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BiNbO,4 has attracted a great deal of interest due to its excellent photocatalytic activities. Besides, it
possesses rich polymorphism. Here, the structural stability and structural evolution of orthorhombic o- and
triclinic B-BiNbO4 were investigated via in situ X-ray diffraction patterns and Raman spectra up to 46.7 GPa.
Upon compression, both BiNbO, samples become unstable. a-BiNbO,4 transformed into the monoclinic
C2/c structure at 10.3 GPa, while B-BiNbO, possessed one PI-to-P1 isostructural phase transition around
12.7 GPa, and for the first time the crystal structure of each high pressure phase was identified. Both high
pressure structures remained stable without obvious symmetry changes during compression to 46.7 GPa. In
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addition, both phase transitions were reversible upon decompression. These results provide insights to
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Introduction

Recently, bismuth-based photocatalysts have attracted great
interest due to their rich crystal chemistry, diverse chemical
compositions and adjustable electronic band structure for a
visible light response.”™ Among them, BiNbO, is one of the
most promising compounds because of its unique band struc-
ture and good photocatalytic performance.”® In addition,
BiNbO, possesses rich polymorphism and four polymorphs
have been reported, namely, the orthorhombic a-BiNbO, with
a space group of Pnna,' triclinic B-BiNbO,4 with a space group
of P1," orthorhombic y-BiNbO, with a space group of Cmc2,
and cubic HP-BiNbO, with a space group of Fd3m.">* All these
BiNbO, polymorphs are built by BiOg and NbOg octahedra but
with different arrangements, resulting in quite different physi-
cal properties. For example, o-BiNbO, exhibits better photo-
catalytic activity while $-BiNbO, shows potential for application
in photoluminescence and scintillation.'* Because of its rich
polymorphism and excellent physical properties, structural
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understand pressure-induced reversible phase transition in ABO, compounds with polymorphism.

stability and structural evolution in BiNbO, is an interesting
topic and has been extensively investigated."®

Using the solid state reaction, a-BiNbO, can be synthesized
through Bi,O; and Nb,O; at 900 °C while B-BiNbO, can be
obtained above 1150 °C.® This result has been attributed to the
a-to- irreversible transition at 1020 °C for BiNbO,. In contrast,
Zhuk et al. observed that «-BiNbO, transformed into another
new high temperature phase, y-BiNbO, rather than B-BiNbO,
after annealing o-BiNbO, above 1055 °C.'>'® Moreover, the
high temperature phase y-BiNbO, is unstable and it can convert
back to f-BiNbO, in the cooling process below 997 °C. Besides,
the above transition is reversible that 3-BiNbO, will transform
into y-BiNbO, above 1001 °C again with a normal heating
process. Therefore, this suggests that the previously reported
a-to-B irreversible transition during the heating-cooling pro-
cess is actually the & — vy — P transition. Moreover, it has been
believed that o-BiNbO, could not be obtained from B-BiNbO,
because of the above o — y — P transition. However, recently,
an abnormal B-to-o transition has been observed above 950 °C
at a slow heating process for BiNbO,."” ' Besides temperature,
doping can also induce phase transition between different
BiNbO, polymorphs. It has been reported that f-BiNbO, turns
unstable upon doping and it would gradually transform into
o-BiNbO, with the increase of the Eu** doping concentration.>
And doping can also change the a-to-f transition temperature,
such as copper, manganese or nickel doping.”’>* Zhuk et al.
reported that a-to-f transition temperature could increase on
average by 100 °C with the increase of the copper oxide
content.”’ In addition, pH of a precursor also has a great
effect on the phase stability of BiNbO,. In the co-precipitation
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method, a high pH will result in the B-BiNbO, structure while
low pH promotes the formation of o-BiNbQ,.>®

