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Abstract

In this work, BIOCI films were obtained by tape casting using BiOCIl powders
synthesized by the co-precipitation method. The effect of the film’s sintering
temperature (300°C to 600°C) on the morphology, chemical composition, crystalline
phases and optical characteristics was studied. The obtained BiOCI powders showed a
flake-like morphology, a tetragonal crystalline structure without secondary phases and
a wide band gap of 3.53 eV. For BiOCI films, results indicated that as the sintering
temperature increased the flake-like shaped particles changed to rectangular ones while
the amount of chlorine in the films decreased. A phase transition from tetragonal BiOCI
to monoclinic Bi24031Clio was also observed as the sintering temperature increased.
Consequently, optical studies revealed that the band gap of BiOCI films decreased from
3.03eV to 2.82 eV. FTIR analysis demonstrated that the organic groups were removed
from the films only for sintering temperatures above 400 °C. The Rhodamine B dye
adsorption capacity of BiOCI films decreased with increasing sintering temperature.
The results obtained allow us to conclude that BiOCI films are suitable for use in DSSC

when the sintering temperature is in the range of 400 to 500 °C.

Keywords: BiOCI films, tape casting, Dye-sensitized solar cells.
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1. Introduction

Dye-sensitized solar cells (DSSC) have emerged as a simple and low-cost alternative to
traditional silicon-based solar cells. So far, the highest Power Conversion Efficiency (PCE)
for commonly TiO2-based DSSC is close to 14.3 % [1]. Increasing this value is one of the
main challenges of DSSC devices for future industrial production. Hence, new
semiconductor materials capable of increasing the adsorption of dye molecules, reducing
recombination processes and improving charge-carrier transport are needed [2]. Several
semiconductors have been studied as a potential replacement for TiO,, such as ZnO [3], SnO2
[4], Nb2Os [5] and SrTiOs [6]; however, none of them has significantly improved the

efficiency of TiO2-based DSSC.

Bismuth oxychloride (BiOCI) is a relatively new semiconductor material that has received
much attention due to its similarity to TiO [7]. BiOCI is an indirect semiconductor with a
wide band gap (3.2 - 3.5 eV [8]) and a light absorption edge close to 360 nm that would
ensure light transmission to the dye molecules if used in DSSC [9, 10]. The internal
structure of BiOCI consists of [Bi202]** layers intercalated by two slabs of Cl atoms,
which provides this material a favorable transfer and separation of photogenerated
charge carriers [11]. This unique layered structure gives the material excellent physical
and chemical properties, allowing its application in different fields such as solar cells,
photocatalysts and photoelectrochemical studies [12, 13]. Furthermore, theoretical
studies have shown that BiOCI exhibits suitable band edge positions to collect electrons

from different organic compounds [14].

Not only the optical and structural properties of the semiconductor are important for

obtaining an efficient DSSC, but also the morphological characteristics play an important
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role to evaluate the dye molecules adsorption [15]. It is known that semiconductor films
used in DSSC must have a porous morphology for large adsorption of dye molecules on their
surface [16]. Although several physical and chemical methods are available to obtain
semiconductor films, most of them lead to compact morphology instead of a porous one [17].
Commonly, the synthesis of porous semiconductor films for DSSC application is carried out
employing the Screen Printing method [18, 19] or Tape Casting [20]. In these two methods,
an annealing process is required to tune the particle size and phase composition, which
ultimately determines the textural material properties. Therefore, the study of the effect
of the annealing process on the film properties is crucial to controlling both the

composition and the morphology of the film for DSSC application.

As far as we know, only few works have reported the synthesis and use of BiOCI films as a
semiconductor material in DSSCs [21, 22]. Some attempts have been done for this purpose.
Luz et al. obtained BiOCI and BiOBr nanodiscs (100-150 nm in diameter, 15-25 nm in
thickness) by water-based nucleation. In order to control particle growth and shape
particles, the nanodiscs were purified by a complex phase-transfer reaction. The
prepared BiOCI film was used in a p-DSSC device sensitized with coumarin and a PCE
of 0.003% was achieved [21]. In 2014, Wang et al. reported a DSSC based on the
Bi24031Cl10 semiconductor sensitized with the N719 dye. Nevertheless, this material
exhibited a relatively low band gap of 2.2 eV, which lead to an absorption of visible
light, limiting the light absorption by dye molecules [22]. Hence, the challenge of

obtaining BiOCI films with suitable characteristics to be used in DSSCs remains.

The aim of this paper is to study the effect of sintering temperature on the BiOCI

properties to be used as a semiconductor in DSSC. BiOCI powder was synthesized by a
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simple co-precipitation method and films were obtained by the tape-casting method. These
films were heat-treated at temperatures of 300°C, 400°C, 500°C and 600 °C. Morphology,
microstructure and optical characteristics of BiOCI films are measured and related to the

adsorption of dye molecules, specifically, Rhodamine B.

2. Experimental Details

2.1 Synthesis of BiOCI powder

BiOCI powder was synthetized by the co-precipitation method according to the procedure
represented in Figure 1 a) to ¢). 0.29 g of KCI (99.0 %, Merck®) was dissolved in 40 mL
of deionized water and stirred for 30 min. A second solution containing 1.97 g of
Bi(NO3s)sx 5H20 (99.0 %, Sigma-Aldrich®) was dissolved in 40 mL of 10 % acetic acid
solution and stirred for 30 min (see Fig. 1 a). Subsequently, the KCI solution (4 mM)
was added dropwise to the bismuth solution (4 mM) under stirring (Fig. 1 b). After the
total incorporation of both solutions, the reaction mixture was kept under constant stirring
for 30 min at room temperature. The resulting product was collected by gravity filtration and
washed with ethanol and deionized water successively. The resulting powder was dried at

60 °C for 12 h (Fig. 1c) [23].
2.2 Synthesis of BiOCI films

BiOCI films were deposited on glass substrates using the tape-casting technique. First, the
substrates were cleaned with water and soap and subsequently rinsed with deionized water
and ethanol. Cleaned substrates were dried in an oven at 60 °C for 30 min. Then, to deposit

the BiOCI film, an exposed area of 0.5 x 0.5 cm was delimited by using Kapton tape®.
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Secondly, the BiOCI paste was prepared by mixing 0.5 g of BiOCI powder, 0.4 g of
polyvinylpyrrolidone (PVP, 10.000 mol wt, Sigma-Aldrich®) and 0.7 mL of ethanol (99.5%,
Emplura®) as graphically shown in Fig. 1 d). After 15 min of continuous mixing, 0.3 mL of
a-terpineol (96%, Sigma-Aldrich®) was added and mixed for 5 min (Fig. 1 e). Afterward, as
shown in Fig. 1 f), the paste was deposited on the glass substrate by spreading it on the
substrate surface with a squeegee.

a) b) Kcl
. ’ Solution
KCl Bi(NO3)3 -5H20

Solution Solution
Bi(NO3)3 - 5H20
Solution

Powder

Powder PVP Ethanol

S+ *E”H

Fig. 1. Synthesis of a) to ¢) BiOCI powder by co-precipitation method; d) to f) BiOCI films

by tape casting.
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The obtained samples were kept at room temperature for 5 min, and after, the Kapton tape
was removed. The obtained samples were sintered in air in a tubular furnace (MPTI
corporation GSL-1100X).

