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X-ray diffraction and Raman spectroscopy measurements were used to study

the structure evolution of Bi4O7 during compression. Two isostructural phase

transitions were observed under high pressure, with the first transition to phase

II occurring at approximately 3.0 (2) GPa and the second to phase III occurring

at approximately 13.0 (5) GPa. The pressure–volume (P–V) curve was found to

be discontinuous at those two pressure transition boundaries. By fitting the P–V

curves in three different stages, the bulk moduli were estimated to be

approximately 101 (2), 68 (2) and 172 (3) GPa. Such large differences in the

bulk moduli confirm two isostructural phase changes in the three stages. An

irreversible amorphization process was found to start at approximately

20 (1) GPa, and the sample gradually becomes fully amorphous during

compression at 30 (1) GPa.

1. Introduction

Recently, bismuth and antimony oxides have attracted much

attention in fundamental research due to the nonbonding lone

electron pairs in their 6s and 5s orbitals (Carey et al., 2014;

Egorysheva et al., 2020; Pereira et al., 2013), while the unique

structures of these oxides show potential for a rich array of

applications, especially in photosensitive semiconductors

(Hameed et al., 2008; Zhang et al., 2018; Pérez-Mezcua et al.,

2016; Fujita et al., 2020; Jia et al., 2020; Sun et al., 2017). For

instance, as a new ceramic semiconductor, Bi3SbO7 is a low-

temperature co-fired ceramic with high-quality application

prospects (Pang et al., 2011). Additionally, bismuth oxide

exhibits excellent performance in the field of catalysis and

Bi2O3 plays an important role in conversion treatments of NO

waste gas (Cabot et al., 2004). �-Bi2O3 undergoes amorphi-

zation induced by high pressure (Pereira et al., 2013; Choui-

nard & Desgreniers, 1999), and the isostructural phase

transition of �-Bi2O3 occurs at 2 GPa (Pereira et al., 2014). The

cubic phase �-Bi2O3, the tetragonal phase "-Bi2O3 and the

high-pressure hexagonal phase HP-Bi2O3 have been studied,

and interesting high-pressure structures have been found

(Yashima & Ishimura, 2003; Cornei et al., 2006; Locherer et al.,

2011; Ghedia et al., 2010). At present, abnormal com-

pressibility has not been observed for bismuth oxide during its

phase transitions. In this study, the rare phenomenon of a

relatively soft stage in Bi4O7 was observed via in situ Raman

spectroscopy and synchrotron X-ray diffraction (XRD) under

high pressure, which resembled the phase becoming

mechanically softer during compression in other systems, such
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as metal–organic frameworks (Cairns et al., 2013; Goodwin et

al., 2008; Chapman & Chupas, 2007).

Bismuth is a Group 15 metal, and the oxide contains Bi3+

and Bi5+ in a mixed-valent triclinic crystalline phase of Bi4O7

(Begemann & Jansen, 1989). The high-pressure structural

evolution of Bi4O7 has not been reported previously. In this

article, Bi4O7 was studied using the characterization of

the shift of Raman modes related to crystal compressibility

under high pressure, similar to the method used previously

(Efthimiopoulos et al., 2014). It was found that the structure

has an abnormal compressibility enhancement trend during

compression, which is contrary to the decreasing trend of

compressibility of other binary Bi–O compounds, such as

Bi2O3, under high pressure (Pereira et al., 2014; Locherer et al.,

2011). As shown in previous studies of the abnormal com-

pressibilities in zeolites (Gatta & Lee, 2014), the increase in

the compressibility of Bi4O7 might be caused by the entry of

silicone oil into the structure. Therefore, two separate

experimental runs with and without pressure medium were

performed. In addition, synchrotron XRD experiments on

Bi4O7 were carried out to analyze the change of the bulk

modulus under high pressure, and an abnormal softening in

the bulk modulus was found.

