [17] and the amorphous
Nb,0s, respectively. These deposition conditions were selected af-
ter performing a complete characterization of the system varying
the Ar/O; ratio, the power applied to both targets and the deposi-
tion temperature. It should be mentioned that other compositions
and phases of the BNO system could be obtained and will be re-
ported in a separate paper.

2.2. Film characterization

The thickness and root mean square roughness (RMS) of the
films were measured using a Veeco stylus profilometer model
Dektak 150. The surface and cross-section morphology was
observed using a Jeol 7600F Field emission-scanning electron mi-
croscope (FE-SEM) with 5 kV, and the sample was covered with
gold to avoid charge accumulation.

The crystalline structure was verified by X-ray diffraction (XRD)
using a Rigaku diffractometer, model Ultima IV, equipped with Cu
Ko, radiation, in both parallel-beam 6-20 and in-plane modes,
acquisition step 0.02° and scanning speed 1° min~". In addition, the
structure was verified by microRaman spectroscopy using an En-
Spectra R532 spectrometer with laser wavelength 532 nm. Also,
the films were evaluated by Fourier transform infrared (FT-IR)
spectroscopy using a Thermo Scientific Nicolet 6700 FT-IR spec-
trometer equipped with an attenuated total reflectance (ATR)
attachment; the spectrum was recorded between 400 and
4000 cm ™! with resolution 1 cm™.

The optical properties (band gap and complex refractive index)
of the films were evaluated by UV—VIS transmittance and reflec-
tance spectrometry using a UV—Visible Jasco V670. The geometric
configuration of this equipment allowed the spectra acquisition
from the same area of the sample for both the transmittance and
reflectance measurements. The software CODE® was used to esti-
mate the optical properties through the fitting of theoretical
models to the experimental data. A bottom homogenous layer
followed by a gradient (different proportion of voids) porous layer
were assumed; the porous-film layers were modeled using the
Bruggeman [ 18] effective medium. The film optical properties were
parameterized using the Tauc-Lorentz model [19]. The optical band
gap, Eg, was estimated under the assumption of parabolic con-
duction and valence bands around the absorption edge [20]. The Eg
was estimated as the photon energy at which a linear fitting of the
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(aE)'? function around the absorption edge equals zero.

The BisNb3O;5 Raman and IR active modes were calculated
assuming the structure extracted by Tahara et al. [7] from the
Rietveld refinement of neutron diffraction patterns. Those results
suggest that the orthorhombic crystalline structure can be seen as a
mixed-layered Aurivillius-related phase
[Biz0O3] + [NbO4] + [BiNb,0O7], with weak interaction between the
layers. Therefore, as a first approximation the vibrational spectra
were calculated assuming each structure separately and consid-
ering that in the solid state, the position of the signal will not
change drastically, but the intensity will increase. The vibrational
spectra of the whole orthorhombic structure correspond to the sum
of the IR and Raman spectra of the individual layers. Calculations
related to the optimization of the geometry were undertaken using
the Gaussian 09 implementation [21]. The geometry of the model
was fully optimized with Becke three parameter hybrid Lee-Yang-
Parr functional, B3LYP [22—24] using LANL2DZ (Los Alamos ECP
plus DZ on Na-La) for metal atoms and D5DV (Dunning/Huzinaga
valence double-zeta) basis sets for light atoms [25—27]. In order to
verify the optimized minima, harmonic analyses were performed
and local minima were identified (zero imaginary frequencies). The
Raman and IR spectra were obtained at the same level of theory.

2.3. Photocatalytic evaluation

The photocatalytic activity of the BisNb3015 films was evaluated
by the evolution of the absorbance spectrum of an aqueous solution
5 ppm of indigo carmine dye (C16HgN2Na;0gS5) as a function of the
irradiation time. The pH of the solution was varied in three regimes:
acidic (pH = 3.5), neutral (pH = 7) and basic (pH = 11).

