Downloaded viaUNIV DE VALENCIA on March 20, 2025 at 08:59:43 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CRYSTAL
GROWTH
&DESIGN

pubs.acs.org/crystal

High-Pressure Structural Study on the Effects of Pressure-
Transmitting Media on Bi,,M00,, and Bi,,CrO,, Compounds

Pablo Botella,* Josu Sdnchez-Martin, Oscar Gomis, Robert Oliva, Samuel Gallego Parra,
Julio Pellicer-Porres, Gastén Garbarino, Frederico G. Alabarse, Srungarpu Nagabhusan Achary,
and Daniel Errandonea

Cite This: Cryst. Growth Des. 2024, 24, 9482-9491 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: An investigation of isostructural Compounds Biy,CrO,,| [__Tetragonal|[7|Coexistence __Tetragonal Il Tetragonal Il [_] Coexistence __ Tetragonal IV [l Monoclinic |

Bi;,MO,,, where M is either Cr or Mo, has been conducted He gas :

under high-pressure (HP) conditions, reaching up to 30 and 40 41 ME|

GPa, respectively. In situ synchrotron X-ray diffraction was No PTM| , Vonocne s oo

employed to monitor alterations in the crystal structure induced T NERER R i)

15
Pressure (GPa)

by pressure. The compounds have been studied in two different [Bi,,Mo0,,
experimental conditions, under hydrostatic conditions using He as
pressure transmitting medium (PTM) or under plastic deformation
without PTM. Remarkably, the use of helium gas as a PTM Siicon Ot
revealed isomorphic phase transitions unobserved previously when NoPTM| ’ e
other PTMs were used. In the case of Bi;;M00O,,, in addition to ° : ° © pressure(GPa)
the previously documented tetragonal (I4/m) to monoclinic (C2/

m) transition, two new isomorphic (monoclinic—monoclinic) phase transitions have been identified. Conversely, Bi;,CrO,, exhibits
two novel isomorphic (tetragonal—tetragonal) transitions preceding the tetragonal-monoclinic transformation. While analogous
phase transitions were identified in experiments performed without PTM, an earlier pressure onset of phase transition was noted.
Moreover, a new cubic phase coexisting with HP modification was observed in Bi;,CrO,,, providing insights into the behavior of
these compounds under extreme conditions of shear-stress.

[ Tetragonal " Coexistence | Honoclinic || Coexistence __ Monoclinic Il J) Monocciinic I

He gas

1. INTRODUCTION diffraction (HP-XRD) characterization is crucial as some
phases may disappear after pressure release.”” For instance, the
transformation of graphite to hexagonal diamond along with
the coexistence of cubic diamond as a distinct phase, was
shown to be partially reverted upon decompression.'*"?

This research extends the investigation of Bi,CrO,, and
Bi;,M00O,, to pressures up to 40 GPa, exploring structural
changes under two extreme conditions, high hydrostaticity
with helium as PTM to high plasticity without PTM. Helium
not only helps to generate hydrostatic conditions but could
permeate the crystal structure of the studied compounds
affecting the compressibility and deformation of the crystal
structure.'®'” Conversely, plastic deformations could induce
structural changes different from hydrostatic compression.'®
The results are discussed in the context of previous
findings,"””” providing insights into the behavior and stability
of these compounds under extreme conditions.

In 1753, Johan G. Wallerius discovered the mineral bismite (a-
Bi,0;) while exploring the Schneeberg mine, though Frondel
later suggested it was likely bismuth carbonate. The first
confirmed identification of a-Bi,O; came in 1848 by Suckow,
leading to extensive research into its polymorphs.” Among
these, the cubic defect fluorite structure (5-Bi,O;) is notable
for its high oxygen ion conductivity, although it is only stable at
high temperatures. However, the -phase can be stabilized at
room temperature by dopants.””*

The study of Bi-M-O systems, where M is a pentavalent or
hexavalent transition metal, has led to the synthesis of defect
fluorite superstructures in the §-Bi,O; phase.”® Compounds
like Bi;,MO,, (M = Cr, Mo, W) are particularly promising for
photochemical catalysts due to their high ionic conductivity,
influenced by the presence of lone-pair electrons (LPEs).”””
Pressure can further modify the structure and impact of LPEs,
as seen in Bi,0,S, where applying pressure led to a phase ) —
transition from 2D to 3D topology.' """ Received: July 3, 2024 RN

