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Abstract: Bismuth oxyiodide (BiOI) is expected to be promising material for photovoltaic devices
since it has good activity under the visible range. Here, we studied the annealing treatment on
BiOI and its effect on the photovoltaic application. Firstly, the synthesized BiOI from Bi(NO3)3

and KI was annealed at varied temperatures (100–550 ◦C). The structural investigation by X-ray
diffraction and Raman spectroscopy analysis was supported with morphology and optical analysis
by scanning electron microscope (SEM) and UV-Visible spectroscopy. Due to the heating treatment,
it could result in iodine-deficient bismuth-based materials, namely Bi7O9I3, Bi5O7I, and β-Bi2O3.
Secondly, the photovoltaic test measurement was performed by solar simulator air mass (AM) 1.5
illumination which presented the current-voltage curve from each material. The enhancement of
photovoltaic performance was given by the increase of temperature up to 300 ◦C. At that temperature,
the performance of the device which consisted of Bi7O9I3 achieved three times higher efficiency
than the annealed parent BiOI at 100 ◦C. Hence, the structural changing owing to the oxygen
addition to BiOI structure had an impact on the photoelectrochemical cell. Based on this work, it
is possible to attempt BiOI derivation with suitable holes and electron transport layers for better
photovoltaic performance.
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1. Introduction

Bismuth oxyiodide (BiOI) is a p-type semiconductor which is commonly applied as a photocatalyst
for photocatalytic reaction during the last decade [1–9]. Since it has the bandgap energy ~1.8 eV,
this material has good absorption in the visible spectral range. It is interesting to note that this
oxyhalide semiconductor also has an environmentally benign character [10]. The wider application
of BiOI can extend for a photoanode used in photoelectrochemical devices [11–17]. Several ways are
common to synthesize BiOI, either including the solvent usage or solvent-less process [5,11,16,18–20].
Generally, hydrothermal and solvothermal methods are used to produce BiOI powder for photocatalytic
application [9,18,19]. However, successive ionic layer adsorption and reaction, as well as chemical-based
deposition have been employed to deposit BiOI films for photovoltaic study [13,14,16]. Nevertheless,
as an alternative, the BiOI film’s preparation for solar cell application also can be carried out via the
doctor blade method which will be discussed in this report.

Some key aspects of semiconductor materials’ properties are noted to be a crucial matter for the
device performance as different parameters in synthesis can result in different physical properties of
materials. The morphology, size, crystallinity, and optical properties are needed to be considered, since
those characteristics can be affected by the procedure of materials preparation, the concentration of
precursors [21–23], surfactant selection, and solvent selection [24,25]. The post-treatment after the
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material synthesis process, like calcination, also can change the material properties. It seems to be
similar to the BiOI structure, since it consists of [Bi2O2]2+ slabs that allow for stoichiometric changing
due to the calcination for producing the derivate of BiOI [26]. Moreover, the pH adjustment during the
synthesis process is an important factor which affects BiOI structure [1].

BiOI and its derivation have been reported mostly for photocatalytic application due to their
effectivity in the separation of electron-hole pairs [27]. Bi4O5I2, with its smaller size and wider valence
band, had a better photocatalytic performance than BiOI because it had a lower electron-hole pairs
recombination rate [28]. Bi7O9I3, which is often difficult to differ with BiOI, was also reported to have
excellent photocatalytic activity under visible light irradiation [26,29]. Another BiOI family member
is Bi5O7I, which exhibited a twice higher photocatalytic activity than BiOI because of its pores and
different band structure [30]. Moreover, polymorphic Bi2O3 could show its ability as photocatalyst
with performance order: β− Bi2O3 > α− Bi2O3 > δ− Bi2O3 [31], but it has not been compared yet
with BiOI activity. Many reports on BiOI and its derivatives for photocatalytic application have been
reported. However, to the best our knowledge, there is no study in the screening of BiOI and its
derivations for photovoltaic device application, even though BiOI can be considered as the promising
material for the future photovoltaic devices owing to its longer lifetime which up to 2.7 ns [11].