For the discoloration tests, each film (2.5 x 1.25 cm) was
immersed in 10 mL of the dye solution that was initially stirred in
the darkness for 30 min to obtain a good dispersion and reach
adsorption-desorption equilibrium between the organic molecules
and the surface of the films. Then, the films were exposed to the
light while keeping the stirring. A UV light source with main
emission centered in 365 nm and intensity 26 W/m? was used to
evaluate the response of the material. The absorption spectra of the
solution were measured every 30 min during 3 h using a Shimadzu
UV-1800 UV-VIS spectrophotometer. The degradation efficiency of
the films was calculated as follows (Eq. (1)):

% Discoloration = (1 - A) (1)
Ao

where A, y A are the absorbance maxima of the dye before and after
the irradiation time, respectively. When a good percentage of
discoloration was obtained (>60%), total organic carbon (TOC) was
measured at the beginning and the end of the experiment using a
TOC-L SHIMADZU Total Organic Carbon analyzer and using the
Non-Purgeable Organic Carbon (NPOC) method in the high sensi-
bility mode. Moreover, the same sample was used in five occasions
under the same experimental conditions to evaluate both the
reproducibility and stability of the photocatalyst. At the end of the
cycles, the film was evaluated again using XRD and Raman
spectroscopy.

Similar, photocatalytic experiments were done using commer-
cial Degussa P25 TiO, powder and 3-Bi»O3 films for comparative
purposes.

2.4. Point of zero charge
In order to understand the effect of the pH on the photocatalytic

activity, the point of zero charge (pzc) was measured. Briefly, the
pzc of the BisNb3O15 thin films was obtained by a potentiometric

titration experiment where 0.01 M of KCl was used as a background
electrolyte [28]. The tritation was carried out from pH 3 to 12,
adjusting the initial pH with 0.01 M HCI solution. Then 2 mL of
0.01 M NaOH solution were added and the change in the pH was
measured using a potentiometer (Jeanway model 3540). Finally,
from the plot of the change of pH as a function of aggregated NaOH
volume, the pzc can be read as the inflection point [29,30].

2.5. Hydroxyl radical determination

Because the mineralization process occurs via the interaction of
hydroxyl radicals (*OH) with the organic molecules, an alternative
test for the photocatalytic activity is the determination of the for-
mation of *OH radicals as consequence of the illumination of the
semiconductor with the appropriate light source. The evaluation of
the *OH radicals generated by the BisNb3O15 thin films in solution
was done through the photoluminescence (PL) technique using
coumarin as a probe molecule. Coumarin reacts with *OH to
produce a highly fluorescent product; 7-hydroxycoumarin. This
method relies on the photoluminescence signal at 456 nm of
7-hydroxycoumarin generated at the catalyst/water interface [31].
The BisNb3O15 film was immersed in 10 mL of an aqueous solution
of coumarin (5 x 10~% M), the initial pH value was adjusted with
solution 2 x 1073 M of HNO3 to obtain a pH value of 3; the sus-
pension was stirred for 30 min under dark conditions. Then it was
irradiated by the UV lamp (365 nm), during 1 h, and aliquots were
taken at 30 and 60 min. The fluorescence spectra of the coumarin
solution were measured on a Fluorolog®-3 Horiba spectrofluo-
rometer using an excitation lamp at 350 nm. The same test was
done using commercial Degussa P25 TiO, powder as the standard
photocatalytic material.

3. Results
3.1. BisNb30s5 structural characterization

The as-deposited films were amorphous as can be observed in
Fig. 1(a), which is a characteristic of many oxide thin films. There-
fore, the samples were annealed in the high temperature attach-
ment of the X-ray diffractometer to obtain the in-situ XRD patterns
as a function of the temperature, where it was found that at 600 °C,
the orthorhombic BisNb3Oi5 phase could be obtained
(Supplementary Information Fig. S1). Then, all the as-deposited
samples were annealed into a tubular furnace at 600 °C for 2 h
and in static air and the XRD patterns confirmed the formation of
the BisNb3015 phase. No diffusion of the glass elements (Si, Ba, B, Al)
was observed into the annealed films by X-ray photoelectron
spectroscopy depth profile (data not shown).

