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A B S T R A C T

Bismuth oxybromide samples were synthesized using solvothermal crystallization and different additives (CTAB-
cetyltrimethylammonium bromide, PVP–polyvinylpyrrolidone, SDS–sodium dodecyl sulfate, U–urea and
TU–thiourea). The effect of the mentioned compounds was investigated through structural (crystallite size,
crystal phase composition, etc.), morphological (crystal shape), optical (band gap energy) parameters, surface
properties (surface oxidation states), and the resulting photocatalytic activity. It was found that the ratio of the
(1 0 2)/(1 1 0) crystallographic planes, the presence of oxidized Bi4+ and Bi5+ species were responsible for the
obtained photocatalytic activity. Moreover, a strong dependency was revealed between the surface tension of the
shape tailoring agents and the overall morpho-structural parameters, pointing out the fact that the properties of
the semiconductor can be more easily tuned using the surface tension modification as a tool.

1. Introduction

Bismuth based photocatalysts are a new generation of semi-
conductor materials, which can have promising photocatalytic applic-
ability. The most important ones are bismuth oxide [1] bismuth tung-
state (Bi2WO6) [2], bismuth vanadate (BiVO4) [3], bismuth molybdate
(Bi2MoO6) [4] and bismuth oxyhalides (BiOX, where X = Cl, Br, I)
[5,6]. Recently, bismuth oxyhalides have been intensively examined,
due to their unique layered structure and narrow band gap, they can
have increased photocatalytic efficiency [7]. Their structure is com-
posed of [Bi2O2]2+ sheets and enclosed double-layered halogen anions
can be found bonded through van der Waals interactions. When irra-
diated with UV or visible light, this structure forms an induced dipole,
which can separate the photogenerated electron-hole pairs efficiently
[8]. Among the BiOX materials, BiOBr has advantageous properties,
like narrow bad gap, chemically stable or the aforementioned unique
crystal structure, which makes BiOBr a suitable photocatalyst [9].

The crystallographic planes (0 0 1),(1 0 2) and (1 1 0) of BiOBr were
those which were investigated in detail recently and it was found, that
(1 0 2) showed lower conduction band minimum and higher valence
band maximum and compared with (0 0 1). Therefore, it has electron
transmission with increased efficiency, with a higher redox potential of
the photoinduced hole a smaller band gap as well (1.44 eV) [10]. The
(0 0 1) facet dependent photoactivity of BiOBr single crystals has also
been studied in comparison with (1 1 0) and it was found that it can
possess a stronger internal electric field, which could increase the re-
combination time of the photoinduced electron-hole pairs [11].

Several methods are available to synthesize BiOBr, such as micro-
wave-assisted crystallization [12], hydrolysis [13] or hydrothermal
synthesis [14]. Using additives during the hydrothermal synthesis, it
can change the morphology [15], the mean primary crystallite size, the
hierarchical particle size and shape [16], the band gap energy values
[17] or the specific surface area [18], thus increase the efficiency of the
photocatalytic degradation of organic pollutants. Polyvinylpyrrolidone
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(PVP) [19], sodium dodecyl sulfate (SDS) [16] or cetyl trimethy-
lammonium bromide (CTAB) [20] are among those additives, which
were already used as shape-tailoring agents.

SDS, CTAB and PVP molecules have a hydrophilic (SDS – sulfate
group; CTAB – ammonium group, PVP – pyrrolidone group) and a hy-
drophobic group (SDS and CTAB – hydrocarbon group, PVP – hydro-
carbon backbone). The hydrophilic groups of these molecules could
attach selectively on the surface of the crystallographic planes of the
BiOBr and control the epitaxial growth of the crystal facets, thus con-
trolling the morphology and the crystal size finally. On the other hand,
the presence of a hydrophobic functional group can regulate the dis-
tance among the adsorbed hydrophilic functional groups and control
the thickness of the nanosheets [21].

According to the scientific literature, using PVP as an additive could
result in a growth favouring the (1 1 0) crystallographic plane, instead
of (1 0 2) or (1 0 1) [22]. Moreover, it was already proved, that using
PVP during the hydrothermal crystallization of BiOBr could change the
morphology, increase the specific surface area and decrease the band
gap energy, because it could reduce the surface tension, stabilize the
metal nanoparticles, resulting in higher efficiency of photodegradation
toward the selected organic contaminant (methyl orange) [21]. Inter-
estingly, using SDS as the additive could induce the appearance of
oxygen vacancies in the crystal structure of BiOBr [23] and it could
change the morphology of BiOBr as well from microflowers to hollow
structured microspheres [24]. CTAB was used in the synthesis of BiOBr
both as Br source and shape tailoring agent in aqueous solution [25]
and in the presence of urea [26].