Besides temperature, doping and pH, pressure is also exten-
sively investigated as another approach to discover and access
new structures or novel properties of materials. It has been
reported that a new metastable phase of BiNbO,, HP-BiNbOy,,
could be obtained from «-BiNbO, or B-BiNbO, at 5 GPa and
800 °C."* This HP-BiNbO, is stable during further compression
and no pressure-induced phase transition has been observed
up to 24.1 GPa.”® However, this metastable HP-BiNbO, phase
will convert back to a-BiNbO, and B-BiNbO, again after heating
above 600 °C and 1150 °C, respectively. Furthermore, a-BiNbO,
is also unstable under pure high-pressure conditions, and
experiences a reversible phase transition at 10.3 GPa at room
temperature.”” However, the detailed structural information of
this new HP-phase is still unclear. Moreover, to the best of our
knowledge, there have been no studies on the structural
stability of other two metastable structures (- and y-BiNbO,)
under pressure. Therefore, despite much effort made in the
past, a full understanding of the structural evolution of BiNbO,
under pressure was not yet achieved and additional research is
required to extend previous studies for BiNbO,.

In view of the above aims, o-BiNbO, and B-BiNbO, were
successfully synthesized and the effect of pressure on both
structural stability and phase behavior was investigated using
in situ X-ray diffraction patterns and Raman spectra up to
46.7 GPa. Moreover, the effect of hydrostatic pressure condi-
tions on the structural evolution has been investigated by using
two different pressure transmitting media (silicon oil and Ar
gas). These results will be helpful for a more in-depth under-
standing of the phase transition in BiNbO,.

Experiment

Two types of BiNbO, samples were synthesized using the solid
state method. The starting materials are Nb,Os and Bi,O; with
purity of 99.9%. Both starting materials were weighted accord-
ing to a stoichiometric ratio (Bi:Nb = 1:1) and then efficiently
ground via a mortar and pestle. The obtained precursor was
firstly pre-heated at 700 °C for 48 h in a muffle furnace to avoid
the volatility of the Bi element. Then, it was cracked and ground
again. Part of the powder was calcined at 900 °C for 48 h and
the rest was calcined at 1200 °C for 24 h. After heat treatment,
the obtained samples were ground again for the following
characterization.

The crystal structure and phase purity were characterized by
X-ray diffraction, excited with Cu Ko radiation (Ultima IV,
Rigaku, 1.540598 A, 40 kV, 40 mA). The Raman spectrum was
measured using a Renishaw inVia Raman microscope
(Renishaw, UnitedKingdom) with a 532 nm laser. Raman
spectra were collected in backscattering geometry using a
2400 ¢ mm~ ' grating and the slit width was selected as
65 pm with a resolution of ca. 0.5 cm™*. All the measurements
were conducted at room temperature.
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The high pressure experiments were performed using a
diamond anvil cell (DAC) with a diamond culet of 300 um.
The BiNbO, samples and ruby were loaded into a hole with a
diameter of 170 um and a thickness of 50 pm (pre-indented) in
a steel gasket. The pressure was determined via the shift of the
ruby R, emission line.”® To maintain hydrostatic conditions
around samples, argon gas serves as the pressure transmitting
medium (PTM).>® The high-pressure (HP) Raman measure-
ments were in situ performed using a Renishaw inVia Raman
microscope spectrometer. The Raman acquisition parameters
are set consistent with the above atmospheric pressure mea-
surements. The pressure was applied at a step of about 1 GPa,
and the Raman spectra were collected at each pressure point.
Then, the selected Raman spectrum was processed and further
analysed. The HP-XRD experiments were performed at the
BL15U1 beamline of Shanghai Synchrotron Radiation Facility.
The 2D diffraction images were collected with a Mar CCD
detector using monochromatic radiation with a wavelength of
0.6199 A. High-purity CeO, powder was used to calibrate the
geometrical parameters of the detector. The images were trans-
formed into patterns of intensity versus 20 using DIOPTAS.*°

The theroretical calculations of this work are carried out
using the Vienna Ab initio Simulation Package (VASP) based on
density functional theory. The generalized gradient approxi-
mation (GGA) was chosen as the exchange-correlation potential
function.?"** The plane-wave cutoff energy is set as 520 eV.
The Monkhorst-Pack scheme was adopted to set k points in the
Brillouin zone. And the k point meshes were adopted as 6 x 3 x 7
and 4 x 6 x 4 for o-BiNbO, and B-BiNbO,, respectively. For
structural optimization at high pressures, the systems were relaxed
until the total energy and ionic Hellmann-Feynman force became
less than 1 x 10° €V per atom and 0.02 eV A", respectively. In the
calculation process, the Bi 6s’6p®>, Nb 4d’ss’ and O 2s*2p*
electrons were treated as valence states.

