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1 | INTRODUCTION

Over the past decades, bismuth oxyhalides (where X = F,
Cl, Br, or I) have been attracting research interests owing
to their potentials for applications in several scientific
fields.!'! Their particles exhibit a tetragonal matlockite
structure, which can be considered part of the Sillen
family. In particular, BiOBr presents exhibits promising
semiconductor properties mainly for photocatalytic appli-
cations,**! as well as other characteristics including

Theoretical and experimental methods were employed to investigate the vibra-
tional modes of BiOBr. Wavenumber prediction and assignments of the infra-
red and Raman modes were performed using density functional theory and
lattice dynamics calculations. The theoretical models were directly compared
with the experimental results of particles fabricated using the microwave-
assisted hydrothermal method and results reported in literature. The simula-
tion results of the structure parameters, band gap, and vibrational modes are
in agreement with the corresponding experimental values. The proposed
models and calculations provided detailed insights into the vibrational modes

and enabled to determine propagated assignment errors in results reported in

BiOBr, density functional theory, GF-matrix, lattice dynamics calculation

photoelectrochemical activity,[é] bacterial inactivation,!”!

and photoluminescence.[s]

At ambient conditions, its structure is stable and it has
a band gap energy (Eg,p) Of ~2.7 eV.*l Furthermore, the
particles can be easily produced using a large-scale fabri-
cation process, which is an important factor for any mate-
rial that has technological applications.'”!

BiOBr has been extensively investigated experimentally.
Several studies characterized BiOBr synthesized though var-
ious methods producing particles with different structures
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and properties.'*2! However, the number of publications
and targeted topics using theoretical approaches with
quantum computational simulations for this system is not
very high so far. Li et al. performed density functional
theory (DFT) calculations to explain the efficient fixation
of N, to NH; in BiOBr nanosheets without the presence of
any organic scavenger or precious-metal cocatalysts."*! In
addition, Huang" and Huang and Zhu!'*'employed DFT
to evaluate the electronic levels (valence and conduction
bands) of bismuth oxyhalides materials and modifications
caused by the change of the halides.

Theoretical results can provide valuable information,
which are often very challenging to be experimentally
obtained, as it is the case for the electronic levels and fix-
ation of a molecule in a solid. Therefore, theoretical
approaches are of key importance for the understanding
of the structural and electronic characteristics of mate-
rials, which can be employed to propose methods for the
modulation of their properties. In many systems, using
computational simulations, the characteristics including
vibrational spectra, lattice parameters, and nanoparticles
morphology can be obtained with a good accuracy.'*7!

Regarding the vibrational modes of BiOBr, there are
many studies that report infrared (IR) and Raman spectra
measurements to reveal the active modes. However, the
modes assignments and attribution come from few papers
that indeed realize more elaborated attributions based on
polarized Raman/IR measurements. Davies!'®! performed
an experimental evaluation of the IR and Raman modes;
this paper is commonly cited as a reference for the
determination of the modes of BiOBr. In his study, the
analysis of the IR modes was performed by comparison
with the modes of oriented films of BiOCl and BiOBr
proposed by Rulmont.*”! In the case of Raman modes,
Davies performed the attributions by comparison with
BaClF and BaBrF materials, instead of performing a more
precise determination.”” To the best of our knowledge,
Rulmont and Davies were the first researchers who

(a)
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determined the IR and Raman modes of this material,
respectively.

Therefore, there are several experimental studies with
comparative indications; however, they lack discussions
using theoretical approaches that provide a better under-
standing of the structural characterization of BiOBr.

In this study, we perform a detailed theoretical analy-
sis with focus on the vibrational modes of BiOBr. Group
theory, DFT, and lattice dynamics calculations (LDC)
were performed in order to provide detailed insights into
the structure motions and demonstrate propagated
assignment errors in the literature about this system.
The theoretical models were directly compared with
experimental results of BiOBr particles synthetized using
the microwave-assisted hydrothermal method.