A similar effect on the morphology was noticed using urea as the
additive, like in the presence of PVP or SDS, while the appearance of
oxygen vacancies was observed as well [27]. Urea and thiourea were
already used as doping agents during the hydrothermal synthesis of
BiOBr in 3-methoxyethanol and solution and the as-obtained semi-
conductor successfully enhanced the photocatalytic decomposition of
Rhodamine B [28]. On the other hand, to the best knowledge of the
authors, it is not discussed in detail, whether thiourea or urea used as
surfactants has influence on the properties of BiOBr, but it seems from
the few available papers that it is indeed important, as it was shown
systematically for other bismuth-based material, namely the bismuth
tungstate (Bi2WO6) [29].

Therefore, considering the aspects mentioned above, the sol-
vothermal crystallization method was used to obtain BiOBr in the
presence of different additives, namely CTAB, SDS, PVP urea and
thiourea, respectively and this study CTAB was used as a shape con-
trolling agent. Hence, our main aim was to compare the effect of the
different additives on the crystal structure, morphology, band gap en-
ergy, surface tension of the synthesis mixture and to investigate the
photocatalytic activity of the as-obtained semiconductors towards
Rhodamine B.

2. Materials and methods

2.1. Synthesis

Bismuth oxobromide (BiOBr) materials were prepared by the sol-
vothermal crystallization method. For the synthesis 2.36 g Bi
(NO3)3·5H2O (VWR, 98.0%) was dissolved in of 50 mL ethylene glycol
(VWR Chemicals, 99.5%), and 0.2 g of shape-tailoring agent such as
polyvinylpyrrolidone (PVP K30 abbreviated as PVP) (Molar Chemicals
99%), sodium dodecyl sulfate (SDS) (Biolab 98%), cetyl trimethy-
lammonium bromide (CTAB) (Sigma Aldrich, 98%), urea (U) (Molar
Chemicals 99%) or thiourea (TU) (Sigma Aldrich, 99%) was added to
the solution (to manipulate the surface tension, Table 1). Afterwards,
0.58 g (Bi:X = 1:1) of KBr (VWR 99.0%) was also added. The solution
was kept at 50 °C for 15 min and then transferred to a Teflon® lined
autoclave which was placed in an oven (Binder BD 115) at 120 °C for
3 h. After the synthesis finished, the autoclave was cooled down to

room temperature. The precipitate was washed with 0.5 L of distilled
water and 0.5 L ethanol (VWR, 96%) using a vacuum filter. The as-
prepared samples were dried at 40 °C for 12 h. The nomenclature of the
materials was derived as follows: BiOBr _ applied additive.

2.2. Characterization methods

To measure the optical properties of the samples, diffuse reflectance
spectroscopy was applied. The (DRS) spectra of the samples were re-
corded using a JASCO-V650 spectrophotometer with an integration
sphere (ILV-724, λ = 250–800 nm). The band gap energy values were
evaluated by the Kubelka-Munk approach and the Tauc plot [30].

Hitachi S-4700 Type II FE-SEM scanning electron microscope (SEM)
was used to record the micrographs. The microscope was equipped with
a cold field emission source operating in the range of 5–15 kV. The
samples were mounted on a conductive carbon tape, which was at-
tached to an aluminum holder.

FEI Technai G2 X-TWIN TEM (200 kV) transmission electron mi-
croscope was used to record micrographs about the morphology of the
particles. The samples were prepared as follows: a small amount of the
examined materials was carried out in 1.25 cm3 of ethanol. A few drops
from this suspension were deposited and dried onto the surface of the
grid (CF 200 Cu TEM grid).

Powder X-ray diffractometry (XRD) was carried out on a Rigaku
Miniflex II diffractometer 2θ° = 20–60°, λ (CuKα) = 0.15418 nm)
using 2° min−1 scanning speed. The primary crystallite mean size va-
lues were calculated using the Scherrer equation [31].