Four different sintering conditions were tested, which are shown in Table 1. These
temperatures of sintering were selected to eliminate organic additives and solvents used
during the BiOClI films synthesis [19]. The sintered samples were removed from the furnace

when the temperature was lower than 50 °C and stored in dry and dark conditions.

Table 1. Sintering conditions for BiOCI films

Experiment N° Sample Temperature (°C) Time (min)
1 BiOCI 300 300 180

2 BiOCI 400 400 180

3 BiOCI 500 500 30

4 BiOCI 600 600 30

2.3 Characterization of BiOCI powders and films

Surface characteristics and semi-quantitative chemical composition of the BiOCI
samples were evaluated using scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS), using a Hitachi Su 70 microscope with an EDS detector
attached to the equipment. The specific surface area and the pore size distribution of
the samples were obtained by N2 adsorption—desorption analysis, using a Micromeritics

ASAP 2020 instrument and applying Brunauer-Enmmets-Teller (BET) and Barret-
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Joyner-Halenda (BJH) methods. The crystalline phases of BIOCI powders and films
were identified by X-ray diffraction (XRD) using a Rigaku Ultim 1V diffractometer
with Cu K radiation (A = 1.5406 A). The samples were measured at the scanning rate
of 0.5°/min in the 20 scan range of 5° - 65° at 40 kV and 40 mA. Optical characteristics
of the obtained samples were studied through diffuse reflectance spectroscopy (DRS) in
the wavelength interval of 340-800 nm using a UV-Vis spectrophotometer Thermo
Scientific model Evolution 220; the optical band gap was calculated through the
Kubelka-Munk method [24]. Finally, Fourier transform infrared (FTIR) spectra were
obtained using a PerkinElmer spectrometer model Spectrum Two with LiTaO3 MIR

detector.

2.4 Dye adsorption studies on BiOCI films

The dye adsorption capability of the BiOCI films was investigated with the method
previously reported by Marco et al. by the absorbance spectra of sensitized transparent BiOCI
films [25]. Glass substrates with an exposed area of 2.5 x 2.5 cm? were cleaned as described
in section 2.2. Subsequently, 250 puL of BiOCl paste (0.5 g of BiOCl powder, 0.4 g of PVP,
1.5 mL of ethanol and 0.3 mL of a-terpineol) was spread on the glass substrate by tape

casting. The obtained transparent films were sintered at the conditions detailed in Table 1.

For dye adsorption, the obtained transparent BiOCI films were immersed in a Rhodamine B
solution (1.37 x10° M) for 8, 12 and 24 h. After the corresponding time, samples were
removed from the solution, washed with ethanol, and dried at room temperature. Dye-

sensitized BiOCI samples were kept in dark conditions to avoid dye degradation. Absorption
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spectra of sensitized BiOCI films were measured in the wavelength interval of 340-800 nm

using a UV-VIS spectrophotometer ThermoScientific Evolution 220.

3. Results and Discussion

3.1.  Characterization of BiOCI powder

Figure 2 a) shows the SEM images for the BiOCI powder obtained by the co-precipitation
method, where flake-like shape particles are observed. It can also be seen that the flakes are
forming agglomerates with a size of ~ lum. Deng et al. and Ma et al. reported similar
morphology for BiOCI powder obtained by the co-precipitation method [26, 27]. The semi-
quantitative chemical composition of the BiOCI powder, measured by EDS, showed the
presence of Bi (38.1%), O (24.1%) and CI (37.8%) with a Bi:O:Cl ratio of 1:0.7:1 that could

mean that samples have oxygen vacancies.

Figure 2 b) shows the XRD diffractograms, where the polycrystalline nature of the obtained
BiOCIl powder can be seen. Peak identification reveals the tetragonal phase of BiOCI
according to the Powder Diffraction File (PDF) from the International Centre for Diffraction
Data (ICDD) N° 06-0249 [28,29]. A peak widening is observed, which can be attributed to
small crystallite size and/or inhomogeneous deformations in the powders. To determine the
reason for the widening of the peaks, Williamson-Hall (W-H) relation was applied, which is

given by Eq. (1) [30]:
pcosB = I% + 4esind (1)

where D is the average crystallite size, 4 is the X-ray wavelength (0.154056 nm), k is the
shape factor (0.75 in this case [31]), g is the full width at half maximum (FWHM) of the

diffraction peaks, ¢ is the lattice microstrain and 4 is the diffraction angle.
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Figure 2 c¢) shows the Williamson-Hall plot, which is obtained by plotting 4sin(@) along the
x-axis and fScos(0) along the y-axis. From the linear fit to the data, the crystallite size was
estimated from the y-intercept and the lattice strain from the slope. The obtained value for D
was 22 nm which indicates the nanocrystalline nature of the synthesized BiOCI powders.
The microstrain was found to be 1.75x103, indicating that the lattice strain practically
does not contribute to peak broadening [28]. The presence of these lattice deformations

could be a consequence of the oxygen atom vacancies revealed by EDS analysis.

The optical band gap of the BiOCI powder was calculated using the Tauc plot through the
Kubeka-Munk model for diffuse reflectance [24]. Figure 2 d) shows the Tauc plot, where a
band gap value of 3.53 + 0.03 eV is extracted, which agrees with the value reported
previously for BiOCI powders [29]. An optical band gap higher than 3.0 eV ensures that most
of the incident light is not being absorbed by the semiconductor, which is an optimal

condition to be considered as a potential photoanode in DSSC [32].
3.2.  Characterization of BiOCI films

Figure 3 shows photographs of the BiOCI films before and after the heat treatments. The
obtained sample prior annealing process is shown in Fig. 3 a), where it is possible to
observe a homogeneous and white film, which is characteristic of BiOCI material. In
Fig. 3 b) it is shown that after sintering at 300 °C, a dark BiOCI film was obtained. This
indicates that the organic additives and solvents used during the film deposition were
not completely evaporated and/or burning during the heat treatment. The presence of
these organic compounds reduces the exposition of the semiconductor surface to the dye
molecules and blocks the light transmission towards the dye. For this reason, this sample

was discarded and not subjected to further characterization.
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Fig. 2. BiOCI powder obtained by co-precipitation method: a) SEM image, b) XRD pattern,

¢) W-H plot, d) Tauc plot.