2 | CRYSTAL STRUCTURE AND
GROUP THEORY PREDICTIONS

At room temperature, BiOBr has a tetragonal cell that
belongs to the space group P4/nmm (D4, No. 129). The
crystal structure information were first reported by
Bannister et al.[*!! However, the structural data used as
reference in this study were described by Kettler et al.l*
In this study, the primitive unit cell (Z = 2) has lattice
parameters of a = 3.923 A and ¢ = 8.105 A (Figure 1a).
The lattice can be regarded as alternate layers of Bi,O,
clusters and double layers of halide along the [001] direc-
tion (Figure 1b). The double halide layers are connected
by van der Waals interactions.!”®! Considering the site
occupations summarized in Table 1, the vibrational modes
at the Brillouin zone center (q ~ 0) can be determined by
the irreducible representation of the Dy, factor group, as
listed in the last column of Table 1. Therefore, one should
expect 4 IR-active (2A,, @ 2E,) and 6 Raman-active
(2A;; ® By @ 3E,) modes. We employed the nuclear site
method developed by Rousseau et al. to predict the optical
phonons features.!**! It is worth mentioning that the

FIGURE1 Crystal structure representation of BiOBr: (a) atomic model for BiOBr used in the calculations and (b) BiOBr lattice showing the
Bi,0, clusters and double layers of halides [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Factor group analysis for the crystal structure of tetragonal BiOBr unit cell [Colour table can be viewed at wileyonlinelibrary.com]

Fractional coordinates

Wyckoff Site
Ion site symmetry x
Bi** 2c 4 mm (Cay) 0.25
0% 2a —4 m2 (Dyg) 0.25
Br'~ 2¢ 4 mm (Cyy) 0.25

Note. Atomic position and their respective site symmetry are summarized.

A- and B-type modes are nondegenerate, whereas the
E-type modes are double-degenerate. The above subscripts
“g” and “u” are related with the parity under the inversion
operation in centrosymmetric crystals (e.g., BiOBr). The
gerade (g) modes are Raman active modes, whereas the

ungerade (1) modes are IR active modes.

3 | MATERIALS AND METHODS

3.1 | Synthesis

BiOBr sample was fabricated using the microwave-assisted
hydrothermal synthesis in the presence of amino acid as
templates. First, 2.0 mmol of potassium bromide (KBr,
99% purity, Aldrich) and bismuth nitrate [Bi(NO3)s, 99%
purity, Aldrich] were added to 100 ml of a 0.03-mol L™*
solution of glycine. The mixture was stirred for 30 min,
transferred to a 150-ml Teflon vessel placed in a stainless-
steel autoclave reactor, and heated at 180 °C for 8 hr. The
product was separated by centrifugation, washed with
deionized water, and dried at 60 °C for 8 hr.

3.2 | Characterization

X-ray diffraction (XRD) patterns were recorded to charac-
terize the phase and structure of the as-prepared samples,
using a D/Max-2500PC diffractometer (Rigaku, Japan)

y z Irreducible representation
0.25 0.1540(1) A, ®ALDE;DE,
0.75 0 Ay ® B @ E; D E,
0.25 0.6568(3) A DA BE; DE,
Total 2A,, @ 3A,, ® B, ® 3E, @ 3E,
Acoustic Az ® Ey
Silent 0
Infrared 2A,, © 2E,
Raman 2A1; @ By © 3E,

operated at 40 kV and 150 mA, with a Cu-K, radiation
(1.5406 A), in the 26 range of 7-90°. Raman spectrum at
room temperature was recorded in a backscattering geom-
etry using an HR800 evolution micro-Raman spectrome-
ter (Horiba Jobin-Yvon). A 532-nm laser line was
employed as the excitation source, recorded after the
50X objective. Prior to the fitting procedure, the as-
recorded spectrum was corrected by the Bose-Einstein
thermal factor [n(w,T) + 1]. **! Near-IR spectrum at room
temperature were recorded using a Bruker VERTEX 70
Fourier-transform IR spectrometer. The particle size and
morphology were investigated using a Phenon ProX scan-
ning electron microscope operated at 10 kV.

3.3 | Quantum computational methods

The simulations for BiOBr were performed on a periodic
cell using DFT with a B3LYP hybrid functional,2*%”!
implemented on CRYSTAL14*®! program. Bismuth,
oxygen, and bromine centers were described using
the ECP60MFD_s4411p411d411_Heifets,!*®! 8411(d11)
_Heifets,'*”! and HAYWLC-31_prencipe, respectively.*"!
All basis sets can be found at the CRYSTAL page
(http://www.crystal.unito.it/basis-sets.php).