In this study, we investigated the effect of annealing treatment in air at different temperatures
on the structural, morphological, optical, and photovoltaic properties of BiOI films. By changing the
temperature from 100 ◦C to 550 ◦C, we could obtain different characteristics of bismuth-based material,
both chemically and physically. The heating process in the air let the reaction occur by turning into the
oxygen-rich materials as a consequence of losing some iodine in the parent BiOI structure. Through
the photoelectrochemical cell performance evaluation, which was constructed by BiOI with I−/I−3
electrolyte and Pt/Fluorine-doped tin oxide glass (Pt-FTO) as a counter electrode, we obtained the best
performance from Bi7O9I3 as the annealed BiOI films at 300 ◦C. Based on this result, we expect that
this study can open future work in photovoltaic application based on the BiOI. Bi7O9I3 may show the
greater photovoltaic performance by utilizing a different structure with appropriate hole and electron
transport materials inside.

2. Materials and Methods

2.1. Synthesis of BiOI and Its Derivation

During the experiment, we used Bi(NO3)3·5H2O as a cation source and KI as an anion source
(Nacalai Tesque, Inc. Kyoto, Japan). The ultrapure water from Milli-Q direct water purification system
with resistivity (18.2 MΩ-cm at 25 ◦C) was used as the solvent. All of the chemicals were utilized
without any further treatment and purification.

Here, we reported the BiOI preparation through 15 min direct grinding of 2 mmol Bi(NO3)3·5H2O
and KI as solid precursors. This step was followed by a hydrolysis reaction of precursors via 40 mL
deionized water addition, and the black paste from the mixed-precursor turned to the orange mixture
due to the hydrolysis. Next, the as-BiOI was stirred for 5 h at room temperature to obtain BiOI powder.
Eventually, BiOI powder was rinsed with ethanol and deionized water for several times.

To get BiOI paste, the collected precipitated BiOI was mixed with ethanol for a 5 min dispersion
process by a homogenizer. Subsequently, the paste was deposited onto a cleaned FTO glass substrate
via the doctor blade method. Finally, the deposited BiOI on FTO substrates were treated by the heating
process at a different temperature, i.e., 100 ◦C, 200 ◦C, 300 ◦C, 450 ◦C, and 550 ◦C for 1 h. The film
thickness measurement was carried out using alpha-step 500, and the average measured thickness of
each film was around 1.5 µm.

2.2. Characterization and Photovoltaic Cell Fabrication

Characterization was carried out for the samples by X-ray diffraction (Rigaku RINT-2100
diffractometer), Raman spectrometry (JASCO NRS-2100), FESEM (JEOL JSM-7100F), and UV Visible
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spectroscopy (JASCO 670 UV). We applied all of the samples as the photoanode component in our
photovoltaic devices to study their performances due to the heating treatment. The cell structure
was FTO/BiOI/Iodine electrolyte/Pt-FTO. The active area for light illumination was designed with
the dimension 0.16 cm2. To measure the cell performance, we used solar simulator (100 mW/cm2;
AM 1.5 illumination which is categorized as laboratory class solar simulator using a Xenon lamp/ Class
AAA spectra).