The specific surface areas of the catalysts were determined by N2
adsorption at 77 K, using a BELCAT-A device. The specific surface area
was calculated by applying the BET method.

XPS measurements were performed on a Specs Phoibos 150 MCD
system employing a monochromatic Al-Kα source (1486.6 eV) at 14 kV
and 20 mA and the X-ray source with a power of 200 W, while the
pressure in the analyzer chamber was lower than 10−12 bar. Samples
were mounted on double-sided carbon tape. The high-resolution O1s
and Bi4f spectra were obtained using analyzer pass energy of 20 eV in
steps of 0.05 eV for analyzed samples.

The surface tension of the synthesis solution was determined by
using a 3.5 mL stalagmometer and Milli-Q water as the reference. The
density of the solutions was determined by using a pycnometer (10 mL)
coupled on a thermometer. The following Eq. (1) was applied during
the calculations:

=
n
n

· ·
·

w w

w (1)

where γ, γw - the surface tension values (Pa∙s)
n, nw - the number of counted liquid drops
ρ, ρw – density of the liquid (g∙cm−3)
w - short for water.

2.3. Evaluation of photocatalytic efficiency

The photocatalytic decomposition of Rhodamine B was carried out
in a double-walled Pyrex® glass reactor surrounded by a thermostatic

Table 1
The surface tension of the additives in ethylene glycol.

Additives Surface tension (N·m−1)

Ethylene glycol (EG) 0.05378
EG + CTAB 0.05086
EG + SDS 0.06483
EG + PVP 0.06111
EG + U 0.05865
EG + TU 0.05405
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jacket (T = 25 °C) under UV (λmax ≈ 365 nm) and visible irradiation
(λ > 400 nm). The reactor was surrounded by 6 × 6 W black light
lamps (Fig. S1 show the spectrum of the black light lamp) (9.53 W/m2

energy flux on the reactor position) or 4 × 24 conventional compact
fluorescent lamps (Düwi 25920/R7S-24 W; 81.37 W/m2 energy flux on
the reactor position). During visible light experiments, the spectrum of
the lamps was slightly modified by circulating 1 M sodium nitrite
(Molar Chemicals, min. 99.13%) aqueous solution in the thermostatic
jacket. The NaNO2 solution absorbs any UV photons below 400 nm,
providing only visible light irradiation (Fig. S2), while during the UV
tests, water was the thermostatic agent. The reactor (C0,
RhB = 0.25 mM; Csuspension = 1.0 g∙L−1; total volume of the suspension
Vsuspension = 130 mL) was continuously stirred and purged with air to
keep the dissolved oxygen concentration constant during the whole
experiment (degradation time = 2 h). 1.5 mL sample was taken in 0,
10, 20, 30, 40, 50, 60, 80, 100 and 120 min and placed into a sample
holder, centrifuged for 3 min at 13,400 rpm and filtered with Filtratech
0.25 µm syringe filter. The concentration of Rhodamine B (RhB) was
followed by using a JASCO V-650 spectrophotometer at a detection
wavelength fixed at 554 nm.

3. Results and discussion

3.1. Evaluation of crystal phase composition and primary crystallite mean
size

Fig. 1(A) shows the diffractograms of the samples, from which it can
be concluded that the tetragonal structure of BiOBr (JCPDS card No. 78-
0348) was obtained and no other relevant signals were present. It was
also observed, that the XRD pattern of BiOBr_∅ showed sharp diffrac-
tion peaks of (1 1 0) and (1 0 2). When additives were used during the
synthesis, the intensity ratios of the (1 1 0) and (1 0 2) crystallographic
planes were changed. More precisely, the intensity of (1 0 2) signal
decreased compared to (1 1 0) (Table 2). BiOBr_PVP and BiOBr_TU
samples had the lowest relative amount of (1 0 2), compared to samples
BiOBr_∅, BiOBr_U, BiOBr_SDS and BiOBr_CTAB which means that PVP
and TU could adsorb on the surface of the forming BiOBr nuclei

selectively and induced the (1 1 0) crystal facet growth. This observa-
tion is in good accordance with the scientific literature [21]. Interest-
ingly, the ratio of (1 0 2)/(1 1 0) crystal facets was nearly unchanged if
CTAB, SDS, and U were applied as additives.