High-pressure studies reveal significant effects of pressure- Revised:  November S, 2024
transmitting media (PTM) on the structural evolution of these Accepted:  November S, 2024
materials. Without PTM, samples may undergo plastic Published: November 12, 2024
deformation under shear stress, leading to novel trans-
formations.'” In addition, in situ high-pressure X-ray

© 2024 American Chemical Society https://doi.org/10.1021/acs.cgd.4c00904

W ACS PUbl ications 9482 Cryst. Growth Des. 2024, 24, 9482—-9491


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Botella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josu+Sa%CC%81nchez-Marti%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oscar+Gomis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Oliva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Gallego+Parra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julio+Pellicer-Porres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julio+Pellicer-Porres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gasto%CC%81n+Garbarino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frederico+G.+Alabarse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srungarpu+Nagabhusan+Achary"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Errandonea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Errandonea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.4c00904&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00904?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00904?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00904?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00904?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00904?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cgdefu/24/22?ref=pdf
https://pubs.acs.org/toc/cgdefu/24/22?ref=pdf
https://pubs.acs.org/toc/cgdefu/24/22?ref=pdf
https://pubs.acs.org/toc/cgdefu/24/22?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

Table 1. Lattice Parameters of the Synthesized Samples of Bi;;MO,, Preloaded into the DAC“

sample Bi;,CrO,, Bi;;Mo0O,,
experiment No PTM (0.49 GPa) He gas (0.5 GPa) No PTM (0.7 GPa) He gas (0.4 GPa)
a (A) 8.630(2) 8.645(3) 8.592(5) 8.674(4)
c (A) 17.156(4) 17.169(6) 17.104(6) 17.268(5)
volume (A%) 1278.23(S) 1284.30(9) 1258.97(2) 1299.23(2)

“Pressures and PTM are indicated.

2. EXPERIMENTAL PROCEDURE

2.1. Sample Synthesis. Powder samples of Bi;;MO,, have been
synthesized through a solid—state reaction method involving the
precursors of Bi,O5 (Alfa Aesar, 99%), MoO; (Alfa Aesar, 99%), and
Cr,0; (99% Sigma-Aldrich) in stoichiometric proportions. Before
mixing, the reagents underwent drying and were thoroughly blended
using an agate mortar. Subsequently, the mixture was pestled and
pressed into pellets. These pellets were then loaded into a platinum
boat and subjected to heating at 973 K for 12 h. The heating and
cooling process for high-temperature reactions followed a rate of 2 °C
per minute (see refs 19, 20, for more details on the synthesis).

2.2. High-Pressure XRD Measurements. For a nonhydrostatic
experiment, Bi;,CrO,, was loaded into an Almax diamond anvil cell
(DAC) with a culet size of S00 ym. The pressure chamber was drilled
using an electrical discharge machine in a stainless-steel gasket,
measuring approximately 200 gm in diameter and 55 ym in height.
For the Bij4,Mo0O,, sample, a DAC with a 350 pm culet size was
selected. A rhenium gasket for the sample chamber, measuring 150
um in diameter and 35 pm in height, was used. Additionally, to
monitor pressure, a ruby sphere along with Cu was inserted alongside
the sample powder.””” No PTM was included in these experiments.
Angle-dispersive XRD measurements under pressure were carried out
at room temperature at the XPRESS beamline of the Elettra storage
ring.>® A monochromatic X-ray beam of 0.4956 A and a spot size of
80 um in diameter has been used for the measurements. The
diffracted patterns were acquired with a PILATUS 3S 6 M detector
(from DECTRIS) having a sample—detector distance of 939.50 mm
and using LaBy as standard.

The hydrostatic experiments were performed at the European
Synchrotron Radiation Facility (ESRF), using ID15SB beamline for
powder XRD measurements. The sample was 300 mm away from the
detector Eiger2 X CdTe 9 M (DECTRIS). The X-ray wavelength was
041 A and the beam size of 1 X 1 um.** For both samples a
membrane-type DAC was used. For the loading, 200 ym rhenium
gaskets were indented to a thickness of 60 ym and a chamber of 125
um diameter was drilled in the center. The culet size of the diamonds
was 350 ym. A Cu sphere was included in the chamber to measure the
sample pressure. Helium was used as PTM.

The data collected at both synchrotron facilities have been
integrated into conventional diffractograms using the Dioptas
software.”® The Rietveld refinements and Le Bail fits of the integrated
XRD patterns have been performed using the GSAS-II software.”®
The Vesta software has been used for structural representation.””