3. Results and Discussion

3.1. Structure Analysis

3.1.1. X-Ray Diffraction

Figure 1 shows the XRD patterns of BiOI and its family members as a result of the heating treatment.
The different XRD patterns in the annealed BiOI films can be observed in Figure 1. The treatment
at 100 ◦C displayed the existing BiOI crystal plane, which was matched to the Joint Committee on
Powder Diffraction Standards (JCPDS) card of BiOI No. 00-73-2062. The crystal planes (001), (002),
(102), (110), (013), (004), (200), (114), and (122) appeared at 2θ around 9.6◦, 19.3◦, 29.8◦, 31.86◦, 36.8◦,
39.2◦, 45.8◦, 51.2◦, and 55◦, respectively. The similar pattern of annealed BiOI at 200 ◦C and 300 ◦C to
the treated sample at 100 ◦C was also noticeable. An identical pattern was only observed in the heated
BiOI at 100 ◦C and 200 ◦C with the different intensities of both materials. However, a slight decrease in
the 2θ shift was detected from the annealed BiOI at 300 ◦C in comparison to those treated samples at
100 ◦C and 200 ◦C, whereas (102), (110), and (200) crystal planes were in 29.7◦, 31.8◦, and 45.7◦. In spite
of its pattern being the same as the BiOI crystallinity at the lower temperature without any impurity
peaks, we supposed that the distortion in BiOI crystal structure might happen during the heating
treatment at 300 ◦C. Hence, it resulted in the smaller 2θ compared with those of BiOI diffractograms.
The expansion and distortion of BiOI structure can be attributed by the more bismuth and oxygen
contained in the BiOI lattice crystal [29]. Regarding this phenomenon, we expected that the chemical
structure of the annealed sample at 300 ◦C transformed to the different structure (Bi7O9I3), since a
heating treatment allowed for the oxygen and iodine addition and subtraction. Some researchers
claimed that it is difficult to distinguish BiOI and Bi7O9I3 because both materials have similar XRD
pattern [26]. We also believe that the annealed material at 300 ◦C was not Bi4O5I2 since between
Bi7O9I3 and Bi4O5I2 show the different pattern by XRD [28]. Additionally, the similar binding energy
in the Bi and I region of BiOI and Bi7O9I3 [32] made those materials difficult to differentiate by their
X-ray photoelectron spectroscopy (XPS) spectra. To clarify, we found a different (110) d-spacing value
in both materials, which indicated that the annealed material at 300 ◦C was dissimilar to the treated
material at 100 ◦C. Both 0.285 and 0.280 nm d-spacing were obtained for the treated material at 300 ◦C
and 100 ◦C, respectively. The d-spacing value of our BiOI was matched to the reported work by Ren
and co-workers [33], and the value for d-spacing of the treated sample at 300 ◦C was near from the
Transmission Electron Microscopy (TEM) d-spacing material for Bi7O9I3 (0.286 nm) [34]. Therefore,
we propose that our annealed material at 300 ◦C was Bi7O9I3, and it is important to note that the bigger
d-spacing may be affected by the aforementioned distortion in BiOI standard structure.
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Figure 1. XRD pattern of annealed BiOI at varied temperatures: 100 ◦C, 200 ◦C, 300 ◦C, 450 ◦C,
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To study more about the quantitative aspect of BiOI crystal, the average crystal size value of
annealed BiOI at 100 ◦C, 200 ◦C, and 300 ◦C was calculated using the Debye–Scherrer equation,
L = Kλ/βCosθ, in which L represents the crystallite size, K (0.9) is the constant, λ (0.154 nm) is
the wavelength of Cu, β is the FWHM (full width at half maximum; in radian), and θ is the Bragg
angle. We obtained the average values of crystallite size around 29.97 nm, 33.06 nm, and 27.42 nm for
annealed materials at 100 ◦C, 200 ◦C, and 300 ◦C. Based on these results, it is noted that the heating
process had an impact on crystal size distribution [35]. Normally, an increase in annealing temperature
causes an increase in a grain size since a higher annealing temperature leads to crystal growth by
producing the larger crystallites number. Hence, the crystal size increases as the consequence of the
lesser crystal defect in the higher temperature condition. However, we observed that the smaller crystal
size was acquired in the annealed material at 300 ◦C than in the annealed BiOI at 100 ◦C and 200 ◦C.
These data are supported by the broadening FWHM peak of annealed BiOI at 300 ◦C, as is shown in
Figure 1. We assume that the broader peak reflects the less number of BiOI crystallites owing to the
BiOI transformation to bismuth and oxygen-rich material, like Bi7O9I3. Based on the Debye–Scherrer
equation, we noted that the broader peak related to the declining in the crystal size value.

The XRD patterns of the annealed BiOI at 450 ◦C and 550 ◦C reveal the crystal character of Bi5O7I
and β-Bi2O3 crystals. Referring to the JCPDS card No. 00-40-0548, it was found that Bi5O7I crystal
planes were assigned to the (001), (312), (004), (204), (020), and (316) at 2θ around 7.7◦, 28.2◦, 31.09◦,
33.02◦, 33.4◦, and 53.6◦. Moreover, Figure 1 shows the crystal plane (201) and (220) at 2θ were around
27.9◦ and 32.6◦, which correspond to the tetragonal β-Bi2O3 for the annealed sample at 550 ◦C. This is
matched to the data in the JCPDS card No. 00-27-0050 and previous research [36]. Our Bi5O7I pattern is
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in line with the reported research [37]. Overall, the heating treatment on BiOI changes its composition
and structures, as is illustrated in the proposed reaction:

7BiOI + O2→ Bi7O9I3 + 2I2 (1)

5Bi7O9I3 + 2O2→ 7Bi5O7I + 4I2 (2)

4Bi5O7I + O2→ 10Bi2O3 + 2I2 (3)

3.1.2. Raman Spectroscopy

Another structural study in annealing effect of BiOI materials was also investigated by Raman
spectroscopy analysis. The results of the Raman analysis are shown in Figure 2. It has been confirmed
in many reports that BiOI has Bi-I characteristic in Raman spectra which can be identified by its
vibration mode at 147–149 cm−1 [38,39]. This information was also obtained in the annealed BiOI at
100 ◦C and 300 ◦C. Similar to the XRD analysis results (Figure 1), the Raman spectra of annealed BiOI
in those temperatures had a nearly identical pattern without the marked impurity peak from other
bismuth-based materials.
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Figure 2. Raman spectra of annealed BiOI at different temperatures: 100 ◦C, 300 ◦C, 450 ◦C, and 550 ◦C.