The results suggested that the synthesis of BiOBr in the presence of
surfactants showed increased primary crystallite size values compared
to the reference sample (e.g.: BiOBr_∅ 12 nm vs. BiOBr_TU 25.3 nm)
except for BiOBr_SDS which showed 11.5 nm-sized crystallites. It is
well-known that decreased primary mean crystallite size could be ad-
vantageous for the photocatalytic activity because it is associated with
the higher specific surface area [32].

When the (1 0 2)/(1 1 0) crystal facet ratios were considered
(Fig. 1(B)) the mean primary crystallite size values changed along a
maximum curve, but it can be observed, that BiOBr_SDS was an ex-
ception again, which may be attributed to other surface properties, such
as oxygen vacancies or the presence of other surface species.

3.2. Morphological characterization

Using surfactants or polymers during the synthesis might cause
morphological and structural changes. Therefore, the investigation of
morphological properties and particle size distribution of the materials
was necessary. Without any surfactants, the morphology of BiOBr
showed microspherical particles, which were composed of fine nano-
plates (Fig. 2). When CTAB or SDS were used, the morphology did not
change significantly compared to sample BiOBr_Ø, but the average
hierarchical crystal size decreased from 2.0 µm (BiOBr_Ø) to
1.3–1.4 µm (BiOBr_SDS, BiOBr_CTAB) and the crystal size distribution
interval narrowed.

Investigating the morphology of BiOBr_PVP, it was found, that the
microspheres have changed to “microflowers”, the arrangement of
composing plates became less dense, the average hierarchical crystal
size decreased from 2.0 µm to 1.2 µm, and the sample became more
monodisperse compared to the BiOBr_Ø reference. The supposed reason
is that (Fig. 3) the formed crystal nanoplates became thinner, which
could cause the decreased primary crystallite particle size and the di-
minished intensity of the (1 0 2) crystallographic plane (Fig. 1).

Fig. 1. X-ray diffraction patterns of BiOBr samples (A) and the correlation between the primary crystallite mean size and the (1 0 2)/(1 1 0) (B) crystallographic
planes ratio.
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It is also worth to be mentioned, that according to scientific litera-
ture using SDS or PVP during the hydrothermal treatment of BiOBr
could form hollow microsphere structures [22,24], so it is required to
investigate this property by TEM. When urea (sample BiOBr_U) was
applied during the synthesis, the appearance of a cube-shaped hier-
archical structure was noticed (Fig. 2, red frames) and the average
hierarchical size decreased from 2.0 µm to 1.3 µm compared to
BiOBr_Ø. When thiourea was used, the morphology changed micro-
flower structure again, similarly when PVP was used and the average
hierarchical crystal size was the smallest (0.8 µm) in the BiOBr series.

By analysing the hierarchical size distribution of the obtained BiOBr
series, it was concluded, that in all cases, the size distribution became
narrower compared to the BiOBr_ Ø sample (0.75–4.00 µm). The
BiOBr_TU and BiOBr_PVP exhibited the smallest average diameter of
the hierarchical crystal size (BiOBr_TU: 0.8 µm, BiOBr_PVP: 1.2 µm)
and size distribution (BiOBr_TU: 0.5–1.5 µm, BiOBr_PVP: 0.5–2.0 µm).

Fig. 3 shows the TEM images of the obtained BiOBr semiconductor
materials. As it can be seen, that BiOBr_∅, BiOBr_CTAB, BiOBr_SDS,
and BiOBr_U showed solid microspherical structure and BiOBr_PVP and
BiOBr_TU has similar flower-like structure, which is in good accordance
with the SEM results.

From SEM and TEM investigations, it can be concluded, that using
additives not only the primary crystallite mean size and crystal facet
ratios can be changed, but also the morphology and the size distribu-
tion, which could affect the photocatalytic efficiency as well.

3.3. Assessment of the band gap energy values

Investigating the optical properties of the BiOBr materials, it was
found that the additives did not affect the band gap significantly
(Fig. 4(A)), and were similar to those published in the literature
(2.7–3.0 eV) [8].