Results and discussion

The crystal structures of o-BiNbO, and B-BiNbO, are shown in
Fig. 1. a-BiNbO, has a one layer structure, composed of
bismuth layers and NbOg octahedral layers. The NbOg octahe-
dron in each layer is connected to each other by corner-sharing
of oxygen atoms. And the Bi*" cations isolated each NbOg
octahedral layer in a straight line arrangement along the b axis,
as shown in Fig. 1(a). B-BiNbO, exhibits a similar crystal
structure arrangement to that of o-BiNbO, while its NbOg
octahedral layers are wrinkled, as shown in Fig. 1(b), resulting
in more-efficient stacking and relatively larger density than the
a-phase. Moreover, for both Bi** and Nb°" ions, each element
occupies one kind of crystal sites in o-BiNbO,, while there
are two different sites for each kind of Bi** or Nb®* ions in
B-BiNbO,. Therefore, the crystal symmetry of -BiNbO, is much
lower than that of o-BiNbO,.

Fig. 2(a) presents the XRD patterns of BiNbO, samples
calcined at 900 °C and 1200 °C, respectively. The sharp and
well-defined diffraction peaks suggest the good crystallinity of
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Fig. 1 Crystal structures of (a) a- and (b) B-BiNbOy, (the Bi, Nb and O atoms are denoted in purple, green and red colors, respectively. The unit cell is

shown in a dashed line).
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Fig. 2 The (a) XRD patterns and (b) Raman spectra of a- and B-BiNbO,4. The dotted line highlights their structural difference in the Raman spectrum.

two BiNbO, samples. The diffraction peaks of both BiNbO,
samples can be well indexed to those of a-BiNbO, (orthorhom-
bic, ICSD:74338) and B-BiNbO, (triclinic, ICSD:10247), respec-
tively. No other diffraction peaks of the impurity phase can be
detected. Therefore, the XRD results indicate that two BiNbO,
samples were successfully synthesized. Fig. 2(b) shows the
Raman spectrum of two BiNbO, samples. The Raman results
match well with those of previous report,®* further suggesting
the successful synthesis of a- and f-BiNbO,. For a-BiNbO,, the
vibrational modes at 624 cm ™" and 534 cm ™' correspond to A,
and E,, originating from the internal stretching vibration mode
of the NbOg octahedron.? The peaks at 271 cm™ ' and 197 cm ™"
are ascribed to two angular bending vibrational modes of F,g
and F,,, respectively.”> The peaks located at 367 cm *,
383 cm ™' and 425 cm™ ' are assigned to F;, modes. The peak
at 886 cm ™' can be attributed to the stretching vibration of the
octahedron of BiOg. As shown in Fig. 2, the XRD patterns and
Raman spectra of §-BiNbO, are much more complicated than
those of o-BiNbO,, which may be attributed to the lower
symmetry and more complex structural arrangement of
B-BiNbO,, as discussed above.

20548 | Phys. Chem. Chem. Phys., 2022, 24, 20546-20552

The structural stability and phase behavior of o- and
B-BiNbO, under high pressure were investigated via the
in situ Raman spectra up to 39.7 GPa and 38.1 GPa, respectively.
The Ar gas was used as the PTM to ensure the hydrostatic
pressure condition. As shown in Fig. 3(a), a-BiNbO, remains
stable below 4.9 GPa while several new Raman bands appear at
around 188, 283, 330, 758 and 857 cm ' above this pressure.
When the pressure is increased up to 10.3 GPa, more new
Raman peaks are observed at 143, 182, 368, 454, 553, 677 and
719 cm ™', respectively. Upon further increasing the pressure,
the intensity of these new peaks becomes gradually strength-
ened. Meanwhile, the intensity of original Raman modes of
a-BiNbO, evidently weakens, especially for its dominant mode
at 639 cm . These variations suggest one pressure-induced
phase transition at 10.3 GPa for a-BiNbO,, which matches well
with the previously reported XRD results.>” Upon further com-
pression, no distinct changes are detected except that most of
the Raman modes become weak and broad. Up to the max-
imum pressure of 39.1 GPa, only a prominent broad band at
778 cm™ ! and several weaken modes below 300 cm ™' can be
detected.