Fig. 3 ¢) depicts the BiOCl sample sintered at 400 °C where is seen that the obtained film
exhibits a white color meaning that all the organic additives and solvents were removed after
3 h of calcination. For samples sintered at 500 °C and 600 °C, Fig. 3 d and e, respectively,
the films exhibited a white color after 30 min of annealing. From Fig. 3 ¢) to e), it can
be seen the tendency of the films to become slightly yellowish as the sintering temperature

increases, which could be related to possible structural and/or chemical modifications.
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Fig. 3. BiOClI films: a) without heat treatment, heat treated at b) 300°C (BiOCI 300), c) 400°C

(BiOCI 400), d) 500°C (BiOCI 500) and d) 600°C (BiOCI 600).

The surface morphology of the BiOCI films sintered at different temperatures is shown in
Fig. 4. Figure 4 a) and b) show the surface characteristics of the BiOCI-400 sample. A highly
porous morphology with flake-like shaped particles that are linked to each other forming
spherical aggregates is observed. It can be noticed that the particle shape for the BiOCI-400
sample is similar to the one observed for the BiOCI powders. It is highlighted that the highly
porous morphology observed would favor the dye molecules adsorption on the

semiconductor surface.

The surface morphology of the BiOCI-500 sample is shown in Fig. 4 c) and d), where a more
compact film than the BiOCI-400 sample is observed. In addition, some cracks are seen on
the sample surface (see yellow arrow), which could be attributed to a possible phase
transformation in the films involving crystalline structure changes and deformations [33, 34].
Figure 4 e) and f) shows the morphology of the BiOCI-600 sample, where it is observed

that the sintering at a temperature of 600 °C leads to the appearance of broad cracks on
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the sample surface. In addition, the flake-like shaped particles observed in the BiOCI-400
and BiOCI-500 samples changed to rectangular with rounded edges, resulting in a more
compact surface. This morphological modification could be associated with the changes in
the chemical composition of the films, which are shown in Table 2. The increase in
temperature leads to a shrinkage of the films because of the reduction of chlorine in the

samples, which corresponds with previous reports [20].

From Table 2, it is also observed that in all samples an increase in the sintering

temperature produces a diminution in chlorine concentration.

To reach a further understanding of the effect of sintering temperature on the surface
characteristics, the specific surface area of the BiOCI powders thermally treated at 400,
500 and 600° C was measured. It must be noted that the specific surface area on films
Is not possible to be measured, and the values for BiOCI powders are presented only for
comparison purposes. The results showed that the specific surface area for BiOCI
powder sintered at 400 °C, 500 °C and 600 °C were 17.05 + 0.11, 19.55 + 0.09 and 6.02
+ 0.07 m?/g, respectively, and the pore volume was 0.054, 0.054 and 0.017 cm?(g,
respectively. Hence, the BiOCI annealed at 600 °C exhibited the lowest surface area,

which is consistent with the morphological change observed in Fig. 4.
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Table 2. Semi-quantitative EDS chemical composition of obtained sintered films.

Sample Bi (% at.) O (% at.) Cl (% at.) Bi: O: CI

BiOCl400°C  35.7%1.3 46.7+1.9 17.6 £0.7 1:1.30: 0.49
BiOCI500°C  38.7+1.3 453+1.9 16.0+0.7 1:1.17:0.41
BiOCI 600 °C  40.3+1.3 484+1.9 11.3+0.7 1:1.20: 0.30

Figure 5 shows the XRD pattern of BiOCI films after sintering at (a) 400, (b) 500 and (c) 600
°C. From the diffractogram of the BiOCI-400 sample (Fig. 4 a), the presence of several
diffraction peaks is observed, which can be ascribed to both the tetragonal phase of BiOCI
(star symbol) according to the PDF N° 06-0249 and the tetragonal phase of Bi>O3 (circle
symbol) according to the PDF N° 29-0236. The appearance of Bi2Os is a consequence of the
chlorine volatilization during the sintering process, and therefore the crystal phase becomes
unstable undergoing a phase transformation from pure BiOCI to a mixture of Bi»O3z and

BiOCI. [35].

When the sintering temperature is increased up to 500 °C (see Fig. 5 b), the appearance of
several diffraction peaks is observed, which can be ascribed to the tetragonal phase of Bi.O3
according to the PDF N° 29-0236. When comparing the XRD pattern for BiOCI-400 with
BiOCI-500 samples, a partial phase transformation from BiOCI to Bi>Os is observed. This
change could be attributed to the chlorine reduction during the sintering. It has been reported
that, among their four polymorphs, the tetragonal phase of Bi»Os is the predominant one after

annealing at temperatures up to 643 °C [36], which agrees with the finding in these samples.
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In Fig. 5 c) the XRD pattern for the BiOCI-600 sample is shown. It is possible to observe a
drastic change in the diffraction pattern when the sintering temperature was 600 °C. The
diffraction peaks can be attributed to the monoclinic phase of Bi»4031Clyo according to the
PDF N° 75-0887. The phase transformation observed as the sintering temperature increases
as a consequence of the continuous chlorine volatilization. Thus, the heat treatment allowed
the continued reduction of chlorine to Cl, leading to a phase transformation in two stages:
(@) the appearance of the Bi-Oz phase at 400°C and 500 °C, and (b) change from the
tetragonal lattice of BiOCI to the monoclinic lattice of Bi24031Clio at 600 °C [11, 37]. These
findings are in accordance with the atomic chemical composition shown in Table 2, where
the atomic composition of the BiOCI-400 sample can be adjusted to a mixture of BiOCI (52.8
%) and Bi203 (47.2 %); similarly, the BiOCI-500 sample corresponds to a mixture of BiOCI
(48 %) and Bi203 (52 %). On the contrary, the atomic composition of the BiOCI-600 sample

corresponds only to the single phase of Bi21031Clio.

The crystallite size of BiOCl films was calculated by using Scherrer’s equation, due to films
obtained at 400 ° and 500 °C were a mixture of Bi.Oz and BiOCI phases, thus the near
position of peaks involve overlaps the points on the Williamson-Hall graph. The crystallite
size values were 19, 13 and 30 nm for BiOCI samples annealed at 400 °C, 500 °C and 600
°C, respectively. This behavior could be attributed to the phase change from BiOCI to
Bi2403:Cl1o as the sintering temperature increased from 400 °C to 600 °C. The sample
annealed at 500 °C exhibits a broadening peak with a reduction of the crystallite size as a
consequence of the increase in lattice disorder, while at 600 °C an increase in the crystallite

size was observed.
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Fig 5. Diffraction patterns of films heat treated at (a) 400 °C, (b) 500 °C and (c) 600 °C.