In the case of the BiOBr_U, a shoulder appeared on the light ab-
sorption edge (Fig. 4(A)), therefore the first-order derivative of the DRS
spectra was evaluated. Three transition bands can be seen (Fig. 4(A)
inset), two of them were responsible for the electron transitions under
UV light and one for the visible light-driven electron transition. The
peak 418 nm corresponded to the band gap value of the tetragonal
phase of BiOBr (418 nm = 2.9 eV). The UV peak at 370 nm could be
attributed as the band gap energy of Bi6O6(OH)3(NO3)3·1.5 H2O, while
the signal at 394 nm corresponded to Bi2O2(OH)(NO)3, both of them
are considered as photocatalysts [33–35]. Thus, the presence of this
material could increase the photocatalytic efficiency, as we have al-
ready proved in our previous work [36]. Supposedly, these two mate-
rials are present in sample BiOBr_U, in a small amount and for this
reason, their diffraction peaks did not appear in the XRD patterns. In-
terestingly it was also observed, that the BiOBr_PVP sample had the
highest band gap energy value (2.96 eV).

Similar to the XRD results, the connection between the ratios of
crystallographic planes and the primary mean crystallite size was also
investigated. The (1 0 2)/(1 1 0) crystal facet ratios were increased it
caused a redshift in the band gap energy (Fig. 4(B)), which means, that

the (1 0 2) crystallographic plane could lower the band gap energy,
which is in good accordance with the scientific literature [10].

3.4. Photocatalytic efficiencies of BiOBr materials

After detailed characterization, the photocatalytic performance of
the BiOBr materials was evaluated. Investigating the photocatalytic
efficiency under UV light irradiation, it was observed that the
BiOBr_PVP showed the highest photocatalytic activity which was ex-
pected based on the small hierarchical and mean primary crystallite
size, the highest specific surface area (Table 1) and despite the high
band gap energy. BiOBr_PVP degraded 49% of the model pollutant
under UV after 120 min and 97% under visible light (Fig. 5(A) and (B)).
Interestingly, higher activity was measured under visible light than
under UV irradiation. However, a single exception was observed in the
case of BiOBr_SDS, where despite the smallest primary crystallite mean
size its activity was low both in UV and visible light. Sample
BiOBr_CTAB degraded 41% of the RhB under UV and 47% under visible
irradiation, respectively. BiOBr_∅, BiOBr_TU and BiOBr_U all showed
lower photocatalytic efficiency under UV light (degraded only
14–41%), like under visible light irradiation (degraded 68–93%). An-
other interesting observation was, that the sample BiOBr_U did not
show high activity under UV light (14%), but under visible light, it
degraded 93% of RhB. These contradictory phenomena that most of the
samples showed higher activity under visible light than UV light irra-
diation, might have a possible explanation: photosensitization.

The photosensitization process means that the dye adsorbs on the
surface of the BiOBr and it could increase the photoabsorption and
improve the efficiency of photocatalytic degradation increasing the
photoexcited electrons. It was already proved, that the energy of the
lowest unoccupied molecular orbital (LUMO) of RhB is 0.2 eV above of
the conduction band minimum (CBM) of the BiOBr. It means that the
higher LUMO energy level of the dye similar to the semiconductor’s
CBM and it is advantageous for electron transition (Fig. 6). The pho-
toexcitation of RhB under visible light irradiation could result in an
efficient electron transition into the conduction band of BiOBr, where it
could generate radicals [10]. The photosensitization processes probably
did not occur under UV irradiation, because the RhB molecules cannot
be excited with the same efficiency. It was confirmed the RhB was also
adsorbed on the catalysts’ surface, which was also proven also by the
colour change of the powder from yellowish-white to pink. Moreover,
the diffuse reflectance spectra of the BiOBr samples were recorded after
the degradation and a subsequent purification step and it was also
confirmed that the samples were coloured (Fig. S2).

The connection between photocatalytic activity and the ratio of the
crystal phases ratios were also evaluated. As can be seen in Fig. 5(C),
when (1 0 2)/(1 1 0) crystal facets ratios were increased, the photo-
catalytic activity of BiOBr samples under UV irradiation was decreased,
which means, that the (1 1 0) crystallographic plane could increase the
photocatalytic activity under UV light irradiation. It was also observed
that between the degradation efficiency under visible light and the
(1 0 2)/(1 1 0) crystal facet ratio, no significant changes were noticed.

Table 2
Morphological, structural, optical and photocatalytic properties of the BiOBr materials.