3. RESULTS AND DISCUSSION

3.1. Raw Material Structure. The as-synthesized samples
of Bi;,MO,,, which have been preloaded into the DAC for the
two sets of experiments, at a pressure close to 0.5 GPa, exhibit
a tetragonal structure (I4/m), in agreement with those
reported in the International Crystal Structure Database
(ICSD) entries 97483 (Bi;4CrO,,) and 280114 (Bi;;Mo0O,,)
(see Tables S1 and S2 in the Supporting Information for more
details). The corresponding Rietveld refinement can be seen in
the Supporting Information (Figures S1 and S2). The
goodness-of-fit (y*) and R factors (R,, and R,) are also
presented in Table S3 in the Supporting Information.”® The
obtained lattice parameters are presented in Table 1. The

9483

lattice parameters align closely with those documented in the
literature.”"***** The body-centered tetragonal superstructure
having a subcell of the 6-Bi,O; phase fluorite is intricately
formed through the assembly of various polyhedra units
comprising Bi—O and M-O bonds. Within this structure, M-O
bonds exhibit significant orientation disorder, with tetrahedral
coordination occurring at both the corners and center of the
unit cell. The remaining space in the structure is filled by Bi—O
units, with two distinct coordination geometries due to the
LPEs role: BiO, (Bil (8h) and Bi3 (4e)) square pyramids and
Bi2 (16i) trigonal bipyramids, also could be seen as distorted
tetrahedral. The individual square pyramids of Bil and Bi3
atoms share their O—O edges forming BicOj clusters (see
Figure 1, and Supporting Information Tables S1 and S2). The

Figure 1. (a) Crystal structure of the body-centered tetragonal with
space group (I4/m) of Bi;yMO,,. (b) BiO, square pyramids. (c)
Trigonal bipyramid. (d) BigOg cluster. Partially colored atoms
represent the partial occupancy of oxygen atoms.

M atom within this framework undergoes a slight displacement
along the c-axis, occupying the 2a site with a half occupancy.
This site configuration can also be interpreted as an octahedral
coordination, wherein one axial and one equatorial oxygen site
remain vacant, resulting in a four-coordinated polyhedron,
MO,[],. Notably, the lattice’s loosely packed nature provides
room for the rotationallg disordered tetrahedra to integrate
into the structure.”'”*"

3.2. High-Pressure Study of Bi;;M00,,. Under
compression, the tetragonal structure undergoes volume
contraction attributed to the pronounced compressibility of
the larger Bi—O bond in the trigonal pyramid polyhedron,
coupled with a reduction in the distances between the Bi and
O atoms along the direction of LEP of Bi.*’ Specifically, in the
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Figure 2. (a) Selected XRD patterns of Bi;;MoO,, up to 40.1 GPa using He as PTM. (b) Experiment using no PTM up to 24 GPa. Different
shading colors are used to distinguish the different structures and phase coexistence indicated on the plot. (*) Stands for the rhenium gasket signal.

Notice that the x-axis is reverted.

case of Bi;;MoO,, utilizing He gas as a PTM, the tetragonal
structure remains stable up to S.1 GPa (see Figure 2a and
Table S4 in the Supporting Information). Beyond this
pressure, discernible changes occur in the XRD pattern,
notably evidenced by the splitting of the (123) reflection into
two distinct reflections (123) and (332), which is accompanied
by the emergence of additional reflections at higher angles
(lower d-spacing). These alterations are similarly observable in
experiments conducted without a PTM (see Figure 2b).
However, an earlier onset of the pressure-induced changes is
observed due to the contribution as a shoulder on the
reflections, especially on reflection (123), indicating already a
phase coexistence at 3.3 GPa. Although, the tetragonal phase is
still the predominant one (see Figure S3 in Supporting
Information). Analogous variations in the XRD pattern are
noted during the phase transition of the same compound when
employing silicon oil at 5.4 GPa.”” The high-pressure phase is
characterized as monoclinic I (C2/m), mirroring the structure
observed at low temperatures in Bi;;Mo0O,, (ICSD 97485) by
Crumpton et al.”” The identification of the high-pressure phase
with the low-temperature phase is consistent with the
widespread phenomenon of opposite influence of isothermal
compression and isobaric expansion on phase transitions which
has been documented in various materials.’>*' The monoclinic
phase was fitted by the Le Bail procedure and the results are
shown in the Supporting Information (Figures S4 and SS).
Lattice parameters and volume will be discussed further in the
text.