Figure 6 shows the Tauc plot obtained from the diffuse reflectance spectra through the
Kubelka-Munk method. By extrapolating the linear portion of the Tauc plot, the band gap
values for BiOCI films are obtained, where it is seen that the band gap values tend to decrease
as the sintering temperature increases. The reduction in the band gap can be attributed to the
phase transformation with rising temperature. Thus, the BiOCI-400 sample has a band gap
value of 3.03 = 0.01 eV which agrees with the expected value for BiOCI [38, 39]. For the
BiOCI-500 sample, the band gap value exhibits a reduction up to 2.87+ 0.06 eV, which is
very close to the band gap value for Bi.O3 (Eg=2.87) [40]. The BiOCI-600 sample exhibits a
band gap value of 2.80+ 0.01 eV, which agrees with the value for the Bi2403:Clio phase

(Eg=2.7-2.8 eV) [11, 36].
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Fig. 6. Tauc plot of BiOCI films.

The FTIR spectra of BiOCI powder, BiOCI-400, BiOCI-500 and BiOCI-600 samples are
presented in Fig. 7. All the samples showed the band at 530 cm™, which corresponds to the
symmetrical stretching vibration of Bi-O bond [41-42]. The band at 650 cm™ is also assigned
to the Bi-O bond [41, 43], which increases with the annealing temperature and is seen in the
sample annealed at 600 °C. The small band located at 1461 cm™ in the powder sample is
attributed to O-Cl vibration and the band slightly perceptible at 1165 cm™ corresponds to the
Bi-Cl bond. The signals at 530 and 650 cm™ for the BiOCI-600 sample are observed to be
more intense than BiOCI-400 and BiOCI-500 samples, which can be attributed to the phases

present in the samples.

Moreover, it can be observed that the BiOCI powder sample contains some remaining organic
groups from the precursors used during the co-precipitation method. The bands at 1050 and

1320 cm are ascribed to NOs™ groups [41] coming from the starting Bi(NOs)s used to
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synthetize BiOCI powders. The bands at 1615 and 3550 cm™ are the deformation vibration
and stretching vibration of the hydroxyl group (-OH) [44]. Most of these signals, as well as

-OH, were not detected after annealing.

BiOCLpowder = = |

_ |BiOC1-400
: 1
= OH™
j; BiOCI-500
g P‘—‘V-\—IL._
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Fig. 7. FTIR spectra for the BiOCI films obtained at different sintering temperatures.

3.3.  Dye adsorption studies

To investigate the capability of the BiOCI films to adsorb dye molecules for potential
application as a photoanode in DSSC, the absorbance spectra of dye sensitized BiOCI films

were measured.

Figure 8 shows the absorbance spectra of Rhodamine B and sensitized BiOCI films for
immersion times of 8, 12 and 24 h. The constant lines correspond to the BiOCI films before

dye sensitization. Fig. 8 a) shows the absorbance spectra of pure Rhodamine B (100 ppm in
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ethanol), where the characteristic absorption peak at 551 nm is observed [45]. Figure 8 b)
shows the absorbance spectra for the BiOCI-400 sample after sensitization, where it is
possible to observe an absorption peak located at 574 nm. An increase in the absorbance from
0.37 to 0.42 can also be seen, as the immersion time increases from 8 h to 24 h. For the
BiOCI-500 sample (see Fig 8 c)), the absorption peak is located at 569 nm, and a maximum

absorbance of 0.47 is observed after 24 h of immersion.

Figure 8 d) shows the absorbance spectra for the BiOCI-600 sample, where an absorption
peak located at 566 nm is observed, with a maximum absorbance of 0.24 after 24 h of
immersion. The BiOCI-600 sample showed the lowest dye adsorption, which could be a
consequence of both the drastic reduction of the specific surface area when the BiOCI
was sintered at 600 °C and the transformation to Bi2sO31Clio. This reduced specific
surface area provides fewer available sites for dye anchoring, negatively affecting the

capability of BiOCI to be sensitized with rhodamine B.

All the absorption spectra of sensitized films showed a bathochromic shift (~ 20 nm) and an
increase in the width of peaks, which can be ascribed to the protonation of the dye and
formation of J-aggregates as a consequence of the dye adsorption on the BiOCI surface [46,
47]. Protonation improves the electrostatic attraction between the negatively charged dye
molecules and the positively charged semiconductor surface, thus may enhance dye
adsorption [48]. J-aggregates are known because they exhibit relevant optical properties,
both fast exciton energy migration and efficient exciton coupling, which are important for
light harvesting on photovoltaic devices [49]. Accordingly, all the obtained BiOCI films are
capable to be sensitized with Rhodamine B, where the BiOCI-400 sample exhibited the

highest absorbance after sensitization.
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Based on the above results it is evident that the conditions of the sintering process influence
morphology, chemical composition, structural properties, optical characteristics and

adsorption capability of dye on BiOCI film.
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Fig. 8. Absorbance spectra for a) Rhodamine B in ethanol and dye sensitized BiOCI films

sintered at b) 400 °C, c) 500 °C and d) 600 °C.
Conclusions

The effect of sintering temperature on the properties of BiOCI films obtained by the
tape-casting method was studied. From the results, it is possible to conclude that a

sintering temperature of 300°C was not enough for eliminating the solvents used during
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the production of the films. For sintering temperatures of 400, 500 and 600 °C the

following observations can be highlighted:

A morphological change from flakes-like particles (400 and 500 °C) to
rectangular ones (600°C) was observed as the temperature increased. A surface
area diminution of around 60% was observed as temperature increased.

The chlorine content of the films diminished from 17 to 11 at. % when the
sintering temperature changed from 400 to 600°C.

Phases transformations were observed as the sintering temperature increased.
Small quantities of Bi2Os were found in film sintered at 400°C, which increased
at 500°C. At 600°C the entire BIOCI film was transformed to Bi2sOz31Clao.
Consequently, the band gap was reduced from 3.03 eV in films sintered at 400°C
to 2.8 eV in films sintered at 600°C.

The adsorption of Rhodamine B dye molecules decreased as the sintering
temperature increased, which is due to both the surface area diminution and the
differences in phases conforming the films. Hence, samples sintered at 400 °C

allowed the maximum dye molecules adsorption.