The calculations were performed with truncation
criteria for the Coulomb and exchange series controlled
by a set of five thresholds (10_8, 1078, 1078, 1078, and

Distance (A)/angle ©) Force constant value (md.A™")

TABLE 2 Interatomic force constant values derived after the lattice dynamics calculation
Force constant Atoms involved Multiplicity
K; Bi(2¢) — O(2a) 4
F, Br(2¢) — Br(2¢) 4
H; 0O(2a) — Bi(2¢) — O(2a) 4
H, Br(2¢) — Bi(2¢) — Br(2¢) 4

2.325 0.880
3.763 0.142
73.25 0.521
76.46 1.517


http://www.crystal.unito.it/basis-sets.php
http://wileyonlinelibrary.com

FERRER ET AL.

Wl LEY—JournaI of N 1359

107'%), and shrinking factors (Pack-Monkhorst and Gilat
net). The initial atomic positions and lattice parameters
were set according to Ketterer et al.l*?! The Raman and
IR vibrational modes and their corresponding
wavenumbers were calculated through numerical second
derivatives of the total energy. The Raman and IR intensi-
ties were obtained through the CPHF/KS scheme.*!*?!

3.4 | Classical computational methods

Wilson's GF-matrix method was employed to perform
LDC of the first-order Raman- and IR-active phonons
for the tetragonal matlockite structure of BiOBr.1**! For
the LDC, we employed the VIBRATZ software package
developed by Dowty.!>¥

—— This work
------- ICSD#61225
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FIGURE 2 X-ray diffraction at room temperature of the BiOBr
microcrystals obtained by microwave-assisted hydrothermal
method. The indices of planes are indexed in agreement with
tetragonal structure following the ICSD card 61225.

ICSD = inorganic crystal structure database [Colour figure can be
viewed at wileyonlinelibrary.com]

SPECTROSCOPY

For accurate calculations of the vibrational
wavenumbers, the short-range atomic interactions are
required, including the valence (K;), repulsive (F;), and
angle (H;) force constants. In this study, one valence,
one repulsive, and two angle force constants are consid-
ered, as listed in Table 2. In addition, we obtained the
individual contribution of each force constant to the opti-
cal phonons using the potential energy distribution
(PED). This parameter provides a better understanding
of the vibrational properties of the BiOBr structure.

4 | RESULTS AND DISCUSSION

All theoretical models were developed in comparison
with experimental results of BiOBr obtained by the micro-
wave-assisted hydrothermal method. Figure 2 shows the
long-range crystalline information of BiOBr obtained
using the XRD technique. The XRD pattern confirms the
pure tetragonal structure (space group P4/nmm), accord-
ing to the inorganic crystal structure database (No.
61225).22!

The short-range properties of the fabricated BiOBr
were evaluated using Raman and IR spectroscopies, as
shown in Figures 3 and 4, respectively.

A theoretical model of BiOBr was developed to evalu-
ate the relationship between the structural vibrations and
energy of the system. The structural and electronic char-
acteristics of the model, including the optimized lattice
parameters and band gap energy, are in a good agreement
with the experimental results (Table S1 and Figures S1
and S2). The simulated Raman and IR spectra are also
shown in Figures 3 and 4, respectively, without any scal-
ing correction. Both experimental and theoretical spectra
indicate the presence of six expected Raman-active modes
in the range of 0-700 cm™" and four expected IR-active

Wavenumber/cm™”
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FIGURE 3 Experimental and theoretical first-order Raman spectra of BiOBr at room temperature [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 4 Experimental and theoretical first-order IR spectra of
BiOBr at room temperature [Colour figure can be viewed at
wileyonlinelibrary.com]

modes in the range of 0-550 cm™ ', as expected for a pure
crystalline sample according to the above group-theory
predictions. All vibrational modes (theoretical and exper-
imental) including the assignments from the DFT calcula-
tions are listed in Table 3.