On further compression, a second phase transition takes
place around 9.7—10.1 GPa in experiments where He gas was
used as PTM. The main change in the XRD pattern is that the
reflections (123) and (332), start to merge into one broad

9484

reflection (150). Also, the reflections at higher angles (lower d-
spacing) start to merge and broaden. This phase transition is
identified also as monoclinic II, sharing the same space group
as the monoclinic I phase. This observation serves to
definitively corroborate our prior findings. Previously, we
elucidated a phase transition occurring around 11.5 GPa
utilizing silicon oil as PTM, with only one high-pressure data
point available at the time. Twenty Therefore, it is reasonable
to infer that this transition is not triggered by the hydrostatic
limit of the PTM, given that helium remains quasi-hydrostatic
at the transition pressure > Ata pressure of 13.1 GPa, a second
isomorphic transition (to monoclinic III phase) was observed,
as indicated by the appearance of the reflection (401) in Figure
2a. There was not only an increase in the intensity of this
reflection as the pressure increased, but also the d-spacing
variation rate of the reflection (150) dropped from 0.0102 to
0.0059 A/GPa across the phase transition. It can be noted that
this phase remains stable up to the maximum pressure of 40.1
GPa.

Similar behavior was noted within the pressure range of
8.5—10.7 GPa in the experiment performed without PTM (see
Figure 2b). An isomorphic transition was observed, but in this
case, the transition is directly from the monoclinic I phase to
the monoclinic III phase observed under hydrostatic
conditions at 13.1 GPa. Knowing the offset of 2 GPa for the
transition from tetragonal to monoclinic I under non-
hydrostatic conditions, it is plausible to infer that under
nonhydrostatic conditions, the structural transition proceeds
directly from monoclinic I to monoclinic III. This is possible as
the pressure range of the existence of monoclinic II is about 3
GPa, as it could be observed in the experiment with He as
PTM. Furthermore, upon further compression, no additional
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phase transition is discernible in the pressure range explored
up to the maximum pressure of 24 GPa. This phenomenon
could be attributed to nonhydrostatic conditions. Without
PTM deviations of hydrostatic conditions of a few GPa are to
be expected, either in the form of pressure gradients or as
nondiagonal components of the stress tensors.

At the top of the Figure 2a,b, the recovered XRD pattern is
shown for both experiments. For He gas as PTM, the starting
crystal structure is recovered demonstrating a reversible
process. On the other hand, the recovered pattern from the
experiment with no PTM presents a pattern like that of the
monoclinic I phase. It has been identified the recovered phase
as monoclinic I due to the presence of two reflections (123)
and (332) (see Figure S6 in Supporting Information), which
are characteristic of this phase. It shows broader peaks
attributed to the high shear-stress suffered. Furthermore,
Figure 3 depicts the sample chamber before and after the
pressure cycle, highlighting the transformation in the sample’s
appearance from white to dark gray powder.

Figure 3. (a) Starting white powder of Bi;;Mo00O,, sample together
with a Cu chip as pressure calibrant in the sample chamber. (b)
Recovered a dark gray powder sample after the HP experiment
without PTM. The hole shrank during the experiment. Pictures taken
from a Phonés camera under the microscope.

3.2.1. Lattice Parameters and Volume Evolution under
Pressure of Bi;4M0Q,,. The evolution of lattice parameters and
the p-angle under pressure are represented in Figure 4a,b.
These data were obtained through XRD pattern refinement
techniques. Specifically, the Rietveld method was utilized solely
for refining the tetragonal phase, while the Le Bail method was

employed for analyzing the other phases (see Supporting
Information). Due to the substantial presence of oxygen
vacancies leading to partial occupancy and the number of
atoms present, refinement of atomic positions was unattain-
able. Consequently, the positions were adopted from
Crumpton et al.”” (Bi;,CrO,,) and Ling et al’ (Bi,MoO,,)
work. As the XRD reflections broaden under pressure,
especially in the case without PTM, the error bar was
estimated by refining multiple iterations of the XRD pattern
analysis, ensuring a higher degree of reliability compared to the
error provided solely by the software (in this case, GSAS-II was
employed).”