After the samples were heated at a higher temperature, the vibration mode of Bi–I shifted to
the higher frequency. It is shown like in the Raman spectra of Bi4O5I2 and Bi5O7I. It was also same
as the reported work by Liu and co-workers [40]. The annealing treatment of BiOI at 550 ◦C can
result in a different trend in its Raman spectra, as it can result in a change of BiOI chemical structure.
We found the peak signals around 280–350 cm−1 and 445–485 cm−1, which are close to the characteristic
of β-Bi2O3 [41]. By observing the XRD patterns and Raman spectra in Figures 1 and 2, we note that
among the structure of BiOI and its derivations, Bi5O7I and Bi2O3 are different from others.

The aforementioned reactions in Equations (1)–(3) were considered as thermal decomposition
reactions, whereas the deiodination reaction results in new materials. During the reaction, the gasifying
and evaporation of I2 happened due to the heating treatment of BiOI to bring out the derivation of
oxygen-rich and iodine-deficient bismuth oxyhalides materials [30].

3.2. Morphology Analysis

The SEM images of some annealed BiOI are depicted in Figure 3. From Figure 3A,B, it is obvious
that there was no significant difference in the shape of annealed BiOI at 100 ◦C and 300 ◦C. Both samples
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had irregular nanosheet forms with smooth surfaces. However, we observed that there were some
smaller sheets in the annealed BiOI at 100 ◦C and 300 ◦C. The growth direction of the irregular
BiOI sheet in this report was dominated by the (001) facet growth. This was in line with its XRD
patterns. This circumstance might be affected by the amount of water added in the hydrolysis reaction
during BiOI synthesis. If the more water was introduced to Bi(NO3)3 in the early step of the reaction,
the hydrolysis and nucleation rate were faster due to the less concentration of Bi(NO3)3 and the weaker
acidic solution. As a result, the BiOI layer growth along the (110) was dominant. In contrast, due to the
less amount of water put into the precursor solution, it induced the BiOI (001) facet growth; this is
in line with reported research [2,42]. The measured layer thickness of BiOI nanosheets was around
37.5 nm and 25 nm (Figure 3E,F) for annealed BiOI at 100 ◦C and 300 ◦C, respectively.
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and the higher magnification image of the annealed sample at 100 ◦C and 300 ◦C (E,F).



Appl. Sci. 2019, 9, 3342 7 of 13

For the annealed sample at 450 ◦C in Figure 3C, it can be seen that this material was also composed
by nanosheets which were irregular, similar to the displayed images in Figure 3A,B. However,
some pores appeared in the sample surface, and the width of sheets in Figure 3C tended to be smaller,
with a sheet thickness of around 60 nm. This image is comparable with the synthesized Bi5O7I by Yang
and co-workers [30]. Apart from Bi5O7I, the annealed sample at a higher temperature (550 ◦C) resulted
in the biggest bismuth-based material like a dumbbell, with a thickness around 75 nm. The same
morphology of this dumbbell-like material was also confirmed in the previous report for β-Bi2O3 [36].
Worm-like structures which are similar to our β-Bi2O3 morphology were also reported [31]. Due to the
annealing treatment, the material transformation can relate to the shrinkage process, which results in
more ordered phase as the effect of the less crystal defects. The shrinkage in our materials might have
been caused by iodine deficiency and oxygen incorporation during the annealing process, like in the
copper nitride material [43].