Sample name Dcrystallite (nm)
(XRD)

Dhierarchical(µm)
(SEM)

Band gap
(eV)

(1 0 2)/(1 1 0)
ratio

SBET
(m2·g−1)

Surface tension
(N·m−1)

Bi3+ Bi4+ Bi5+ Photocatalytic conversion
(%)

From the total amount of Bi
(%)

UV Vis

BiOBr_∅ 12.0 2.0 2.85 1.00:1.00 18 0.05645 93.2 6.8 0.0 19 44
BiOBr_CTAB 23.8 1.4 2.84 0.92:1.00 14 0.05420 100.0 0.0 0.0 41 47
BiOBr_SDS 11.5 1.3 2.86 0.92:1.00 10 0.05073 100.0 0.0 0.0 33 40
BiOBr_PVP 14.3 1.2 2.96 0.36:1.00 41 0.05756 76.1 16.3 7.7 49 97
BiOBr_U 22.8 1.3 2.80 0.93:1.00 10 0.05758 89.3 8.5 2.2 14 93
BiOBr_TU 25.3 0.8 2.85 0.76:1.00 33 0.06345 91.6 5.4 3.0 41 68
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However, a single exception was observed, the sample BiOBr_SDS,
which showed lower photocatalytic efficiency.

3.5. The reason behind of the photocatalytic activity trends and the effect of
the additives

The surface tension of the synthesis solution was evaluated to un-
derstand the influence of the different additives on the morphology,
band gap energy, and the photocatalytic efficiency. The specific surface
area of the samples increased with the surface tension but sample
BiOBr_PVP was an exception, as it had the highest specific surface area

and low primary crystallite size. The reason for this phenomenon was
when the surface tension was higher, the formed micelles became
smaller, therefore the formation of pores was facilitated. Additionally,
as it can be seen that the primary crystallite mean size slightly increases
when the surface tension increases confirming the correlation found
with the specific surface area.

Investigating the (1 0 2)/(1 1 0) crystallographic planes’ ratio
(Fig. 7), it was found that it shows a local minimum (BiOBr_Ø), while
the exact opposite was found for the hierarchical crystal size. This ob-
servation points out two important factors, one of them being that
hierarchical entities’ size can be increased by decreasing orientated

Fig. 2. The SEM micrographs and size distribution of the BiOBr semiconductor materials obtained in the presence of different shape tailoring agents.
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crystal growth, while the other one is the fact that surface tension is a
crucial factor to favor hierarchical organization or individual orientated
growth of particles. The (1 0 2) and (1 1 0) crystallographic planes ratio
may be dependant on the surface tension of the synthesis solution. It
could also mean, that the equilibrium could break at a particular sur-
face tension point and if it happens, it could increase the size of hier-
archical crystal particles. The crystallization is two-step process: first
the nucleation, second the crystal growth. The nucleation of BiOBr is
driven by dissociation of the precursors and solvent molecule as the
classical nucleation theory describes [37–39]. The individual precursor
molecules forms particles overcoming the nucleation barrier. In the
surface layer the concentration of the dissociated precursor and solvent

molecules are higher, therefore the nucleation barrier and the mole-
cular binding energy could be lower, hence the nucleation rate could be
higher, than in the volume. The higher surface tension and lower nu-
cleation barrier at the solution surface could lead easier nucleation of
preferred crystal facets [40].

The crystal growth can be treated within the Transition State Theory
[41], according to which the reaction rate is higher if the molecule in
the initial state (solution) has higher chemical potential. The solvation
energy of precursors and solution in the surface layer is increased due to
surface tension, so this phenomenon could cause the preferred growth
of (1 1 0) crystal facet. Interestingly, no significant correlations were
found between the degradation efficiency under visible light/UV light

Fig. 3. TEM micrographs of the obtained BiOBr materials, which shows the internal structure of the hierarchical microparticles.
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irradiation/ band gap energy with the surface tension, pointing out that
other parameters were at work here.