In the tetragonal phase, the lattice parameters a-axis and c-
axis demonstrate a consistent linear relationship (coefficient of
determination R* = 0.99). Experimental data with He gas as
PTM indicate axial compressibilities of x, = 5.5(2) x 1073
GPa! and k., = 3.1(2) X 107 GPa™'. However, when
employing silicon oil,” the compressibility values shift slightly
to x, = 4.8(1) X 107* GPa~! and k. = 3.7(2) X 10~ GPa™ .
These variations, which could be due to the possibility of the
He penetration in the structure, will directly impact the
equations of state (EoS), influencing the bulk modulus as
discussed further in the text.'® Such phenomenon will not be
surprising in compounds with vacancies in the crystal structure
as those here studied.'” Notice that only two data points are
available for the tetragonal phase without PTM, as depicted in
Figures 2b and 4a. Thus, no reliable analysis can be done in
this case. To clarify this issue further studies using a selection
of penetrating and nonpenetrating PTM and following small
pressure steps are needed. This is beyond the scope of the
present study. After undergoing the structural phase transition,
the axis originating from the tetragonal phase can undergo
modifications, as illustrated in Figure 5. Consequently, the c-
axis transforms directly into the b-axis of the monoclinic phase.
Conversely, the a-axis of the tetragonal phase bifurcates into
the c-axis and a/ \/ 2-axis within the monoclinic phase. In the
monoclinic I phase, the b-axis is the most affected by the
choice of PTM while the others follow a similar trend. Despite
the presence of data points exhibiting higher dispersion, a
general linear trend remains applicable for describing the
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Figure 4. (a) Lattice parameters as a function of pressure for Bi;;MoO,, obtained through experiments employing various PTMs. Linear fits for
visual guidance. (b) f-angle vs pressure measurements across various monoclinic phases employing diverse PTMs. The color code is the same as
Figure 2 (M stands for monoclinic). Data for the Silicon oil experiment was taken from ref 20.
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Figure S. Transformation from the body-centered tetragonal to the C-
centered monoclinic structure (polyhedra units of MoO,J, are
shown in green) and the unit-cell of 5-B,O;, which is related to the
tetragonal supercell. In the unit-cell parameters, t and m stand for
tetragonal and monoclinic, respectively. Image from ref 20.

evolution under pressure. Notably, the steepest slope is seen in
the experiment with He gas as PTM, followed by no PTM and
silicon oil experiments, respectively. At the monoclinic I to
monoclinic II phase transition, the lattice parameter experi-
ences a discontinuity as can be seen in He gas as PTM
experiments. The b-axis parameter jumps to lower values and
the c-axis and a-axis to higher values. Interestingly, a similar
behavior was observed in our previous work using silicon oil
(star dots in Figure 4a).”” The final phase transition also
exhibited a discontinuity in the lattice parameters, albeit not as
abruptly as observed in the preceding transition. It can be
observed that in experiments without PTM, where the phase
transition occurs directly from monoclinic I to monoclinic III,
the lattice parameter b-axis exhibits a behavior similar to that
seen in experiments involving He gas as PTM. However, in this
scenario, the parameters c-axis and g-axis are more significantly

affected, displaying a more pronounced linear trend. This
could be due to the shear planes along the a-axis and c-axis of
the monoclinic phase, which are more affected by the
nonhydrostatic conditions.

The f-angle of the monoclinic phase mirrors these structural
alterations. In Figure 4b, it is evident that the monoclinic I
phase exhibits the least sensitivity to the choice of the PTM,
showing similar behavior across different conditions. However,
it is worth noting that experiments involving He gas as PTM
demonstrate higher values. As mentioned earlier, within this
phase, the unique b-axis appears to be the most influenced by
the choice of the PTM, as illustrated in Figure 4a. Thus, it is
reasonable that in this phase the angle is less affected by the
choice of PTM. A sudden increase in the f-angle is observed at
the phase transition from the monoclinic I phase to the
monoclinic II phase, corresponding to the abrupt discontinuity
in the lattice parameters. After this transition, the f-angle
follows different paths for the different PTMs and without
PTM. In the case of He gas as PTM, the f-angle remains stable
at around 135.3° showing a linear behavior until** GPa where
a sudden drop is observed. On the contrary, in the experiments
without PTM where shear-stresses have a huge influence on
the structure, the p-angle already drops following a similar
trend as in the He gas as PTM experiment but with an earlier
pressure onset. It is worth noticing that our previous
estimation of the angle using silicon oil also experienced this
jump in value (blue empty square in Figure 4b).”