Fig. 1(b—c) shows the XRD patterns of the annealed films
measured in two modes for a better characterization of the film
structure; 0-20 and in-plane. The positions of the reflections with
the respective indexes according to the data provided by Tahara
et al. [7] are also included. The structural information of the Tahara
et al.’s [7] work is detailed in the inorganic crystalline structure
database card ICSD #245707. The 6-260 mode contains the diffrac-
tion peaks corresponding to the atomic planes parallel to the sub-
strate, while the in-plane mode contains the peaks from the planes
perpendicular to the substrate. It can be seen that the position of
the experimental peaks in both measurement modes, matched
with the calculated positions from Tahara et al. [ 7] and also with the
JCPDS file 00-051-1752 file from Takenaka et al.’s work [6], the
corresponding interplanar distances are also shown in Table 1. The
good agreement between the database patterns and both experi-
mental patterns allows us to make an accurate identification of the
BisNb3Oq5 structure of the films. The diffraction peak intensities
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Fig. 1. XRD patterns of (a) as-deposited film, and the annealed film which were
recorded using two measurements modes: (b) 6-260 and (c) in-plane, and the reflection
positions calculated from the Tahara et al.’s [7] work with the respective indexation.

were not estimated by Tahara et al. [7], however the fact that the
relative intensity of the diffraction peaks in both modes (in-plane
and 0-20) agreed very well is an indication that there is no a
preferential orientation growth. This is different from previous
reports of BisNb3O15 films, where not all the diffraction peaks are
observed [2,4]. The crystalline domain was obtained using the
Halder-Wagner method [32], which gives better precision than the
Scherrer method because it takes into account all the diffraction
peaks. The crystalline domain size for the annealed-films was
35 + 4 nm.

The thickness and RMS roughness of the annealed-films were
288 + 10 nm and 32 + 9 nm, respectively.

Fig. 2 shows the surface morphology of the annealed films
deposited on glass substrate. The image shows some flat grains
with pores or cracks at certain regions. However, these grains are
more probably related to the columnar film structure than to the
crystalline domain size since the dimensions are very different;
100—250 nm for the SEM image versus 34 nm for the crystalline

Table 1
Interplanar spacing from the XRD data of this work, Tahara et al.’s [7] and Takenaka
et al.’s [6] works.

d (A) — this work d (A)/(hkl) [7] d (A)/(hkl) [6]

0-20 In plane

6.987 7.070 7.004/(300)

3.111 3.122 3.114/(411) 3.088/(114)
2.731 2.744 2.737/(020) 2.730/(200)
2.627 2.629 2.626/(800) 2.642/(202)
2.375 2.370

2284 2.296 2.293/(520)

1.932 1.939 1.933/(022) 1.954/(01-10)
1.894 1.896 1.893/(802) 1.901/(221)
1.643 1.646 1.641/(413) 1.651/(02—10)
1.591 1.594 1.595/(1211)

1.553 1.559 1.557/(822)

Fig. 2. SEM micrographs of the (a) top-surface and (b) cross-section of an annealed
crystalline BisNb3045 film deposited on glass. The film was covered with gold.

domain. The pores are probably formed during the annealing
crystallization process, which involves atomic rearrangements
during the nucleation and growth of the crystals with possible
shrinkage of the structures. Furthermore, the different thermal
expansion coefficients between the film and the substrate might
also play a role. Nevertheless, when the cross-section of the tilted
sample is observed (Fig. 2(b)), the film looks compact and uniform
in thickness.

4 JU U SUNW PR TR SO S P, WY |
—Film 1
Bi_Nb,O,, Films/glass —— Film 2

1é42'01' 2 v o pee |(a')|

—+—BiNb,0,
—>—Bi,0,
=a»—NbO,

]

{3 A P N
160 240 320 400 480 560 640 720 800 880 960
Raman Shift (cm‘1)

Fig. 3. (a) Experimental Raman spectra of two different BisNbsO;s films on Corning®
7059 glass, and (b) calculated Raman spectra corresponding to the three molecular
groups which are comprised into the BisNbs;O;5 mixed-layered Aurivillius-related
structure.
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Table 2

Main calculated and experimental Raman and Infrared frequencies (in cm~!) with their corresponding molecular groups Bi,0,, NbOy4, BiNb,0O-. The discrepancy between

theoretical an experimental Raman frequencies are also indicated.