3.3. Optical Study

To obtain the optical property information, we used UV-Visible spectroscopy for its analysis.
The absorbance spectra are displayed in Figure 4A. The absorbance value of each sample was
determined from transmittance (T) and reflectance (R) values as the equation: A = 1− (T + R) [44].
The spectra in Figure 4A show that all of annealed BiOI from 100 ◦C to 550 ◦C had absorption in the
visible range. However, the annealing treatment provoked the blue-shift in its absorption along with
the increase in temperature. From Figure 4A, we can see that the absorption edge of annealed BiOI
at 100 ◦C and 200 ◦C overlapped at a wavelength of more than 600 nm. Due to this same absorption
trend, we predict that the material composition of those treated samples may have been the same.
When the annealing treatment was increased up to 300 ◦C and more, the absorption edge of those
materials tended to be lower. The maximum absorption of each material was near 600 nm, and it was
below 600 nm for annealed materials at 450 ◦C and 550 ◦C. Therefore, this supports the prediction
that the material structure in the annealed BiOI at 100 ◦C, 200 ◦C, 300 ◦C, 450 ◦C, and 550 ◦C could be
BiOI, BiOI, Bi7O9I3, Bi5O7I, and Bi2O3. The oxidation reaction due to the treatment to BiOI at a high
temperature allowed the BiOI to transform into the different materials, which have lower absorption
abilities of visible light relative to the parent material [30].
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All those materials can be classified as semiconductor materials. The bandgap energy of
bismuth-based materials is commonly determined by the Tauc plot, αhv = A(hv− Eg)n/2, whereas
α, h, v, Eg, n are the absorption coefficient, Planck constant, the frequency of photonic, bandgap energy,
and the value which depends on the semiconductor interband transition. If n = 4, the material can be
categorized to have the direct bandgap transition, while the indirect bandgap is categorized if n = 1 [9].
Since the indirect type belongs to the bandgap calculation for the BiOI family [30], the n value of
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4 was taken for this bandgap determination in our materials. The indirect bandgap calculation for
annealed BiOI is shown in Figure 4B. The calculated bandgap energy of annealed BiOI at 100 ◦C, 200 ◦C,
300 ◦C, 450 ◦C, and 550 ◦C as BiOI, BiOI, Bi7O9I3, Bi5O7I, and Bi2O3 were 1.76, 1.77, 1.84, 2.18, and 2.11,
respectively. The bandgap energy order haf a good agreement with the blue-shift phenomenon in the
absorbance spectra of those annealed samples. Our bandgap energy of BiOI was also in line with
the calculated BiOI from the previous report with order: BiOI < Bi7O9I3 < Bi5O7I which have the
agreement with some references [26,45]. The bandgap energy of Bi5O7I was also reported to be slightly
higher than Bi2O3 [46], and for β-Bi2O3, it was around 2.15 eV [47]. The structure changing in BiOI
due to the annealing treatment influenced the bandgap energy as an effect of the different electronic
structure in bismuth materials. The oxygen-deficient in the BiOI structure had a redshift response in
the visible spectral range [48]. Thus, BiOI with oxygen-rich and iodine-deficient like in our materials
had a blue shifting effect in their absorbance spectra.

3.4. Photovoltaic Test

We prepared the photovoltaic cells contained BiOI and its family members, as is illustrated in
Figure 5A. The resulted current-voltage test of annealed BiOI in varied temperatures is displayed in
Figure 6A and Table 1. Additionally, the dependence of short-circuit current (Jsc) and open-circuit
voltage (Voc) trend on the temperature is shown in Figure 6B. From Figure 6B, it can be seen that the
increase in the temperature up to 300 ◦C resulted in the increasing of Jsc and Voc. Then, it was followed
by a reduction in cell performance due to the treatment for more than 450 ◦C. In our work, we made
two devices for photovoltaic cell measurement, and, here, we show better data in Figure 6A from two
devices to represent the Jsc and Voc trend, which is displayed in Figure 6B. The wider light absorption
could have been responsible for the higher Jsc value, as this factor can affect the light-harvesting ability
of semiconductor materials due to the redshift effect [49]. Other factors which may have an impact on
the Jsc are grain size, internal resistance, film quality, charge transfer model, and electron mobility.
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Table 1. Photovoltaic cell parameter of annealed BiOI at different temperatures. Jsc: short-circuit
current; Voc: open circuit voltage; Rsh: shunt resistance; Rs: series resistance.