This journal is © the Owner Societies 2022
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Fig. 3 The evolution of Raman spectra under pressure of (a) a.- and (b)
(d) B-BiNbOg,.

Similar results are also observed for B-BiNbO,, as shown in
Fig. 3(b). No distinct changes are detected in the Raman
patterns below 12.1 GPa. Then, several new Raman modes
appear at 137, 182, 497 and 647 cm ™' at 12.1 GPa and become
more prominent at higher pressure. Simultaneously, several
sharp Raman peaks in the low frequency region gradually
merge or disappear. These changes mean that there is one
structural transformation for B-BiNbO, at 12.1 GPa as well.
Similar to that of a-BiNbO,, upon further compression, most of
the Raman peaks become weak and broad, and only a promi-
nent broad band at 758 cm ™" can be clearly observed up to the
maximum pressure of 38.1 GPa.

The pressure-induced variations in the Raman spectrum of
o- and B-BiNbO, can be clearly observed in Fig. 3(c) and
(d). Evidently, most Raman modes shift toward the higher
frequencies during compression. Obvious discontinuity
can be observed at about 10.3 and 12.1 GPa for a-BiNbO, and
B-BiNbO,, respectively. These variations clearly suggest one
phase transition for each sample in the current pressure
region. In addition, after decompression to the ambient
pressure, the Raman spectra of two high pressure phases
convert back to the original spectra of o- and B-BiNbOy,
indicating that both phase transitions are completely rever-
sible for a- and B-BiNbO,.
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It is well known that the choice of PTM has a great influence
on the surrounding hydrostatic conditions and thus affects the
high pressure behavior of compounds.®® To further confirm the
pressure-induced phase transition of both BiNbO, samples and
eliminate the influence of the PTM, high-pressure experiments
were performed again for both samples using silicon oil as the
PTM. From Fig. S1 (ESI}), it can be found that the evolutions of
Raman spectra under pressure are similar to that using Ar gas
as the PTM. Even the transition pressures are similar for two
different PTMs. Therefore, it can be confirmed that there exists
a pressure-induced phase transition around 10.3 and 12.1 GPa,
respectively, in o- and B-BiNbO,4, no matter of PTM.

To further confirm the structural evolution of two types of
BiNbO,, HP-XRD measurements were performed. Fig. 4 shows
the evolution of XRD patterns for both BiNbO, structures in the
compression and decompression process. As shown in Fig. 4,
with increasing pressure, all diffraction peaks move towards
higher diffraction angles due to the pressure-induced contrac-
tion of d-spacing. Upon increasing the pressure to 10.1 GPa,
three new diffraction peaks appear at 6.8°, 11.7° and 13.8° for
a-BiNbO,, and these new peaks gradually become dominant
with increasing pressure. Meanwhile, the original diffraction
peaks at 6°, 10° and 12.5° gradually disappear above 13.0 GPa.
Upon further increasing the pressure, no distinct changes are

Phys. Chem. Chem. Phys., 2022, 24, 20546-20552 | 20549
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Fig. 4 Selected X-ray diffraction patterns of (a) a- and (b) B-BiNbO,4 under pressure. The red asterisk denotes the presence of new diffraction peaks.
Rietveld refinement of the high pressure phase of (c) a- and (d) B-BiNbO, at specific pressure.

detected except that most of the diffraction peaks become weak
and broad. For B-BiNbO,, a new diffraction peak is observed
around 14.1° at 12.7 GPa, and then another new diffraction
peak appears at 5.4° at 18.7 GPa. Upon continuous compres-
sion, the diffraction peak at 11.9° becomes dominant above
25 GPa, but no other changes are observed. The evolution of
XRD patterns matches well with the changes observed in the
above Raman spectra, further confirming the pressure-induced
phase transition for a- and B-BiNbO, around 10.3 and 12.1 GPa.
Moreover, compared with the results of phonon dispersion for
o- and B-BiNbO, at ambient pressure,*” imaginary frequencies
are observed for both structures under a high pressure of 13
GPa, as shown in Fig S2 (ESIt). This confirms that both phases
become unstable at high pressure, which indirectly proves that
they have experienced phase transition. During decompression,
the XRD spectra of both high-pressure phases can convert back
to the initial spectra of o and B structures. But for B-BiNbO,, it
is interesting to note that the Raman spectra recovered from
38.1 GPa are almost the same as those of the initial § structure.
While its XRD peaks recovered from 46.7 GPa are more broader
than those of the initial structure. This difference may be
attributed to the crystal structure distortion upon higher
pressure.