Mode Molecular group Calculated Experimental Raman [R] and infrared [IR] Discrepancy
Raman Infrared Raman modes
1 NbO,4 176 176 164[R] 13
2 Bi,0, 195 201 [R] 6
3 BiNb,0; 474 435 [R]? 39
4 Bi,0, 492 480 [IR]
5 Bi,0, 575 562 [R] 13
6 BiNb,0; 694 680 [IR]
7 BiNb,0; 803 803 805 [IR]
8 BiNb,07 844 844 852 [R]; 860 [IR] 8
9 BiNb,0; 883 852 [R] 31
10 NbO,4 903 903 860 [IR]
¢ The agreement is not very good.
while the corresponding frequencies are reported in Table 2. The
experimental Raman spectra presented a strong photo-
401 luminescence background which hides some low intensity peaks.
;\3 The frequency of the most intense experimental Raman bands were
E’ estimated using a Lorentz fitting after background subtraction and
Q301 860 are positioned around 164 (assigned to mode 1), 201 (mode 2), 435
© 80 (possibly mode 3), 562 (mode 5) and 852 (modes 8 and possibly
-"E mode 9) cm™L. As can be seen, there is a fairly good agreement
2 between calculated and experimental spectra (maximum discrep-
o 201 680 ancy 39 cm~!) despite that the theoretical optimization is done in
= the gas phase, while the structure correspond to a solid structure.
The assignment of the experimental bands to the calculated atom
) ) ) ) 480 displacements was performed through a comparison between both

10 L 1 L 1
1200 1100 1000 900 800 700 600 500 400
Wavenumber (cm™)

Fig. 4. FT-IR spectrum measured in ATR mode.

As a complementary tool to correctly identify the structure of
the films, the Raman and infrared spectra were calculated using the
atomic position from the proposal of Tahara et al. [7]. The micro-
Raman spectra was used as a tool to corroborate the uniformity
of the films but also as a quick test to observed the reproducibility
of the deposition-annealing process to obtain the Bi;Nb3O15 phase.
Fig. 3 (a) shows that the spectra obtained from films obtained in
different deposition runs are very similar. Comparison between the
calculated and measured Raman spectra is also shown in Fig. 3 (b),

spectra not paying attention to the intensity of the peaks, but only
to their relative wavenumbers. It is well known that the intensity of
the Raman spectra depends on too many external factors such as
the uniformity of the sample and the geometric arrangement be-
tween the laser and the angle of diffraction, while the intensity of
the signal cannot be properly simulated by this level of calculations.

For the IR spectrum (Fig. 4), broad-low intensity signals were
observed, making more difficult the estimation of the discrepancy
value. However, it is possible to identify some relationships; the
broad-weak bands centered around 860 cm™! are assigned to the
overlapping of the mode 8 from the BiNb,07 cluster and mode 10 of
the NbO,4 polyhedra. The band centered around 805 cm™' is
assigned to the mode 7 and the very broad and intense 680 cm™!
band to the mode 6, both of the BiNb,O; group. Finally, the
480 cm~! band is assigned to mode 4 of the Bi;O,. The broad IR

Bi202 A NbO, y
* /° > o ./° e2 ! e
./> -
195cm™[R]  492cm ' [IR] 575 cm 'Y [R] 176 cm'[R,IR] 903 cm™'[R,IR]
BiNb,O,
° N, /9\\ LR °
s e o 0 ;o ® 0, ® o
3»3 o9 9% e “ s) * % 8908
474 cmr 1[R] 694 cm[IR] 803 cm™'[R,IR] 844 cm’[RIR] 883 cm[R]

Bi @

Nb @

cCeo

Fig. 5. Atomic displacements of the three constituent groups of the BisNb3O;5 mixed-layer Aurivillius-related structure, which originate the mean active vibrational modes in

Raman [R] and infrared [IR] spectra of the bismuth niobate.
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Fig. 6. Optical properties of a BisNb3015 films calculated from the UV—VIS spectrometry: (a) the refractive index and extinction coefficient spectra, and (b) the graphical estimation

of the band gap considering the fundamental transition as indirect.

bands at 600 and 800 cm~! were also observed by Zhang et al. [16]
for the BisNb30O15 powders, but no explanation was given.

The atomic vibrational displacements corresponding to the
modes described in Table 2 are shown in Fig. 5.

3.2. Optical properties

The most common optical property reported of the BisNb3Oq5
phase is the optical band gap, which is easily obtained from a
diffuse reflectance analysis of the powder samples, but that do not
allow the estimation of the absolute absorption coefficient or the
complex refractive index. The optical functions of the films
(refractive index n, and extinction coefficient k) were estimated
from the fitting of the Reflectance and Transmittance spectra
(Fig. S2), and the optical band gap from the estimation of the ab-
sorption coefficient o (cm~!) using Eq. (2)

a(cm”) =

where A is the wavelength. The spectra of the real and the imagi-
nary parts of the complex dielectric function are shown in Fig. S3.