The calculated Raman spectrum are in an excellent
agreement with the experimental results in terms of the
vibrational mode position; however, there are large differ-
ence in the mode position of lower wavenumber (~60 cm
~!. Figure 3) with respect to other samples reported in the
literature.!”*8 Figure S3 presents a careful decomposition
process using Lorentzian profile functions of BiOBr
Raman spectrum. In the decomposition, it is possible to
observe additional modes most likely owing to the incor-
poration of impurities or structural local distortions. The

local symmetry breaking causes a loss of the inversion
operation, which leads to an increased number of
expected Raman-active modes.**3®! The intensity predic-
tions showed significant differences in the first and last
two modes. In general, the simulated Raman profile has
the same pattern of the experimental results. As the
hydrothermal method for materials synthesis usually
leads to a crystal growth with a preferential orienta-
tion,'3”3! we argued that our samples may have a partial
preferential orientation, which explains the differences
between some of the experimental and calculated Raman
intensities. As one can note in the XRD data, it can be
confirmed a tendency for a microcrystal growth along
the [001] direction, because the experimental peak inten-
sities of the (001), (002), (003), and (004) reflections are
higher than those reported at the inorganic crystal
structure database (i.e., completely random oriented;
Figure 2). Figure S4 shows a scanning electron micro-
scope image that confirms our assumption about the pref-
erential orientation of the synthesized particles.

Regarding the IR data, the absorbance spectrum was
overlapped with the simulated intensity of absorption of
each mode. The theoretical mode positions were not
obtained with the same accuracy as that in the Raman
simulations; however, all simulated profiles are in agree-
ment with the experimental results. Additional IR modes
are observed in Figure 4, in accordance with the addi-
tional modes of Raman spectrum.

In general, the energies of the theoretical modes are
very similar with the corresponding experimental values,
which indicates the accuracy of the model and calcula-
tions. In order to compare our results, it was also included
in Table 3 the wavenumbers of the vibrational modes and
the assignment described by Davies; the study of Davies

TABLE 3 Experimental Raman (A;g, By,, and Eg) and IR (A,, and E,) bands for the BiOBr tetragonal structure at room temperature, in

which ¥ are the phonon mode position (cm™)

DFT (assignment)?

Experimental® Ref (assignment)

B (em ) ¥ (em ) ¥ (em Y
59 57 (Ayy) 70 (Ey)
93 92 (Ey) 98 (E,)
113 113 (Ayy) 115 (Ay,)
162 162 (E,) 167 (A
384 385 (Byy) 382 (Byy)
425 410 (By) 429 (Ey)
67 72 (E) 78 (Ey)
121 125 (Agy) 106 (A,)
276 265 (E,) 274 (E,)
445 512 (Asy) 481 (Ayy)

*This work.

LDC (assignment)?®

D (ecm™) PED > 10%

82 (Ey) K,(16), Fy(28), Hy(57)
123 (Ey) Fy(32), Hy(10), Hy(56)
102 (Ayg) K,(58), Fy(27), Hy(15)
145 (A1) K1(10), F1(39), Ho(49)
328 (Byy) K,(100)

436 (Ey) Ky(74), H1(26)

91 (E,) H,(99)

100 (A,y) H5(99)
401 (E,) K,(89), Hy(11)
380 (Agy) K,(80), Hy(19)
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on the BiOBr vibrational modes, as mentioned above, was
used in many reports as a reference to identify the vibra-
tional modes.

Table 3 shows that BiOBr modes’ wavenumbers
reported by Davies are very similar to our results. However,
there are differences in the assignment obtained by the
DFT calculations with respect to those reported by Davies
and, consequently, other studies that used his results as a
reference. These reports suggested that the first and fourth
active modes around 60 and 160 cm™" are A, and E,
modes, respectively. The quantum computations showed
an inversion, where the first is Eg, whereas the fourth is
A,; mode. This represents an inversion of symmetry of
the species, where the first mode at 60 cm ™" is actually two-
fold degenerated with respect to C,, whereas the fourth
mode is symmetric with respect to C,, and S,,. Experimental
results that correspond to our theoretical prediction are
reported in the paper of Rulmont about polarized
Raman studies on the BiOCl single crystal.®*! In
particular, the author attributed the E, symmetry to the
mode at 59 cm ™. This mode is similar to that of BiOBr at
57 cm™ !, reported in Davies's study.

The LDC method was employed in order to compare
and confirm our first affirmations based on the DFT cal-
culations and better describe the modes. Therefore, using

_RARAN
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the set of force constants listed in Table 2, we calculated
the Raman and IR wavenumbers at the zone center. The
LDC results are summarized in Table 3.