Therefore, by setting the sintering temperature it is possible to obtain BiOCI films with

porous morphology, wide band gap and high dye molecules adsorption, which provides

a new alternative semiconductor material to be used as a photoanode in DSSCs.
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Abstract

In this work, BIiOCI films were obtained by tape casting using BiOCI powders synthesized
by the co-precipitation method. The effect of the film’s sintering temperature (300°C to
600°C) on the morphology, chemical composition, crystalline phases and optical
characteristics was studied. The obtained BiOCI powders showed a flake-like morphology,
a tetragonal crystalline structure without secondary phases and a wide band gap of 3.53 eV.
For BiOCI films, results indicated that as the sintering temperature increased the flake-like
shaped particles changed to rectangular ones while the amount of chlorine in the films
decreased. A phase transition from tetragonal BiOCI to monoclinic Bi2s031Clio was also
observed as the sintering temperature increased. Consequently, optical studies revealed that
the band gap of BiOCI films decreased from 3.03 eV to 2.82 eV. FTIR analysis demonstrated
that the organic groups were removed from the films only for sintering temperatures above
400 °C. The Rhodamine B dye adsorption capacity of BiOCI films decreased with increasing
sintering temperature. The results obtained allow us to conclude that BiOCI films are suitable

for use in DSSC when the sintering temperature is in the range of 400 to 500 °C.

Keywords: BiOCI films, tape casting, Dye-sensitized solar cells.
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1. Introduction

Dye-sensitized solar cells (DSSC) have emerged as a simple and low-cost alternative to
traditional silicon-based solar cells. So far, the highest Power Conversion Efficiency (PCE)
for commonly TiO2-based DSSC is close to 14.3 % [1]. Increasing this value is one of the
main challenges of DSSC devices for future industrial production. Hence, new
semiconductor materials capable of increasing the adsorption of dye molecules, reducing
recombination processes and improving charge-carrier transport are needed [2]. Several
semiconductors have been studied as a potential replacement for TiO,, such as ZnO [3], SnO2
[4], Nb2Os [5] and SrTiOz [6]; however, none of them has significantly improved the

efficiency of TiO2-based DSSC.

Bismuth oxychloride (BiOCI) is a relatively new semiconductor material that has received
much attention due to its similarity to TiO [7]. BiOCI is an indirect semiconductor with a
wide band gap (3.2 - 3.5 eV [8]) and a light absorption edge close to 360 nm that would
ensure light transmission to the dye molecules if used in DSSC [9, 10]. The internal structure
of BiOCI consists of [Bi.0,]** layers intercalated by two slabs of Cl atoms, which provides
this material a favorable transfer and separation of photogenerated charge carriers [11]. This
unique layered structure gives the material excellent physical and chemical properties,
allowing its application in different fields such as solar cells, photocatalysts and
photoelectrochemical studies [12, 13]. Furthermore, theoretical studies have shown that
BiOCI exhibits suitable band edge positions to collect electrons from different organic

compounds [14].

Not only the optical and structural properties of the semiconductor are important for

obtaining an efficient DSSC, but also the morphological characteristics play an important
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role to evaluate the dye molecules adsorption [15]. It is known that semiconductor films used
in DSSC must have a porous morphology for large adsorption of dye molecules on their
surface [16]. Although several physical and chemical methods are available to obtain
semiconductor films, most of them lead to compact morphology instead of a porous one [17].
Commonly, the synthesis of porous semiconductor films for DSSC application is carried out
employing the Screen Printing method [18, 19] or Tape Casting [20]. In these two methods,
an annealing process is required to tune the particle size and phase composition, which
ultimately determines the textural material properties. Therefore, the study of the effect of
the annealing process on the film properties is crucial to controlling both the composition

and the morphology of the film for DSSC application.

As far as we know, only few works have reported the synthesis and use of BiOCI films as a
semiconductor material in DSSCs [21, 22]. Some attempts have been done for this purpose.
Luz et al. obtained BiOCI and BiOBr nanodiscs (100-150 nm in diameter, 15-25 nm in
thickness) by water-based nucleation. In order to control particle growth and shape particles,
the nanodiscs were purified by a complex phase-transfer reaction. The prepared BiOCI film
was used in a p-DSSC device sensitized with coumarin and a PCE of 0.003% was achieved
[21]. In 2014, Wang et al. reported a DSSC based on the Bi2s031Clio semiconductor
sensitized with the N719 dye. Nevertheless, this material exhibited a relatively low band gap
of 2.2 eV, which lead to an absorption of visible light, limiting the light absorption by dye
molecules [22]. Hence, the challenge of obtaining BiOCI films with suitable characteristics

to be used in DSSCs remains.

The aim of this paper is to study the effect of sintering temperature on the BiOCI properties

to be used as a semiconductor in DSSC. BiOCI powder was synthesized by a simple co-
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precipitation method and films were obtained by the tape-casting method. These films were
heat-treated at temperatures of 300°C, 400°C, 500°C and 600 °C. Morphology,
microstructure and optical characteristics of BiOCI films are measured and related to the

adsorption of dye molecules, specifically, Rhodamine B.

2. Experimental Details

2.1 Synthesis of BiOCI powder

BiOCI powder was synthetized by the co-precipitation method according to the procedure
represented in Figure 1 a) to ¢). 0.29 g of KCI (99.0 %, Merck®) was dissolved in 40 mL of
deionized water and stirred for 30 min. A second solution containing 1.97 g of Bi(NO3)ax
5H20 (99.0 %, Sigma-Aldrich®) was dissolved in 40 mL of 10 % acetic acid solution and
stirred for 30 min (see Fig. 1 a). Subsequently, the KCI solution (4 mM) was added dropwise
to the bismuth solution (4 mM) under stirring (Fig. 1 b). After the total incorporation of both
solutions, the reaction mixture was kept under constant stirring for 30 min at room
temperature. The resulting product was collected by gravity filtration and washed with
ethanol and deionized water successively. The resulting powder was dried at 60 °C for 12 h

(Fig. 1c) [23].
2.2 Synthesis of BiOCI films

BiOCI films were deposited on glass substrates using the tape-casting technique. First, the
substrates were cleaned with water and soap and subsequently rinsed with deionized water
and ethanol. Cleaned substrates were dried in an oven at 60 °C for 30 min. Then, to deposit

the BIOCI film, an exposed area of 0.5 x 0.5 cm was delimited by using Kapton tape®.
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Secondly, the BiOCI paste was prepared by mixing 0.5 g of BiOCI powder, 0.4 g of
polyvinylpyrrolidone (PVP, 10.000 mol wt, Sigma-Aldrich®) and 0.7 mL of ethanol (99.5%,
Emplura®) as graphically shown in Fig. 1 d). After 15 min of continuous mixing, 0.3 mL of
a-terpineol (96%, Sigma-Aldrich®) was added and mixed for 5 min (Fig. 1 e). Afterward, as
shown in Fig. 1 f), the paste was deposited on the glass substrate by spreading it on the
substrate surface with a squeegee.

a) b) Kcl
. ’ Solution
KCl Bi(NO3)3 -5H20

Solution Solution
Bi(NO3)3 - 5H20
Solution

Powder

Powder PVP Ethanol

S+ *E”H

Fig. 1. Synthesis of a) to ¢) BiOCI powder by co-precipitation method; d) to f) BiOCI films

by tape casting.
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The obtained samples were kept at room temperature for 5 min, and after, the Kapton tape
was removed. The obtained samples were sintered in air in a tubular furnace (MPTI
corporation GSL-1100X).