2. Experimental methods

2.1. Synthesis

NaBiO3 (10 g; Merck, p.a.) was reacted in each case in an

ice/salt bath with concentrated HNO3 (100 ml) cooled to

273 K, suctioned off after 10 min and washed with cold water.

The product was dried in a desiccator over phosphorus

pentoxide for a period of one week. The resulting X-ray-

amorphous brown powder was placed in a gold tube, which

was sealed on one side and mechanically closed (not gas-tight)

on the other, and finally placed in a stainless steel autoclave

(Linke & Jansen, 1997), where water (1 ml) was added as a

mineralizer. Pure samples of Bi4O7 were obtained under

elevated oxygen pressures of 400 MPa at 300 �C.

2.2. XRD experiment

In situ high-pressure XRD measurements were conducted

on a powdered sample of Bi4O7 that was compressed up to

30 GPa at room temperature, with a wavelength of 0.4340 Å

from beamline 13-BM-C at APS, Argonne National Labora-

tory. The powdered sample was loaded into a diamond anvil

cell (DAC) chamber with a culet size of 300 mm. T301 stainless

steel was used as the gasket. Au was used as the pressure

marker (Takemura & Dewaele, 2008) and silicone oil (Shen et

al., 2004) was used as the pressure-transmitting medium.

2.3. Raman spectroscopy experiment

In the Raman measurements, a DAC with 500 mm culets was

used, and T301 stainless steel was used as the gasket without a

pressure-transmitting medium. A separate experiment was

conducted using silicone oil as the pressure-transmitting

medium. The pressure was calibrated using the ruby fluores-

cence method (Shen et al., 2021). The Raman instrument was a

MonoVista CRS+ confocal Raman spectrometer from Spec-

troscopy & Imaging GmbH. The spectrometer had a resolu-

tion of 0.2 cm�1 FWHM at a laser wavelength of 633 nm, and a
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Figure 1
Raman spectra of Bi4O7 during compression (a) without a pressure-transmitting medium and (b) with silicone oil as the pressure-transmitting medium.
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power of 1.820 mW was used. The exposure time was 1 s and

the spectrum was averaged over 300 measurements at room

temperature.

3. Results and discussion

Raman spectroscopy is a sensitive tool for detecting local

structure change during phase transitions. As shown in Fig. 1,

the Raman spectra of Bi4O7, which includes 30 Ag active

modes according to group theory, showed variations under

high pressure and are in good agreement with a previous

report (Depablos-Rivera et al., 2021). During compression, all

the Raman-active modes moved from low frequency to higher

frequency. The evolution of the strongest Raman mode was

selected as the typical characterization of crystal com-

pressibility.

In the previous report (Depablos-Rivera et al., 2021), the

density functional approximation was used to calculate the

Raman-active modes in Bi4O7. The intense mode at around

629 cm�1 was proposed to be related to the stretching vibra-

tion modes in a component of [BiOn] polyhedra, such as BiO3

and BiO4. Here, this Raman mode was used as an indicator for

the compressibility change upon compression. Fig. 2 shows the

trend of this shift in Raman mode under high pressure. When

the pressure was above 3 GPa, the vibration peak near

629 cm�1 showed an abnormally large Raman shift according

to the two independent Raman experiments, which may be

related to the formation of a new phase (Efthimiopoulos et al.,

2014). In the absence of a pressure-transmitting medium, the

compressibility of crystals will decrease slightly in nonhydro-

static environments, and the blue dashed line shifted more

slowly than the green dashed line. There was indeed a slight

acceleration of shift of the Raman peaks when the pressure

medium was used. However, the results of both Raman

experiments indicated an abnormal shift acceleration under

high pressure in the range 3–12 GPa. The compressibility of

Bi4O7 may increase abnormally during this compression range.

In addition, due to the potential amorphization of Bi4O7 at a

pressure over 17 GPa, the Raman-active modes gradually

vanished.