The unit-cell volume versus pressure, along with the
corresponding EoS fit, is depicted in Figure 6a. A notable
disparity emerges in the evolution of unit-cell volume under
pressure between He and silicon oil as PTMs. As mentioned
previously, this discrepancy could be due to the diffusion of He
atoms into the crystal structure. It is worth noting that the two
data points obtained without a PTM in the experiment align
with the data set of the silicon oil experiment. Following the
phase transition from tetragonal to monoclinic I, there is a
volume collapse (not considered phase coexistence in the
analysis) of approximately 2.3% when He is used as the PTM.
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Figure 6. (a) Unit-cell volume evolution under pressure for Bi;;M0O,,. Black solid line shows second order BM EoS fit. Green dashed line shows
third order BM EoS fit. (b) The bulk modulus of the tetragonal phase for isomorphic compounds using different PTMs and without PTM as
indicated is shown. Confidence ellipses for the bulk modulus estimated using He as PTM for the Bi;,MoO,, compound are included. The color
code is the same as Figure 4. Data for 4:1 methanol—ethanol (ME) and silicon oil as PTM experiments are taken from refs 19 and 20, respectively.

Unpublished data for Bi;;MoO,, compound.
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Figure 7. (a) Selected XRD patterns of Bi;,CrO,, up to 30.2 GPa using He as PTM. (b) Experiment using no PTM up to 30.3 GPa. Different
shading colors are used to distinguish the different structures and phase coexistence indicated on the plot. Cubic indicates the reflection belongs to

this phase. Notice that the x-axis is reverted.

Note that the volume undergoes smooth changes during the
phase coexistence from one phase to another, demonstrating a
second-order phase transition, contrary to what was observed
using other PTMs such as silicon oil or no PTM, although,
additional data points throughout the transition are needed to
conclusively validate this assumption. Consequently, this
volume collapse appears to be less abrupt compared to that
of 2.7% observed when silicon oil or no PTM is employed.
Interestingly, after the phase transition, the data from
experiments without PTM and He as PTM follows a similar
EoS. A slight volume collapse of 1% is observed at the
monoclinic I to monoclinic II transition when He is used as
PTM. In the case of silicon oil as PTM, this collapse was about
1.6%. As mentioned previously, the experiment with no PTM,
went directly from monoclinic I to monoclinic III experiencing
a volume collapse of 3.4%. From this volume collapse, the
sample experienced a different volume evolution under
pressure compared to the experiment under He as PTM. In
the last transition in He as PTM experiments, the collapse was
1.4%. It can be noticed that the sample undergoes smooth
transitions using He as PTM compared to silicon oil as PTM
or no PTM due to the role of nonhydrostaticity conditions.
Now, it is evident that in our previous work,”® it was provided
evidence of the phase transition from monoclinic I to probably
monoclinic II, a phase clearly observed in the experiments
using He as PTM. The bulk modulus of the tetragonal phase
for isostructural compounds (Bi;;MoO,,;, Bi;;CrO,,,
Bi;4WO,,) is plotted in Figure 6b. To compare with the
already existing bulk modulus data in the literature, Birch—
Murnaghan EoS of second-order (BM2) and third-order
(BM3) have been used. The confidence ellipses, up to 30, have
been constructed for the bulk modulus of the Bi;;MoO,,
compound using He as PTM. More data are within the 30
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confidence ellipse. No significant differences are observed
among compounds with different transition metal cations or
PTMs used. It is evident that all the data, whether estimated by
BM2 or BM3 EoS, fall within a bulk modulus range of 40 to 70
GPa. This is consistent with our previous assumption that the
bulk modulus of these compounds is dominated by the
polyhedra of bismuth and not due to the highly incompressible
tetrahedral units formed by the transition metals."”*° The
variations in bulk modulus primarily stem from the presence of
stereochemically active 6(s/p)> LPEs within the different
structural configurations of bismuth (see Figure 1). Addition-
ally, the influence of the PTM plays a significant role in
modulating this behavior. The bulk modulus for the
monoclinic phases, together with the tetragonal phase, is
shown in Table S6. In this case, the BM2 EoS has been used as
not so many points are available for phases I and II, and for
consistency with literature."””" However, for phase III, a
higher-order BM equation could be more suitable. As
discussed previously, He as PTM and no PTM experiments
present similar values for the bulk modulus of monoclinic I and
II phases. A considerable difference can be noticed for phase
III, especially for He as PTM experiments where the bulk
modulus increased up to 109(4) GPa.