Structural refinement was performed for each high pressure
phase of a- and B-BiNbO, to identify the crystal structure. The

20550 | Phys. Chem. Chem. Phys., 2022, 24, 20546-20552

fitting results are shown in Fig. 4(c) and (d). The diffraction
pattern of the high-pressure phase of «-BiNbO, at 13 GPa
matches well with that of monoclinic structure BiNbO, with a
space group of C2/c. The R-factors of this refinement are
Ryp = 7.91% and R;, = 12.23%. While the high-pressure phase
of B-BiNbO, at 18.7 GPa can be indexed to the triclinic BiNbO,
with a space group of P1. Its R-factors obtained are Ry, = 9.82%
and R, = 14.73%. Therefore, it can be confirmed that «-BiNbO,
experiences one reversible Pnna-to-C2/c transition at 10.1 GPa,
while B-BiNbO, possesses one reversible P1-to-P1 isostructural
phase transition at 12.1 GPa. And this is for the first time the
high-pressure structure of «-BiNbO, is identified, and for the
first time the pressure-induced phase transition for -BiNbO, is
reported. It has been reported that either o-BiNbO, or -BiNbO,
will transform into cubic HP-BiNbO, at 5 GPa and 800 °C. But
here, this cubic phase has not been observed under pure
pressure conditions for both samples. This result suggests that
high temperature is one necessary thermodynamic parameter
to obtain cubic HP-BiNbO,.

In our previous research on ABO, compounds, such as
BivVO,,**%° 7rGe0,*® and Lav0,,*! it is believed that different
polymorphic compounds will finally transform into the same
high-pressure structure if the pressure is high enough. For
example, the fergusonite- and zircon-type BiVO, finally trans-
form into the same scheelite-BiVO, at high pressure. The

This journal is © the Owner Societies 2022


https://doi.org/10.1039/d2cp03040c

Paper
B //// -39
///// a-36
/,// a-32
Ly a-30
;i ;//; a-29
2
‘® ; p-38
T
[
5/ e
///// B-30
$-28 GPa
1;0 3(l>o 4;0 6(‘)0 750 : 9(|)o 1ol50

Raman shift (cm™)

Fig. 5 Comparison of the Raman results of a- and B-BiNbOy.

similar results have also been observed in ZrGeO, and LavO,.
Thus, it is reasonable to speculate that o- and B-BiNbO, are
likely to be converted to the same high-pressure structure
under sufficient compression. As compared in Fig. 5, most of
the Raman peaks of two B-BiNbO, samples become weak upon
compression and finally only one main broad peak around
759 cm~ ' can be observed. At above 38.5 GPa, both samples
have similar Raman spectra. Thus, it is highly likely that both
samples tend to exhibit the same Raman spectra and convert
into the same high pressure structure at higher pressure.
However, this speculation has not been verified here because
of the limited pressure used in present work.

Conclusion

Orthorhombic o- and triclinic -BiNbO, compounds were suc-
cessfully synthesized using the solid state method. The struc-
tural stability of both BiNbO, samples under pressure was
investigated via the in situ Raman spectrum and XRD patterns.
The results show a reversible phase transition for a-BiNbO, at
10.3 GPa, from Pnna-to-C2/c and that for B-BiNbO, at 12.7 GPa,
from P1-to-P1. The high pressure phase of both BiNbO, sam-
ples was identified for the first time from structural refinement.
The same high pressure phase was not observed for both types
of BiNbO, in this study due to the insufficient compression.
Moreover, both phases show the same phase transition pres-
sure and sequence under different PTMs (silicon oil and Ar
gas). This confirms the pressure-induced phase transition in
both BiNbO, samples. The high-pressure behavior of BiNbO, is
different from our previous research, which provides another
perspective of the pressure behavior of AVO, compounds with
polymorphism.
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