Fig. 6 shows the optical functions of the BisNb3O;s films: (a) the
refractive index and extinction coefficient as a function of the photon
energy and (b) the plot used to estimate the optical band gap. Fig. 6
(a) shows the high refractive index of the films which make them
interesting for optical and electronic applications. The extinction
coefficient is very low for energies below 3.0 eV and then increases
rapidly after the absorption edge. The estimation of the band gap
(Fig. 6(b)) was done using the model for indirect band transitions
around the absorption edge, leading to a value of 3.25 + 0.10 eV,
where the error was estimated making the same calculation for more
than one sample and by varying slightly the energy limits used to
perform the linear fitting. This data indicates that the material will be
active for photocatalysis only under UV illumination.

4k
A(cm)

(2)

3.3. Point of zero charge, pzc

The measured pzc for the BisNbsOq5 films is 7.8, which has not
been reported previously (Supplementary Information Fig. S4). For
the 3-Bi,03 films, the pzc obtained in our group was 8 [33] and for
the P25 TiO, Degussa particles, it has been reported as 6 [34]. The
PH of point of zero charge is an important property of the surfaces
because depending on the pH of the solution, it defines the ability
of the surface to adsorb anionic or cationic molecules when they are
dispersed into aqueous solution. When the pH is below the pzc
value, the solid surface becomes protonated [35], and anionic
molecules can be adsorbed.

3.4. Photocatalytic discoloration experiments

Fig. 7 shows the absorbance of the indigo carmine dye solution
(starting concentration 5 ppm) as a function of the UV irradiation
time for the three pH values. The characteristic absorbance peak of
the IC dye at 610 nm [36] insignificantly decrease during the dark
condition (30 min) for the three pHs, suggesting that a very small
amount of the IC dye was permanently adsorbed on the film sur-
face. Fig. 7 also shows that degradation occurs only at acidic pH
(Fig. 7 (a)) reaching nearly 100% at 270 min, while at neutral and
basic pHs, the degradation is minimal. As suggested by the pzc
value (pzc = 7.8) of the BisNb30s, at the IC dye solution (neutral)
and the basic pH, the surface charge of the BisNb305 samples must
be poorly protonated and as result, the IC dye could not be adsorbed
in the region of the surface amphoteric sites. Thus, the interaction
of the anionic dye with the poorly protonated surface is only due to
hydrogen bonds and, as consequence, the dye adsorption and
degradation is weak [37], contrary to the situation at acidic pH. For
this acidic condition, the films surface will be highly protonated
enhancing the adsorption of the IC molecule and leading to
destruction of its indigoid group (NHC=CNH) via oxidation. The
formation of secondary products is also observed through the in-
crease in the absorbance below 240 nm. Indeed, for the acidic
conditions, a clear isosbestic point (inset in Fig. 7(a)) can be
observed at 252 nm, indicating the increase of the secondary
products at lower wavelengths which have been identified as Isatin
sulfonic acid and 2-amine-5-sulfo-benzoic acid [36,38—40]. However,
the bands associated to the secondary products cannot be clearly
observed in the spectra due to interferences with the nitric acid
used to reduce the pH, meanwhile they are clearly observed for the
neutral pH. The presence of the isosbestic point showing the
increment in the secondary products without their further
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Fig. 7. Absorbance spectra of the IC dye solution as a function of the UV irradiation
time in different pHs: (a) acidic 3.5, (b) neutral 7 and (c) basic 11. The inset in (a) shows
the detail of the isosbestic point.
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reduction, is an indication that the mineralization of the IC dye was
not complete during the evaluation time [39].

Fig. 8 shows the profile of relative concentration (C/C,) as a
function of the irradiation time for the photolysis (no semi-
conductor added), the BisNb3015 film, a 8-Bi;O3 film and Degussa
P25 TiO, powder, all of them measured at acidic pH (where ac-
cording to their pzc values, the adsorption of the IC molecule is
favored). The Bi;O3 were deposited by a similar method and is used
only for comparative reasons to show that the unusual ¢/C, decay is
not characteristic of thin films [33,41]. Fig. 8 shows that the
BisNb3015 film induced a linear degradation of the IC dye molecule,
different to the behavior observed for the Bi;O3 film and the P25
TiO, powder. This linear plot is an indication that the Langmuir-
Hinshelwood approximation should not be used to estimate the
reaction rate, such linear response has also been observed in pre-
vious works using powder nanostructures [14,16]. Furthermore,
Fig. 8 shows that in comparison to the Bi;Os3 thin films studied in
our group [33,41], the discoloration activity is significantly lower on
the BisNb3Oq5 samples. Both films showed lower C/C, reduction
than the P25-TiO, partially as a consequence of the reduced surface
area of the films in comparison to a nanometric powder. However,
as shown below, also it was due to the lower efficiency of the films
to produce the hydroxyl radicals.