Four different sintering conditions were tested, which are shown in Table 1. These
temperatures of sintering were selected to eliminate organic additives and solvents used
during the BiOCI films synthesis [19]. The sintered samples were removed from the furnace

when the temperature was lower than 50 °C and stored in dry and dark conditions.

Table 1. Sintering conditions for BiOCI films

Experiment N° Sample Temperature (°C) Time (min)
1 BiOCI 300 300 180

2 BiOCI 400 400 180

3 BiOCI 500 500 30

4 BiOCI 600 600 30

2.3 Characterization of BiOCI powders and films

Surface characteristics and semi-quantitative chemical composition of the BiOCI samples
were evaluated using scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS), using a Hitachi Su 70 microscope with an EDS detector attached to the
equipment. The specific surface area and the pore size distribution of the samples were
obtained by N2 adsorption—desorption analysis, using a Micromeritics ASAP 2020

instrument and applying Brunauer-Enmmets-Teller (BET) and Barret-Joyner-Halenda (BJH)
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methods. The crystalline phases of BiOCI powders and films were identified by X-ray
diffraction (XRD) using a Rigaku Ultim IV diffractometer with Cu Ka radiation (A = 1.5406
A). The samples were measured at the scanning rate of 0.5°/min in the 26 scan range of 5° -
65° at 40 kV and 40 mA. Optical characteristics of the obtained samples were studied through
diffuse reflectance spectroscopy (DRS) in the wavelength interval of 340-800 nm using a
UV-Vis spectrophotometer Thermo Scientific model Evolution 220; the optical band gap was
calculated through the Kubelka-Munk method [24]. Finally, Fourier transform infrared
(FTIR) spectra were obtained using a PerkinElmer spectrometer model Spectrum Two with

LiTaOs MIR detector.

2.4 Dye adsorption studies on BiOCI films

The dye adsorption capability of the BiOCI films was investigated with the method
previously reported by Marco et al. by the absorbance spectra of sensitized transparent BiOCI
films [25]. Glass substrates with an exposed area of 2.5 x 2.5 cm? were cleaned as described
in section 2.2. Subsequently, 250 puL of BiOCl paste (0.5 g of BiOCl powder, 0.4 g of PVP,
1.5 mL of ethanol and 0.3 mL of a-terpineol) was spread on the glass substrate by tape

casting. The obtained transparent films were sintered at the conditions detailed in Table 1.

For dye adsorption, the obtained transparent BiOCI films were immersed in a Rhodamine B
solution (1.37 x10° M) for 8, 12 and 24 h. After the corresponding time, samples were
removed from the solution, washed with ethanol, and dried at room temperature. Dye-
sensitized BiOCI samples were kept in dark conditions to avoid dye degradation. Absorption
spectra of sensitized BiOCI films were measured in the wavelength interval of 340-800 nm

using a UV-VIS spectrophotometer ThermoScientific Evolution 220.
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3. Results and Discussion

3.1.  Characterization of BiOCI powder

Figure 2 a) shows the SEM images for the BiOCI powder obtained by the co-precipitation
method, where flake-like shape particles are observed. It can also be seen that the flakes are
forming agglomerates with a size of ~ 1um. Deng et al. and Ma et al. reported similar
morphology for BiOCI powder obtained by the co-precipitation method [26, 27]. The semi-
quantitative chemical composition of the BiOCI powder, measured by EDS, showed the
presence of Bi (38.1%), O (24.1%) and CI (37.8%) with a Bi:O:Cl ratio of 1:0.7:1 that could

mean that samples have oxygen vacancies.

Figure 2 b) shows the XRD diffractograms, where the polycrystalline nature of the obtained
BiOCIl powder can be seen. Peak identification reveals the tetragonal phase of BiOCI
according to the Powder Diffraction File (PDF) from the International Centre for Diffraction
Data (ICDD) N° 06-0249 [28,29]. A peak widening is observed, which can be attributed to
small crystallite size and/or inhomogeneous deformations in the powders. To determine the
reason for the widening of the peaks, Williamson-Hall (W-H) relation was applied, which is

given by Eq. (1) [30]:
B cosO = % + 4esind Q)

where D is the average crystallite size, 1 is the X-ray wavelength (0.154056 nm), k is the
shape factor (0.75 in this case [31]), £ is the full width at half maximum (FWHM) of the

diffraction peaks, ¢ is the lattice microstrain and @ is the diffraction angle.

Figure 2 c) shows the Williamson-Hall plot, which is obtained by plotting 4sin(6) along the

x-axis and fScos(0) along the y-axis. From the linear fit to the data, the crystallite size was
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estimated from the y-intercept and the lattice strain from the slope. The obtained value for D
was 22 nm which indicates the nanocrystalline nature of the synthesized BiOCI powders. The
microstrain was found to be 1.75x107, indicating that the lattice strain practically does not
contribute to peak broadening [28]. The presence of these lattice deformations could be a

consequence of the oxygen atom vacancies revealed by EDS analysis.

The optical band gap of the BiOCI powder was calculated using the Tauc plot through the
Kubeka-Munk model for diffuse reflectance [24]. Figure 2 d) shows the Tauc plot, where a
band gap value of 3.53 + 0.03 eV is extracted, which agrees with the value reported
previously for BiOCI powders [29]. An optical band gap higher than 3.0 eV ensures that most
of the incident light is not being absorbed by the semiconductor, which is an optimal

condition to be considered as a potential photoanode in DSSC [32].
3.2.  Characterization of BiOCI films

Figure 3 shows photographs of the BiOCI films before and after the heat treatments. The
obtained sample prior annealing process is shown in Fig. 3 a), where it is possible to observe
a homogeneous and white film, which is characteristic of BiOCI material. In Fig. 3 b) it is
shown that after sintering at 300 °C, a dark BiOCI film was obtained. This indicates that the
organic additives and solvents used during the film deposition were not completely
evaporated and/or burning during the heat treatment. The presence of these organic
compounds reduces the exposition of the semiconductor surface to the dye molecules and
blocks the light transmission towards the dye. For this reason, this sample was discarded and

not subjected to further characterization.
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Fig. 2. BiOCI powder obtained by co-precipitation method: a) SEM image, b) XRD pattern,

¢) W-H plot, d) Tauc plot.