3.3. High-Pressure Study of Bi;;,CrO,,. For the case of
Bi ,CrO,,, the tetragonal phase exhibits remarkable stability,
persisting up to 14 GPa, as evidenced by Figure 7a (see also
Table SS in the Supporting Information). In contrast to the
observations in Bi;;MoO,, when He is used as PTM. Several
isomorphic transitions, up to four, all belonging to the same
space group (I4/m), are observed preceding the phase
transition from the tetragonal to the monoclinic phase. One
potential explanation for these observations might be that
under ambient conditions, the most stable phase of the
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compound Bi;,CrO,, is tetragonal (monoclinic phase at T
~275-200 K). However, for the compound Bi,;M0O,, under
ambient conditions, the energy levels of the tetragonal and
monoclinic (T ~295 K) phases are very close, as demonstrated
by experiments conducted by Crumpton et al.”’ Thus, when
pressure is applied, the Bi;;MoO,, compound is more prone to
transform into a monoclinic structure compared to Bi;,CrO,,
compound. The transformation from tetragonal I to tetragonal
Il is evidenced by a phase coexistence, where the (123)
reflection broadens (pattern at 7.5 GPa) and only a residual
shoulder can be appreciated in the pattern at 7.8 GPa. This
phase transition was previously observed by Errandonea et al.
at similar pressures.'”” The changes in the isomorphic
transformations are subtle and it can be noticed by the change
in the reflection position under pressure (dashed lines in
Figure 7a), especially in the case of the transformation from
phase II to III, where a change in the slope can be noticed from
0.014 to 0.018 A/GPa. Only the transformation from
tetragonal III to tetragonal IV is clearly shown by the phase
coexistence (patterns at 12.2 and 14.1 GPa). The (123)
reflection splits in two, one reflection from phase III and the
other from phase IV. Only one of the two reflections is
observed after the transformation is completed. At 15.9 GPa,
the (401) reflection in Figure 7a, indicates a phase transition to
a monoclinic structure, similar to what was observed in
Bi;;Mo00O,, the monoclinic phase belongs to the same space
group (C2/m). Remarkably, the tetragonal phases III and IV
were not previously observed using 4:1 methanol—ethanol
(ME) mixture as PTM by Errandonea et al.'” These
differences could be attributing to the penetration of He in
the structure giving major structural stability. In addition, the
present experiment with no PTM presents a direct trans-
formation to the monoclinic (C2/m) phase without going
through all the tetragonal isomorphic transformations observed
in the experiment where He is used as PTM (see Figure 7b).
In this compound, it seems that the higher the hydrostaticity of
the PTM is, the higher the transition pressure to the
monoclinic phase, considering, in the case of He as PTM,
the possibility of penetration into the structure. Contrary to
what was observed in the case of the Bi;;Mo00,, compound,
where the pressure transition from tetragonal to monoclinic is
almost independent, at least for silicon oil and He as PTM, and
with a pressure offset of 2 GPa for the experiment without
PTM. In the case of Bi;,CrO,,, the pressure offset was about 8
GPa, demonstrating higher strain—stress effects on the sample.
That is evidenced by the formation of a new phase never
previously reported, which is identified as body-centered cubic
belonging to the space group Im3m (number 229) (reflection
(110) in Figure 7b as Cubic). See Supporting Information
(Figure S7) for the indexing of the whole pattern at 13.7 GPa
using Cu, new cubic phase, and Bi;,CrO,, phases. This new
phase was obtained after indexation of the new appearing
peaks, which leads to a body-centered cubic structure related
to the cubic structure of Nd,O; and La,0;.* In this structure,
the 2a Wyckoff position is randomly occupied by Bi and Cr
atoms with occupations of 14/16 and 1/16, respectively, and
the 6¢ Wyckoff position is partially occupied by O atoms with
a partial occupation of 1/2. Such disordered cubic structures
have been also found in other fluorite-related oxides under
high-pressure conditions.”* Furthermore, the heightened
intensity of the reflection, indicated by the arrow in Figure
7a of the latest measured pattern, may suggest the onset of a
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new phase transition, akin to the transition observed from
monoclinic II to III in the Bi;;MoO,, compound.

After pressure was released (Figure 7ab, top), the pattern
from the starting sample was recovered in the case of the He
experiment. However, the main reflection appears to be
asymmetric compared to the reference pattern at 0.4 GPa.
Thus, the crystal structure was recovered but it has suffered
some distortion after the high-pressure cycle. For the
experiment without PTM, we recovered a mixture of products.
The reflections (006) and (130) are indications of partially
recovered the initial tetragonal phase, supported by the
recovered sample which presents an orange color (see Figure
8b). The reflections (123) and (332) are signs of the

Figure 8. (a) Starting orange powder of Bi;;CrO,, sample on agate
mortar. (b) Recovered orange/black/metallic powder sample after the
HP experiment without PTM. Pictures taken from a Phone’s camera
under the microscope.

monoclinic I phase, also supported by the dark-gray color in
Figure 8b. In the recovered pattern, it has not been observed
contribution of the cubic phase, showing their metastability
under high shear-stress conditions. However, further inves-
tigations are needed to explore this new phase under high-
pressure and shear-stress conditions.