The photodiscoloration experiments using the same BisNb3Oq5
film were repeated five cycles observing that the decrease in the
relative concentration was always the same, reaching 100%
discoloration in 270 min (Shown in Fig. S5), suggesting a good
stability of the films. The stability was confirmed by XRD and
Raman spectroscopy showing that the films did not change during
the five photocatalytic tests (Supplementary Information Fig. S6.)

Despite that the photodegradation experiments showed a
decrease of nearly 100% (270 min) of absorbance using the acidic
pH, the total organic carbon was not reduced, in agreement with
the formation and increase of the intermediary products observed
in Fig. 7. This was also confirmed by the evaluation of the creation of
*OH radicals. Fig. 9 shows the PL spectra of the coumarin solution
aliquots after 30 and 60 min for the films and the TiO, standard
nanoparticles (Degussa P25), where it is clearly observed that the
films presented two orders of magnitude less *OH radical formation
than the TiO,.

4. Discussion

The synthesis of films from the BNO system has been investi-
gated mainly in the search for high-k dielectrics that could
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Fig. 8. Profile of relative concentration (C/C,) of the IC solution aliquots at acidic pH
(3.5) as a function of the UV irradiation time for the photolysis (no film immersed), the
BisNb30;5 film, the 8-Bi,03 film and Degussa P25 TiO, powder.
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Fig. 9. Photoluminescence spectra of coumarin solution aliquots at acidic pH as a
function of the irradiation time during the interaction with a BisNbsOqs film and
Degussa P25 TiO, powder.

substitute SiO, or Si3N4 in the metal-insulator-metal capacitors [1].
In principle because it is argued that crystalline BNO films could be
obtained at relative low synthesis temperatures [2]. Nevertheless,
as described in the introduction, the synthesis of purely crystalline
BisNb3Oq5 orthorhombic phase films (the compound with the
higher dielectric constant) at low temperatures (below 400 °C) has
not been very successful. This work is not the exception, we have
demonstrated that the production of the orthorhombic BisNb3015
phase as thin film is possible by co-sputtering from two indepen-
dent targets, but again post-annealing treatment at 600 °C was
required. This temperature is comparable to those reported by
Seong et al. [4] using pulsed laser deposition (PLD) from a
BisNb3015 target, where the crystalline films were obtained using
deposition temperatures between 500 and 550 °C. Similarly, for the
films deposited by sputtering from a single BisNb3Oq5 target [2],
crystalline BisNb3Oq5 films were only obtained at substrate tem-
peratures of 450—550 °C.

Nonetheless, it is important to mention that in contrast to the
previous works about the synthesis of BisNb3Oq5 films, the XRD
patterns in our case showed a clear coincidence with Tahara et al.’s
[7] report. The two identical patterns obtained from the two
diffraction modes (0-20 and In-plane) clearly demonstrated that
the films are composed of randomly oriented BisNb3O15 nano-
grains. Moreover, Raman and infrared spectroscopies were also
used as techniques to identify the structure of the films comparing
the results with theoretically calculated spectra. There was a fairly
good agreement and 9 of 10 theoretical modes could be identified.
One interesting result is that the Raman active band observed
around 850 cm™’, that was the most intense for all the samples
independently of the substrate or Raman configuration, could be
used as a signature of the BisNb3015 orthorhombic phase. This band
is probably the convolution of more than one vibrational mode but
has not been observed in the spectra of the BiNbO4 polymorphs
[42,43], which are characterized by a Raman intense band around
610-630 cm~'. No comparison to other BNO compounds can be
done since the vibrational spectra have not been reported for either
the BisNbO; compound or the solid solutions.