The Bi 4f XPS analysis of the samples pointed out fascinating facts
(Table 1). Species such as Bi3+ (160.1 eV and 165.4 eV), Bi4+ (161.4 eV
and 166.24 eV) and Bi5+ (162.6 eV and 167.6 eV) were identified
(Fig. 8). The latter two are rather surprising as they are rare, however
not impossible find in the scientific literature. It was already shown,
that in BaBiO3 lattice distortions [42] could cause the appearance of
Bi4+, while Bi5+ was also identified in different mixed BiOX materials
and were responsible for the enhanced photocatalytic activity and are
considered to participate in electron transfer based photoactivity me-
chanisms [43]. The band gap was the highest (2.96 eV) where the
amount of Bi4+ and Bi5+ was the highest (16.3% and 7.7%, respec-
tively), in accordance with the UV activity (99%) and specific surface
area (41 m2∙g−1) as well – sample BiOBr_PVP. No Bi4+ and
Bi5+formation were observed when SDS and CTAB were applied and
correspondingly their UV activity was low (Table 1). Nevertheless, it
seems that alone Bi4+ is not sufficient to provide high activity, as in the
reference sample, there is a substantial amount of Bi4+ but no Bi5+,
resulting a lower UV efficiency. Interestingly, the visible light activity
did a not show any dependence to the species listed above, which can
be explained by the surface sensitization effect, shown by many re-
searchers. Furthermore, it seems that moderate surface tension of the
synthesis liquid is required to obtain high concentration of Bi4+ and
Bi5+ (Table 1).

No lower oxidation states were observed in the Bi4f XPS spectra,
and the Br3d XPS was unchanged in all the samples, showing the usual
signals of Br− ions in all the BiOBr samples, while the corresponding
O1s spectra did not show any signs of oxygen vacancies or any other
unusual species.

As it was expected, the ratio of different bismuth species varied with
the variation of the synthesis mixtures surface tension. Usually it is
expected that, using solvothermal crystallization in the presence of
ethylene glycol yields lower oxidation state bismuth, sometimes me-
tallic bismuth as well [44]. However, this is not necessary a rule as in
case of other bismuth based photocatalysts, such as Bi2WO6, where both
higher and lower oxidation states were noticed, due to a partial dis-
proportionation reaction [45]. In the present case it seems that the
higher oxidation state will be the dominant, however under special
circumstances (Fig. 9).

At lower surface tension values achieved with high efficiency sur-
factants (samples BiOBr_SDS and BiOBr_CTAB) Bi3+ was the only specie
detected in the samples. However, as the surface tension values are
increasing Bi4+ appeared (BiOBr_∅) in 6.8 at.% (FTB2). If the surface
tension was further increased, the presence of Bi4+ was even more
pronounced achieving 16.3 at.% (FTB), while 7.7 at.% (FTB) Bi5+ was
also present (sample BiOBr_PVP). Based on the previous observations it
was expected that, further increasing the surface tension value will
yield more Bi4+ and Bi5+, but it was not case. At even higher surface
tension values both Bi4+ and Bi5+ ratio decreased but did not com-
pletely disappeared (samples BiOBr_U and BiOBr_TU).

This suggested clearly that moderate surface tension values are
needed to get a higher ratio of the two oxidized bismuth species, while
too low or high surface tension values will not lead to success in this
regard. This is absolutely important, as the presence of different bis-
muth entities on the surface of these materials would critically influ-
ence their activity and therefore their applicability as well.

Fig. 4. The diffuse reflectance spectra of the BiOBr materials (A) and the first-order derivative curve of the BiOBr_U sample ((A) inset) and the correlation between the
band gap energy and the (1 0 2)/(1 1 0) (B) ratios of the crystallographic planes.

2 FTB-From the total amount of bismuth.
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4. Conclusions

A series of BiOBr samples were successfully synthetized with different
additives. From the morphological studies, it was found that all the

samples showed hierarchical structures (microspheres, microflowers and
microcubes), which were composed of individual crystallites.

It was found that by increasing (1 0 2)/(1 1 0) crystal facets ratio it
caused a redshift in the band gap energy of BiOBr materials, which
means, that the (1 0 2) crystallographic plane could possess a lower
band gap energy. From the DRS measurements, it was found that
BiOBr_U contained the formation intermediates Bi6O6(OH)3(NO3)3·1.5
H2O and Bi2O2(OH)(NO)3. It was also observed that increasing the
(1 0 2)/(1 1 0) ratio decreased the photocatalytic degradation of RhB
under UV light irradiation.

The surface tension of the synthesis suspension was responsible for
the change in morphological and structural properties, including hier-
archical crystal size, mean primary crystallite size, band gap energy and
UV light-driven photocatalytic activity. Concomitantly, the surface ten-
sion was responsible for the fine-tuning of the Bi4+ and Bi5+ presence
which were also responsible for the photoactivity of the samples. The
visible light activity was independent of the factors mentioned above.
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