Fig. 3 c) depicts the BiOCI sample sintered at 400 °C where is seen that the obtained film
exhibits a white color meaning that all the organic additives and solvents were removed after
3 h of calcination. For samples sintered at 500 °C and 600 °C, Fig. 3 d and e, respectively,
the films exhibited a white color after 30 min of annealing. From Fig. 3 ¢) to e), it can be
seen the tendency of the films to become slightly yellowish as the sintering temperature

increases, which could be related to possible structural and/or chemical modifications.
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Fig. 3. BiOClI films: a) without heat treatment, heat treated at b) 300°C (BiOCI 300), c) 400°C

(BiOCI 400), d) 500°C (BiOCI 500) and d) 600°C (BiOCI 600).

The surface morphology of the BiOCI films sintered at different temperatures is shown in
Fig. 4. Figure 4 a) and b) show the surface characteristics of the BiOCI-400 sample. A highly
porous morphology with flake-like shaped particles that are linked to each other forming
spherical aggregates is observed. It can be noticed that the particle shape for the BiOCI-400
sample is similar to the one observed for the BiOCI powders. It is highlighted that the highly
porous morphology observed would favor the dye molecules adsorption on the

semiconductor surface.

The surface morphology of the BiOCI-500 sample is shown in Fig. 4 c) and d), where a more
compact film than the BiOCI-400 sample is observed. In addition, some cracks are seen on
the sample surface (see yellow arrow), which could be attributed to a possible phase
transformation in the films involving crystalline structure changes and deformations [33, 34].
Figure 4 e) and f) shows the morphology of the BiOCI-600 sample, where it is observed that

the sintering at a temperature of 600 °C leads to the appearance of broad cracks on the sample
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surface. In addition, the flake-like shaped particles observed in the BiOCI-400 and BiOCI-
500 samples changed to rectangular with rounded edges, resulting in a more compact surface.
This morphological modification could be associated with the changes in the chemical
composition of the films, which are shown in Table 2. The increase in temperature leads to a
shrinkage of the films because of the reduction of chlorine in the samples, which corresponds

with previous reports [20].

From Table 2, it is also observed that in all samples an increase in the sintering temperature

produces a diminution in chlorine concentration.

To reach a further understanding of the effect of sintering temperature on the surface
characteristics, the specific surface area of the BiOCI powders thermally treated at 400, 500
and 600° C was measured. It must be noted that the specific surface area on films is not
possible to be measured, and the values for BiOCI powders are presented only for comparison
purposes. The results showed that the specific surface area for BiOCI powder sintered at 400
°C, 500 °C and 600 °C were 17.05 + 0.11, 19.55 + 0.09 and 6.02 + 0.07 m?/g, respectively,
and the pore volume was 0.054, 0.054 and 0.017 cm?®/g, respectively. Hence, the BiOCI
annealed at 600 °C exhibited the lowest surface area, which is consistent with the

morphological change observed in Fig. 4.
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Table 2. Semi-quantitative EDS chemical composition of obtained sintered films.

Sample Bi (% at.) O (% at.) Cl (% at.) Bi: O: CI

BiOCl400°C  35.7%1.3 46.7+1.9 17.6 £0.7 1:1.30: 0.49
BiOCI500°C  38.7+1.3 453+1.9 16.0+0.7 1:1.17:0.41
BiOCI 600 °C  40.3+1.3 484+1.9 11.3+0.7 1:1.20: 0.30

Figure 5 shows the XRD pattern of BiOCI films after sintering at (a) 400, (b) 500 and (c) 600
°C. From the diffractogram of the BiOCI-400 sample (Fig. 4 a), the presence of several
diffraction peaks is observed, which can be ascribed to both the tetragonal phase of BiOCI
(star symbol) according to the PDF N° 06-0249 and the tetragonal phase of Bi>O3 (circle
symbol) according to the PDF N° 29-0236. The appearance of Bi2Os is a consequence of the
chlorine volatilization during the sintering process, and therefore the crystal phase becomes
unstable undergoing a phase transformation from pure BiOCI to a mixture of Bi»O3z and

BiOCI. [35].

When the sintering temperature is increased up to 500 °C (see Fig. 5 b), the appearance of
several diffraction peaks is observed, which can be ascribed to the tetragonal phase of Bi.O3
according to the PDF N° 29-0236. When comparing the XRD pattern for BiOCI-400 with
BiOCI-500 samples, a partial phase transformation from BiOCI to Bi>Os is observed. This
change could be attributed to the chlorine reduction during the sintering. It has been reported
that, among their four polymorphs, the tetragonal phase of Bi»Os is the predominant one after

annealing at temperatures up to 643 °C [36], which agrees with the finding in these samples.
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In Fig. 5 c) the XRD pattern for the BiOCI-600 sample is shown. It is possible to observe a
drastic change in the diffraction pattern when the sintering temperature was 600 °C. The
diffraction peaks can be attributed to the monoclinic phase of Bi»4031Clyo according to the
PDF N° 75-0887. The phase transformation observed as the sintering temperature increases
as a consequence of the continuous chlorine volatilization. Thus, the heat treatment allowed
the continued reduction of chlorine to Cl, leading to a phase transformation in two stages:
(@) the appearance of the Bi-Oz phase at 400°C and 500 °C, and (b) change from the
tetragonal lattice of BiOCI to the monoclinic lattice of Bi24031Clio at 600 °C [11, 37]. These
findings are in accordance with the atomic chemical composition shown in Table 2, where
the atomic composition of the BiOCI-400 sample can be adjusted to a mixture of BiOCI (52.8
%) and Bi203 (47.2 %); similarly, the BiOCI-500 sample corresponds to a mixture of BiOCI
(48 %) and Bi203 (52 %). On the contrary, the atomic composition of the BiOCI-600 sample

corresponds only to the single phase of Bi21031Clio.

The crystallite size of BiOCI films was calculated by using Scherrer’s equation, due to films
obtained at 400 ° and 500 °C were a mixture of Bi.Oz and BiOCI phases, thus the near
position of peaks involve overlaps the points on the Williamson-Hall graph. The crystallite
size values were 19, 13 and 30 nm for BiOCI samples annealed at 400 °C, 500 °C and 600
°C, respectively. This behavior could be attributed to the phase change from BiOCI to
Bi2403:Cl1o as the sintering temperature increased from 400 °C to 600 °C. The sample
annealed at 500 °C exhibits a broadening peak with a reduction of the crystallite size as a
consequence of the increase in lattice disorder, while at 600 °C an increase in the crystallite

size was observed.
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Fig 5. Diffraction patterns of films heat treated at (a) 400 °C, (b) 500 °C and (c) 600 °C.