Another contribution from this work is the estimation of the
optical properties of the BisNb3015 orthorhombic phase. Kang et al.
[44] used ellipsometry to obtain the (n, k) functions of bismuth
niobates films deposited by PLD, but they could not obtain the
BisNb3015 phase [44]. On the contrary, in our case, we have clearly
demonstrated the formation of the BisNb3Oq5 phase, and compar-
ison between both works suggests that the optical properties are
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similar among the different compounds and phases of the BNO
system. The BisNb3015 films showed high refractive index ranging
from 2.06 at 0.65 eV to 2.94 at 4.0 eV, with a similar trend to those
reported by Kang et al. [44], such values are for sure of interest for
photonics applications. The k values were used to calculate the
absorption coefficient (Eq. (2)) and from there the optical band gap
(Eg). Kang et al. [44] did not estimated the Eg for the other related
BNO phases (amorphous, BisNbO7 and BiNbQ,), but by looking the
k vs. energy spectra, it can be deduced that all films will have an
optical band gap above 3.0 eV. This value is slightly larger to those
reported for the BisNb3O15 powders [13—16]. In those papers, the
estimation of the optical band gap is done using the Kubelka-Munk
function obtained from the UV—VIS diffused reflectance spectra
and the band gap are estimated assuming direct interband transi-
tion. The reported values are around 2.90 [16] —2.98 [15] eV.

In our experience working with nanocrystalline thin films, the
indirect band gap model is regularly used to take into consideration
the large component of grain boundaries that constitute defects
states which absorb light at photon energies below the gap [17,45]
and therefore, it is common that the band gap of the films is lower
that the gap reported for powder samples. However, in this case, we
have the opposite behavior without a clear explanation. Indeed the
estimation of the direct band gap for the BisNb3O15 thin films lead
to values around 3.7 eV, not realistic considering that the optical
transmittance of the samples decreased at lower energies (Fig. S2).
The tail of absorption at energies <3.0 eV is associated to structural
defects, such as the grain boundaries or vacancies. Therefore, we
conclude that the band gap estimation is fairly good and this sug-
gests that the nominal band gap of a pure crystalline BisNb3O1s5
sample should be larger than the values reported for the powder
samples and the values obtained for these nanocrystalline thin
films. Granting that the definition of an absolute value of Eg is never
easy to obtain since it depends on too many experimental param-
eters and the model used, as was observed years ago for the
amorphous silicon thin films [46], we consider that there is also a
problem with the proper identification of the BisNb3O15 phase re-
ported for the powder samples. Analyzing carefully the diffraction
patterns reported by Guo et al. [13,47] and Gurunathan et al. [12], it
is clear that many diffraction peaks are not identified and do not
belong to the BisNb3O15 phase, no matter the standard XRD pattern
used. The presence of impurities in those powders could explain
the lower band gap, as has been shown when metallic atoms are
intentionally included in the structure [48,49]. This discrepancy in
the estimation of the Eg might be seen as an insignificantly small
numeric difference but it has large implications for the application.
The relevance is that the Eg values are around the limit between
visible (powders) and UV light (our films). Obviously, the threshold
energy for the generation of photocarriers is a very important
parameter for the possible application of the material as a visible-
light photocatalyst and this can be strongly affected by impu-
rities, either intentionally added or left as residuals during the
synthesis process.

As described in the introduction, the previous reports about the
visible-light driven photocatalysis using BisNb3O15 powders have
included Ag, Pt, Y3* or g-C3N, in order to improve the activity in the
visible range. In this paper, the photocatalytic evaluation of the
BisNb3015 films was done using a simplified method observing the
degradation of a dye molecule through the measurement of the
decrease in the absorbance of the dye solution. The catalyst to dye
concentration ratio was in the similar order of magnitude (10% g/
mol) that those reported by previous works [13,14,16]. However, in
those works the sample were in powder form, so the surface area is
much larger than our thin films.

In agreement, to our estimation of the optical band gap, the
material did not show any photocatalytic activity using visible-light