3.3.1. Lattice Parameters and Volume Evolution under
Pressure of Bi;,CrO,, Lattice parameters, ff-angle, and unit-
cell volume evolution under pressure are presented in Figure
9a—c, respectively. The tetragonal phase I follows a similar
trend independently of the PTM used. This is reflected in the
bulk modulus which has a little variation from 50 to 58 GPa as
can be observed in Figure 6b (confidence ellipses plot). After
the initial phase transition to the tetragonal II phase,
corresponding to the phase previously observed by Errandonea
et al.”” as tetragonal I, with similar initial volume and bulk
modulus (see Table S7 in the Supporting Information), we
obtained the lattice parameters of the tetragonal phases which
are shown in Figure 9. In the experiment without PTM, the
lattice parameters of the cubic phase can be followed up to the
maximum pressure reached. Interestingly, from phases III and
IV, our data using He as PTM deviates from the data using a
4:1 ME mixture due to the two newly observed isomorphic
transitions. This could also be seen as a sign of the possible He
penetrations of the crystal structure. A pressure offset
difference of about 4 GPa is noticed from the tetragonal to
monoclinic transition using ME mixture as PTM. The f-angle
presents similar qualitative behavior as observed for
Bi;;M00O,,, a sudden increase reaching values around 135.3°
followed by a drop. It has been observed that when using ME
as PTM, the final data point measured exhibits an increase in
value, even though no further data was available. The bulk
modulus of all the high-pressure phases has been determined
using BM2 EoS for the same reason as commented previously.
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Figure 9. (a) Lattice parameter vs pressure for Bi ,CrO,, obtained
through experiments employing various PTMs. Linear fits are given
for visual guidance. (b) f-angle measurements vs pressure for the
monoclinic phase employing diverse PTMs. (c) Unit-cell volume
evolution under pressure. Black solid line shows second order BM
EoS fit. Green dashed line shows third order BM EoS fit. The color
code follows the same pattern as Figure 7a. The volume of the cubic
phase is multiplied by 16. Data for the 4:1 ME experiment was taken
from ref 19.

All the results are shown in Table S7 in the Supporting
Information. A similar bulk modulus has been obtained for the

monoclinic phase using He or ME as PTMs. Due to the phase
coexistence and the huge strain—stress suffered by the sample,
we were unable to follow properly the lattice parameters at all
pressures in the experiments without PTM. Until it was
possible, the lattice parameters were retrieved showing a
plateau after 12 GPa (Figure 8a,c). It was observed that the
plateau also existed in the cubic phase. As a result, two phases
were distinguished: the low-pressure (LP) phase and the
higher-pressure (HP) phase. These phases were analyzed using
a BM2 equation. However, further investigations are
encouraged to explore the formation of this new phase.
Dedicated diamond anvil cells for high shear stress, such as
rotational DACs, can be used for this purpose.™

4. CONCLUSIONS

The impact of pressure-transmitting media on phase
transitions in Bi;;MO,, (M = Cr, Mo) compounds has been
investigated up to 30 and 40 GPa, respectively. Utilizing
helium as PTM led to the revelation of previously
undiscovered isomorphic phase transitions in both
Bi;,Mo00O,,; and Bi4,CrO,; In Bi;;Mo00O,,, two distinctive
monoclinic phases emerged, supporting our previous find-
ings.20 On the other side, Bi4,CrO,, exhibited two novel
tetragonal phases before transitioning into a monoclinic phase.
Interestingly, the tetragonal phase in both compounds
appeared less influenced by the choice of the PTM, as
evidenced by a bulk modulus ranging between 48 and 70 GPa,
which is dominated by the bismuth—oxygen coordination
polyhedra units. Additionally, experiments conducted without
no PTM showed an earlier onset of pressure-induced phase
transitions compared to those observed with PTM. Moreover,
a new cubic phase was identified as coexisting with the high-
pressure phases in Bij,CrO,,. The bulk modulus of this phase
was estimated to be 40 GPa, indicating lower values than that
of a-Bi,0;. These findings underscore the significance of PTM
selection in elucidating the intricate phase transitions of
complex bismuth materials under high pressure.
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