The comparison with the experimental results shows
that there is a good agreement with both DFT- and
LDC-calculated Raman and IR bands. The LDC results
also mean that the vibrational spectra can be simply
described using the short-range force constants. The
atomic displacement patterns that represent the optical
modes (Raman and IR) are illustrated in Figure 5 (see also
the 2D projection [Figure S5] and Video S1). The Ay,
modes correspond to the motions of Bi,O, clusters
and double layers of halide along the c-axis of the Dy,
tetragonal cell. In particular, the Ay, mode centered at
~102 cm ™' (calculated using LDC) has a high intensity
in the Raman spectra, in agreement with the DFT results.
This mode can be regarded as a compression-type move-
ment of the Bi,O, cluster layers and double halide layers,
where the major contribution is from the Bi—O bond (K;
force constant; see the PED values [~58% for K;] in the
last column of Table 3). Indeed, the Raman bands with
wavenumber values below 200 cm™" are very halogen-
dependent. It is worth mentioning that the B;; mode
has a major contribution from the K; force constant,
where only oxygen atoms are allowed to move.

E;r ann
0
Br amw
DFT 115cm 167 cm-! 382 cm! 106 cm-! 481 em-!
LDC 102 cm! 145 cm™! 328 cm! 100 cm™! 380 cm*!
E, E,
@ \ =
‘ .. ]
DFT 70 cm! 98 cm-! 429 cm! 78 cm-! 274 cm
LDC 82cm! 123 cm? 436 cm-! 91 cm-! 401 cm

FIGURE 5 Atomic displacements of six Raman-active (A4, Byg, and Eg;) modes and four IR-active (A, and E,) ones for BiOBr tetragonal
structure. DFT = density functional theory; LDC = lattice dynamics calculations [Colour figure can be viewed at wileyonlinelibrary.com]
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The E,; modes are related with the movements of all
atoms at the ab-plane, while maintaining the inversion
operation. It is worth mentioning the high wavenumber
E, mode centered at 436 cm™ (determined using LDC)
with a low Raman intensity in the experimental spectrum
shown in Figure 3. For systems with well-defined external
and internal modes, the high wavenumber Raman bands
correspond to high intensity modes, as observed in
ordered perovskites.*”! Their Raman spectra consist of
two distinctive regions, a low-wavenumber part that cor-
responds to the translational movements of the heavier
atoms and a high-wavenumber part that corresponds to
the internal vibrations of the pure octahedra (for perov-
skites). Then, the most intense Raman mode usually rep-
resents the symmetrical stretching vibration of the
octahedra (or breathing mode)."*!! For BiOBr, there is no
way to separate the atomic displacements in those two
parts by identifying the octahedral and tetrahedral
groups. Further, the structural constrains may be the rea-
son behind the low intensity observed for the E, mode at
436 cm ™!, besides its asymmetrical origin, as illustrated in
Figure 5.

The more intense IR band (at 274 cm™" by DFT and
401 cm™' by LDC) in the theoretical spectrum is attrib-
uted to the vibrations of oxygen ions towards the ab-
plane, which involve mainly the K; force constant (89%
in its PED). Figure 5 shows that the oxygen displacements
are in opposite direction with respect to that of Bi. We can
propose that any local symmetry breaking in the Bi,0,
clusters concerning the Bi—O bonds could be identified
by analyzing the IR band centered at 276 cm™! (E,). On
the other hand, the A,, modes correspond to atomic dis-
placements along the c-axis of the tetragonal cell with a
tendency to form a polar axis in this direction. These IR
nondegenerate modes mainly involve Br and O atoms,
as illustrated in Figure 5.

5 | CONCLUSIONS

An accurate analysis of the vibrational modes of BiOBr
was performed in order to provide insights into the struc-
ture and motion of BiOBr upon absorption of energy. All
Raman and IR active modes were evaluated using quan-
tum and classical methods based on DFT and LDC,
respectively. Theoretical spectra were simulated through
the CPHF/KS scheme incorporated in the CRYSTAL14
software package. Experimental BiOBr sample was syn-
thesized using the microwave-assisted hydrothermal
method to directly compare the experimental and theoret-
ical spectra, and with results reported in literature. In
addition to the assignment of modes, the presence of
propagated errors in the literature was demonstrated for

the modes at 60 and 160 cm ™. Both quantum and classi-
cal calculations showed that the modes are actually E,
and A,,, respectively; opposite of the behavior showed
in the reference papers on the vibrational modes of this
material. The knowledge about the vibrational modes is
of key importance for a proper correlation between the
structural changes and response that determines the prop-
erties of this material.
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