In the XRD experiment, a silicone oil pressure medium was

used and the pressure reached 30.8 GPa at room temperature.
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Figure 2
The shifts of the strongest Raman peak of Bi4O7 during compression. The
blue dashed line represents the results without a pressure-transmitting
medium and the green dashed line represents the results with the
pressure-transmitting medium. Some error bars were smaller than the
size of the data symbols, and the typical pressure error bars were around
0.1–0.2 GPa.

Figure 3
(a) Selected XRD patterns for Bi4O7 recorded during the compression and decompression process at room temperature. (b) Two selected typical
refinement results for the XRD pattern of Bi4O7 obtained at 1.9 and 4.8 GPa.
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The typical XRD patterns at various pressures are shown in

Fig. 3(a). The diffraction peaks of Bi4O7 showed a transition to

an amorphous state, which was consistent with the Raman

results obtained above 17 GPa. The XRD pattern obtained

during the decompression process indicates that an irrever-

sible amorphization of the crystal occurred upon compression.

The compressibility of Bi4O7 undergoes abnormal changes

according to the shift of the Raman modes under high pres-

sure. The abnormal compressibility of the crystals was further

verified by contrasting the compressibility of the crystal

volume under high pressure. The POWDER CELL and GSAS

programs were used to perform Le Bail refinement (Kraus &

Nolze, 1996; Toby, 2001), and two selected typical XRD

refinement results were shown in Fig. 3(b). The P–V curve was

fitted with the second-order Birch–Murnaghan equation of

state (EOS) to calculate the bulk modulus (Vinet et al., 1986),

in which the B0 is the bulk modulus while B0
0 is fixed at 4

(Occelli et al., 2004; Li et al., 2020).

As shown in Fig. 4, consistent with the trend in the changes

of the Raman mode, the P–V data were divided into four

stages, i.e. 0–3, 3–12 and 12–21 GPa and the amorphous state

at pressures above 21 GPa. Two isostructural transitions were

observed, a situation similar to the pressure-induced

isostructural transitions in the Bi14CrO24 system (Errandonea

et al., 2014). The first stage is considered as phase I. In this

region, the bulk modulus was estimated as 101 (2) GPa. The

bulk modulus of the second stage, which is labelled as phase II,

decreased by more than 30% to 68 (2) GPa, an unusual

increase in the compressibility, which is consistent with the

compressibility enhancement represented by the Raman

mode shift. The bulk modulus is quite close to the bulk moduli

of the ambient phase and the isostructural high-pressure phase

in the Bi14CrO24 system (Errandonea et al., 2014). The pres-

sure-driven rearrangement of the BiO3+4 trigonal pyramids

caused the relatively soft stage with greater compressibility in

phase II. Similar, but not so common, abnormal com-

pressibilities were also seen for ReO3 and �-UO3, which were

related to structural distortion upon compression (Dyuzheva

et al., 2001; Schirber et al., 1979). As the pressure was

increased above 13 GPa to reach the third stage, the bulk

modulus of phase III increased to 172 (3) GPa, which was

partially caused by the increase in Coulombic repulsion due to

the effect of pressure on the stereochemical activity of the Bi3+

lone electron pair in the BiO3+4 clusters (Bu et al., 2020;

Gribchenkova et al., 2007).

Structural information concerning bismuth oxides is usually

difficult to obtain owing to the different scattering powers of

the two elements, and the crystal structure of Bi4O7 was

determined previously from high-resolution X-ray and neu-

tron powder data (Dinnebier et al., 2002). The parameters of

this structure determination were used for our structure

considerations also at high pressures, as reliable Rietveld

refinements were not possible on the high-pressure powder

X-ray diffraction data. The structure crystallizes in the triclinic

space group P1 and exhibits five crystallographic positions for

Bi atoms, which can be clearly assigned to the different

oxidation states +III and +V according to their O-atom

coordination. Two different sites for Bi5+ at special Wyckoff

positions 1a and 1b are coordinated by slightly distorted

octahedra of O atoms, which form corner-sharing strands

along the crystallographic c axis (Fig. 5). Three independent

Bi3+ atoms at general 2i positions have three neighbouring O

atoms each, forming trigonal pyramids which connect the

above-mentioned strands of octahedra via common vertices.