(data not shown). However, when the sample was illuminated us-
ing UV-light (365 nm — 3.4 eV), the IC dye degradation was
possible, but highly dependent on the pH of the solution. Moreover,
we confirmed that the IC dye was not degraded under UV illumi-
nation neither without the BisNb3Oq5 films nor in the dark in the
presence of the films. The degradation was only observed under
acidic pH (nearly 100% at 270 min) and according to the estimation
of the pzc value, the response is explained in terms of an enhanced
adsorption of the pollutant on the surface of the films, leading to a
more efficient degradation of the molecule through interaction
with the photogenerated carriers. Nevertheless, the TOC experi-
ments, the evaluation of *OH radical formation by illumination of
the BisNb3015 films, as well as the increase in the absorbance of the
secondary products (Isatin sulfonic acid and 2-amine-5-sulfo-ben-
zoic acid) with the irradiation time, are clear indications that the
dye mineralization was not completed. A possible explanation for
these results can be elaborated considering the relative position of
the conduction and valence bands of the material. In order to
measure the position of the conduction band, it is required that the
film is deposited on a transparent conductive oxide, but as a first
approximation, it is also possible to assess it conceptually. Based on
the empirical approximation of Scaife [16,50], which is valid for
oxide materials with completely full (d'°) or empty (d°) d electronic
states, the position of the conduction band minimum can be
approximated by Vcg = 2.94 — Eg (vs normal hydrogen electrode,
NHE), where the 2.94 is an empirical value and Eg is the optical
band gap. The Vg of the BisNb3O1s films (which fulfill the previous
requirements) using this equation and the optical band gap deter-
mined in this work, is at —0.31 V (vs NHE). Then, a band diagram
scheme (Fig. 10) can be produced to understand the observed re-
sults related to the photodiscoloration of the IC dye without
mineralization and the low *OH yielded.

According to the diagram, the band positions of the BisNb3Oq5
films are very similar to the TiO, and so both oxidation and
reduction reactions induced by the photogenerated carriers e g
and h'yp are energetically favorable at photon energies above the
band gap, i. e. below 380 nm (UV light). However, we did not
observed the creation of hydroxyl radicals as with the TiO,, sug-
gesting that the low photocatalytic activity observed must be
related to a very high recombination rate of the e cg — h*yp pairs.
The recombination process, although it needs further confirmation,
could explain the dissimilar results in comparison to the BisNb3O15
powders, since one of the strategies to decrease the bulk
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Fig.10. Schematic energy level of the BisNbs045 in comparison to the titanium oxide at
pH = 0. The conduction band (CB) position of the BisNbs0;5 was estimated using the
approximation from Scaife [50].



3712 0. Depablos-Rivera et al. / Journal of Alloys and Compounds 695 (2017) 3704—3713

recombination rate and increase the life-time of the photo-
generated carriers is the reduction of the particle sizes, as those
reported for the BisNbsOq5 [13,15,16]. Similarly, the addition of
noble metals diminishes the recombination rate because the metal
particles act as electron acceptors and increase the separation of
the photogenerated e cg — h*yg pairs, explaining the good pho-
tocatalytic activity of the Ag or Pt modified BisNb3O15 samples
[13,14]. According to Sun and Wang [51], the extreme recombina-
tion is a common problem with bismuth based complex oxides
despite their high photooxidation ability.

5. Conclusions

BisNb3O15 thin films were successfully prepared by a dual co-
sputtering process that does not require the synthesis of special
targets with the same composition. The combined characterization
of XRD (0-20 and in-plane modes) and vibrational spectroscopies
allow a complete identification of the structure that exhibits high
crystallinity and phase purity. The simulation method at the den-
sity functional theory level with B3LYP functional using the
LANL2DZ for metal atoms and D5DV basis sets for light atoms
provides total Raman and IR spectra of the layered Aurivillius
structure of the BisNb3Oq5 phase that matches quite well the
experimental data. Reflectance and Transmittance spectroscopy
was used to determine the optical properties of the BisNb3O15 films
in the 0.65—4.0 eV spectral region using a Tauc-Lorentz model to
parameterize the n and k functions. The high values of the refractive
index (2.0—3.0) suggest that the material could be useful for pho-
tonic applications. Nevertheless, the high temperature of the
annealing treatment used to obtain the phase might limit the
possible applications. The threshold absorption energy or optical
band gap was established at photon energies at 3.25 eV, i. e. in the
UV spectral region. Therefore, in order to use the films as a visible-
light photocatalyst, band engineering is required. The photo-
discoloration (~100% in 270 min) of indigo carmine solutions
(5 ppm) was achieved using low energy consumption (26 W/m?)
when the pH is reduced below the point of zero charge of the
material, measured as pHp,c = 7.8. However, no significant miner-
alization and production of *OH radicals was achieved indicating
that despite the effective UV activated generation of the electron-
hole carriers, there is a large bulk (within the film thickness)
recombination limiting the degradation of organic pollutants.
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