Temperature
(◦C)

Jsc
(mA/cm2)

Voc
(V) Fill Factor Efficiency

(%) Rsh (103
× Ω cm2) Rs (103

× Ω cm2)

100 0.133 0.403 0.440 0.023 9.183 0.170
200 0.408 0.449 0.349 0.064 11.49 0.156
300 0.438 0.442 0.357 0.069 10.82 0.148
450 0.009 0.139 0.320 0.0004 7.898 0.162
550 0.073 0.256 0.276 0.0052 9.247 0.112

We observed that annealed material at 300 ◦C showed the best performance in comparison to
the others. It was 0.438 mA/cm2, which was almost four times higher than the resulted at 100 ◦C.
In general, the photovoltaic properties of an electrochemical cell using porous material are affected by
particle size, conductivity, lifetime, crystal orientation, etc. SEM images (Figure 3) and XRD patterns
(Figure 1) show that the size of (001) nanosheets becomes larger and the FWHM of peaks becomes
broader with increasing the annealing temperature from 100 ◦C to 300 ◦C, which suggests that the
larger particle sizes with high conductivities were obtained at 300 ◦C annealing, which is suitable for
electrochemical devices. The sample at 300 ◦C may also have had the bigger surface area for better
contact with liquid electrolyte material. This phenomenon is likely to happen in the TiO2 porous-based
solar cell. As a result, Bi7O9I3 could perform good interaction between the semiconductor material
and iodine electrolyte in the photovoltaic device for exhibiting a higher Jsc value. The contact angle
check also revealed the increase of wettability due to the annealing treatment on BiOI from 100 ◦C
to 300 ◦C (Figure 7). A declining contact angle occurred after the annealing treatment was set up to
300 ◦C. This indicated that Bi7O9I3 had better contact with water than BiOI. As a consequence, the polar
organic solvent, which is commonly used in the electrolyte liquid for dye-sensitized solar cells (DSSC),
had more preference to make a good interaction with the more polar film surface. This trend was
also matched to the previous report in BiOI solar cell [50]. Though overall Jsc values in this report
were lower than the reported BiOI solar cell [51] due to its bulky structure, it is interesting to note that
Bi7O9I3 had the better photovoltaic activity in comparison to its parent BiOI. This model is similar to
the photocatalytic behavior of Bi7O9I3 [1,26,29].
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Normally, due to the increase in bandgap energy, the Voc also improves since the
thermodynamically open-circuit voltage limit is determined from the bandgap energy of materials.
However, the annealing treatment resulted in a lower Voc value. A plummet drop of Voc existed for
the annealed sample at 450 ◦C, which might have been influenced by shunt resistance (Rsh). The small
Rsh value caused the low Voc in the photovoltaic device. Thus, the performance parameter in the
photovoltaic device decreased. On the contrary, the higher Rsh value had an impact on the Voc
enhancement, and the higher Rs will cause the lowering of the Jsc value. The changing in shunt
resistance produced another current way in a photovoltaic cell, which could have reduced its current
flow and voltage. Therefore, the changing in its bandgap energy and a slight increase of its Rsh value
in comparison to others may have been responsible for the higher Voc of annealed BiOI at 300 ◦C.
The illustrated band structure of annealed BiOI is sketched in Figure 5B.

Through this work, we expect that if a better quality of BiOI (coming from its morphology and
material size) is used, cell performance will tend to be higher than our results. It has been reported
that a single BiOI solar cell could reach a Jsc value up to 2 mA/cm2 [51]. Therefore, by using suitable
electrons and holes transport materials, it can be suggested to apply the bismuth oxyiodides and its
derivations, like Bi7O9I3, for the absorber in the reported device structure [11].

4. Conclusions

In our work, the synthesis and annealing treatment of BiOI, as well as its effect on photovoltaic
activity, were studied. We highlighted that the annealing treatment of BiOI resulted in oxygen-abundant
and iodine-deficient bismuth materials from the parent BiOI. The changing in temperature affected the
structural, morphological, and its optical properties of BiOI films. As a consequence, it performed
different parameters of the photovoltaic cell. The annealed BiOI at 300 ◦C, 450 ◦C, and 550 ◦C allowed
for the transformation from BiOI to Bi7O9I3, Bi5O7I, and β-Bi2O3. The heated material at 300 ◦C,
as Bi7O9I3 had the best photovoltaic cell performance in comparison to other materials—its efficiency
was three times higher than that of BiOI. The broadening on the FWHM of (001) as the effect of
annealing treatment, the different grain size of this material, and an adequate harvesting light ability
can be expected as the reasons why Bi7O9I3 is more suitable in photovoltaic applications than BiOI.
This behavior is in line with the performance of Bi7O9I3 in reported photocatalytic reaction works.
Based on this result, Bi7O9I3 can be suggested to be implemented as the absorber in photovoltaic
devices involving matched hole and electron transport layers.
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