Figure 6 shows the Tauc plot obtained from the diffuse reflectance spectra through the
Kubelka-Munk method. By extrapolating the linear portion of the Tauc plot, the band gap
values for BiOCI films are obtained, where it is seen that the band gap values tend to decrease
as the sintering temperature increases. The reduction in the band gap can be attributed to the
phase transformation with rising temperature. Thus, the BiOCI-400 sample has a band gap
value of 3.03 = 0.01 eV which agrees with the expected value for BiOCI [38, 39]. For the
BiOCI-500 sample, the band gap value exhibits a reduction up to 2.87+ 0.06 eV, which is
very close to the band gap value for Bi.O3 (Eg=2.87) [40]. The BiOCI-600 sample exhibits a
band gap value of 2.80+ 0.01 eV, which agrees with the value for the Bi2403:Clio phase

(Eg=2.7-2.8 eV) [11, 36].
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Fig. 6. Tauc plot of BiOCI films.

The FTIR spectra of BiOCI powder, BiOCI-400, BiOCI-500 and BiOCI-600 samples are
presented in Fig. 7. All the samples showed the band at 530 cm™, which corresponds to the
symmetrical stretching vibration of Bi-O bond [41-42]. The band at 650 cm™ is also assigned
to the Bi-O bond [41, 43], which increases with the annealing temperature and is seen in the
sample annealed at 600 °C. The small band located at 1461 cm™ in the powder sample is
attributed to O-Cl vibration and the band slightly perceptible at 1165 cm™ corresponds to the
Bi-Cl bond. The signals at 530 and 650 cm™ for the BiOCI-600 sample are observed to be
more intense than BiOCI-400 and BiOCI-500 samples, which can be attributed to the phases

present in the samples.

Moreover, it can be observed that the BiOCI powder sample contains some remaining organic
groups from the precursors used during the co-precipitation method. The bands at 1050 and

1320 cm™ are ascribed to NOs™ groups [41] coming from the starting Bi(NOs)s used to



O©CO~NOOOTA~AWNPE

synthetize BiOCI powders. The bands at 1615 and 3550 cm™ are the deformation vibration
and stretching vibration of the hydroxyl group (-OH) [44]. Most of these signals, as well as

-OH, were not detected after annealing.
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Fig. 7. FTIR spectra for the BiOCI films obtained at different sintering temperatures.

3.3.  Dye adsorption studies

To investigate the capability of the BiOCI films to adsorb dye molecules for potential
application as a photoanode in DSSC, the absorbance spectra of dye sensitized BiOCI films

were measured.

Figure 8 shows the absorbance spectra of Rhodamine B and sensitized BiOCI films for
immersion times of 8, 12 and 24 h. The constant lines correspond to the BiOCI films before

dye sensitization. Fig. 8 a) shows the absorbance spectra of pure Rhodamine B (100 ppm in
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ethanol), where the characteristic absorption peak at 551 nm is observed [45]. Figure 8 b)
shows the absorbance spectra for the BiOCI-400 sample after sensitization, where it is
possible to observe an absorption peak located at 574 nm. An increase in the absorbance from
0.37 to 0.42 can also be seen, as the immersion time increases from 8 h to 24 h. For the
BiOCI-500 sample (see Fig 8 c)), the absorption peak is located at 569 nm, and a maximum

absorbance of 0.47 is observed after 24 h of immersion.

Figure 8 d) shows the absorbance spectra for the BiOCI-600 sample, where an absorption
peak located at 566 nm is observed, with a maximum absorbance of 0.24 after 24 h of
immersion. The BiOCI-600 sample showed the lowest dye adsorption, which could be a
consequence of both the drastic reduction of the specific surface area when the BiOCI was
sintered at 600 °C and the transformation to Bi24O31Clio. This reduced specific surface area
provides fewer available sites for dye anchoring, negatively affecting the capability of BiOCI

to be sensitized with rhodamine B.

All the absorption spectra of sensitized films showed a bathochromic shift (~ 20 nm) and an
increase in the width of peaks, which can be ascribed to the protonation of the dye and
formation of J-aggregates as a consequence of the dye adsorption on the BiOCI surface [46,
47]. Protonation improves the electrostatic attraction between the negatively charged dye
molecules and the positively charged semiconductor surface, thus may enhance dye
adsorption [48]. J-aggregates are known because they exhibit relevant optical properties,
both fast exciton energy migration and efficient exciton coupling, which are important for
light harvesting on photovoltaic devices [49]. Accordingly, all the obtained BiOCI films are
capable to be sensitized with Rhodamine B, where the BiOCI-400 sample exhibited the

highest absorbance after sensitization.
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Based on the above results it is evident that the conditions of the sintering process influence
morphology, chemical composition, structural properties, optical characteristics and

adsorption capability of dye on BiOCI film.
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Fig. 8. Absorbance spectra for a) Rhodamine B in ethanol and dye sensitized BiOCI films

sintered at b) 400 °C, c) 500 °C and d) 600 °C.
Conclusions

The effect of sintering temperature on the properties of BiOCI films obtained by the tape-
casting method was studied. From the results, it is possible to conclude that a sintering

temperature of 300°C was not enough for eliminating the solvents used during the production
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of the films. For sintering temperatures of 400, 500 and 600 °C the following observations

can be highlighted:

A morphological change from flakes-like particles (400 and 500 °C) to rectangular
ones (600°C) was observed as the temperature increased. A surface area diminution
of around 60% was observed as temperature increased.

The chlorine content of the films diminished from 17 to 11 at. % when the sintering
temperature changed from 400 to 600°C.

Phases transformations were observed as the sintering temperature increased. Small
quantities of Bi>Os were found in film sintered at 400°C, which increased at 500°C.
At 600°C the entire BiOCI film was transformed to Bi»4O3:Clio. Consequently, the
band gap was reduced from 3.03 eV in films sintered at 400°C to 2.8 eV in films
sintered at 600°C.

The adsorption of Rhodamine B dye molecules decreased as the sintering temperature
increased, which is due to both the surface area diminution and the differences in
phases conforming the films. Hence, samples sintered at 400 °C allowed the

maximum dye molecules adsorption.

Therefore, by setting the sintering temperature it is possible to obtain BiOCI films with

porous morphology, wide band gap and high dye molecules adsorption, which provides a

new alternative semiconductor material to be used as a photoanode in DSSCs.
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