Regarding the oxygen environment in all directions, the three

different Bi3+ atoms are surrounded by irregular polyhedra

with three shorter and either four of five longer Bi—O

distances, thus showing a distinct lone-pair effect for all the

research papers

1128 Wang et al. � Structure evolution of Bi4O7 under high pressure J. Appl. Cryst. (2023). 56, 1125–1130

Figure 4
The volume (V) and pressure (P) relationship for Bi4O7. The green, red
and blue solid lines are the fitted results according to isothermal EOSs.
The error bars for volume were smaller than the size of the data symbols,
and the typical pressure error bars were around 0.2–1.0 GPa.

Figure 5
Section of the crystal structure of Bi4O7 under ambient conditions,
emphasizing the different oxidation states of Bi. Shown are one strand of
Bi5+O6 octahedra and neighbouring Bi3+O3 groups, and for each
independent Bi3+ atom, one surrounding irregular oxygen polyhedron
is drawn.
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Bi3+ sites. The structure can be regarded as a distorted defect

variant of the fluorite structure type (Dinnebier et al., 2002).

The application of pressure to the structure results in a

volume decrease mainly shown in the crystallographic a and b

axes, while the c axis shrinks to a smaller degree (see Table S1

in the supporting information). This indicates the higher

stability of the Bi5+O6 octahedra, which are arranged along the

c axis. Similar findings were observed in BiSbO4, where the

Sb5+O6 octahedra are much more stable against compression

than the Bi3+O3+4 polyhedra (Errandonea et al., 2016).

The compressibility of the orthogonal axes (the principal

axes) was analyzed briefly using PASCal (Cliffe & Goodwin,

2012). The corresponding principal compressibilities were

estimated as 3.05, 3.68 and 1.42 TPa�1 at a pressure of

10.4 GPa, indicating a strong anisotropic compression feature.

Generally, the decrease in the Bi—O distances is more or less

insignificant and no clear trend for a difference between the

Bi5+—O and Bi3+—O contacts, irrespective of bonding or

nonbonding, is observable, as illustrated by the relative

decrease listed in Tables S2–S6 (see supporting information).

However, the absolute values of some of the nonbonding

Bi—O distances occur in a range which might be considered as

bonding, so if a bond length of 2.67 Å was set as the threshold

bond length for coordination, then, for example, the pseudo-

coordination number of the Bi4 atom increases from 5 to 7

upon compression from phase I to phase II, as shown in Fig. 6.

The abnormal compressibility change occurred in this sample

from an open-framework-type structure under ambient

conditions to a relatively soft stage of pressure-driven rear-

rangement of the BiO3+4 trigonal pyramids, and then to a

relatively compact structure in the higher-pressure region

above 13 GPa. The difference in strengths for the Bi–O

polyhedra decreased at higher pressure, and then it was

difficult to have abnormal compression enhancement above

13 GPa. Phase III showed that Bi4O7 had lower com-

pressibility due to the enhanced Coulombic force, which

eventually destroyed the crystalline structure, and the sample

entered into an amorphous state after phase III. Potential

charge transfer might happen under high-pressure conditions,

and high-resolution diffraction data combined with other in

situ characterization techniques will be required to answer this

question.

4. Conclusions

In this study, X-ray diffraction and Raman spectroscopy

techniques were used to investigate the structural evolution of

Bi4O7 under high pressure up to 30 GPa. Two isostructural

transitions were found at 3 and 13 GPa, which correspond to

an abnormal compressibility change, and the crystalline

structure transformed from an open-framework type to a

more compact structure. Further compression resulted in the

sample undergoing irreversible amorphization beyond

20 GPa.
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Figure 6
The crystal structure evolution of Bi4O7 from an open-framework structure to a compact structure upon compression.
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