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Abstract: We have studied the behaviour of the cubic spinel structure of FeV,0O4 under high-pressure
by means of powder X-ray diffraction measurements and density-functional theory calculations. The
sample was characterized at ambient conditions by energy-dispersive X-ray spectroscopy, Raman
spectroscopy, and X-ray diffraction experiments. One of the main findings of this work is that spinel
FeV,0, exhibits pressure-induced chemical decomposition into V,0O3 and FeO around 12 GPa. Upon
pressure release, the pressure-induced chemical decomposition appears to be partially reversible.
Additionally, in combination with density-functional theory calculations, we have calculated the
pressure dependence of the unit-cell volumes of both the spinel and orthorhombic FeV,0y crystal
structures, whose bulk moduli are By = 123(9) and 154(2) GPa, respectively, finding the spinel FeV,04
to exhibit the lowest bulk modulus amongst the spinel oxides. From experimental results, the same
information is herein obtained for the cubic structure only. The Raman modes and elastic constants
of spinel FeV,04 have also obtained the ambient conditions.

Keywords: spinel; vanadate; high pressure; X-ray diffraction; equation of state; bulk modulus;
compressibility; decomposition; Raman; DFT

1. Introduction

The structures of spinel-type materials were first studied over 100 years ago [1], and
they remain relevant today [2-5]. The FeV,0O4 mineral, also known as coulsonite or iron
vanadate, which belongs to the family of cubic structured spinels, was discovered in 1937 [6]
in natural magnetite-bearing rocks. However, it was not properly characterized until 1962,
when isolated samples were found [7]. Its first crystal structure data came later (1969) when
it was synthesized in the laboratory [8].

This particular FeV,O; spinel has attracted several scientific studies since its discovery
due to its tuneable physical [9,10] and chemical [11] properties, and its low temperature
magnetic phases [12,13]. Its primary use is as an anode material in alternative Na-ion
batteries [14]. It is also a light-absorbing material [15] employed as a photocatalyst with
environmentally friendly purposes, including those in CO; reduction [16] or in antibacterial
applications [17].
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Spinel vanadates have also been studied under conditions of high-pressure (HP) and
high-temperature (HT) [18-20]. First, Kismarahardja studied the dielectric and conducting
properties of three spinel vanadates under a high magnetic field and HP [18]. Later, Li et al.
performed density-functional theory (DFT) calculations to determine the bulk moduli of
several spinel vanadates, finding the FeV,0, bulk modulus to be 165(5) GPa [19]. Further
on, Ishii et al. experimentally found three different post-spinel structures, in different
compounds, (MgV,0y, FeV,04 and MnCr;04) by simultaneously applying HP and HT
conditions [20]. For example, in FeV,04 between 1000 and 1200 °C, they observed a
decomposition into FeO and V,0;3 at around 10 GPa followed by reconstitution into an
orthorhombic FeV,0;, phase (space group Cmcm, number 63) at around 12 GPa, which
was recoverable to ambient conditions. All of these previous works motivated the present
investigation into the FeV,04 spinel which has never before been studied under high
pressure conditions at ambient temperature.

In this work, we have studied the HP structural properties of FeV,0, via powder
X-ray diffraction (XRD) experiments and DFT calculations up to 30 GPa. In the spinel
FeV;,04 polycrystalline sample, detectable amounts of V,03 and FeO were observed in
addition to trace amounts of the orthorhombic FeV,0Oy structure. The XRD and DFT result
allowed for the determination of the room-temperature pressure—volume equation of state
(EOS) of two polymorphs, namely spinel (5-FeVO) and orthorhombic (O-FeVO) types.
Additionally, we have also reported the active Raman modes at ambient conditions and the
elastic constants of the spinel polymorph.

2. Materials and Methods
2.1. Experimental Details

Simple solvothermal synthesis was used to obtain cubic FeV,04. 1.2120 g of iron
nitrate nonahydrate (Fe(NO3);-9H,0), 0.7019 g of ammonium vanadate (NH4VO3), and
0.2521 g of oxalic acid monohydrate were combined in 40 millilitres of methanol under
vigorous stirring at room temperature. The mixture was then moved to a 100 mL Teflon-
lined stainless-steel autoclave and kept in an oven at 200 °C for 24 h. The obtained powder
was then repeatedly rinsed with ethanol and acetone and dried overnight. In order to
ensure the synthesis of spinel compounds, the precipitates were calcined for four hours at
400-500 °C in an H, /N; reducing environment [15].

Ambient conditions powder XRD measurements were carried out at Servicio Central de
Soporte a la Investigacion Experimental (SCSIE) in the University of Valencia using a Bruker
D8 Advance A25 powder diffractometer with a Bragg-Brentano geometry and Cu K&y
radiation (A = 1.54059 A). Energy-dispersive X-ray spectroscopy (EDXS) was also performed
at SCSIE in a surface electron microscope (SEM, ThermoFisher Scios 2 DualBeam) with
an Oxford Ultima Max 170 detector. Raman spectra were acquired in the backscattering
geometry using a 632.8 nm He-Ne laser and a Jobin-Yvon spectrometer combined with a
thermoelectric-cooled multichannel CCD detector with a spectral resolution of 2 cm~!. A
laser power of 2 mW was used to avoid damaging the sample due to heating caused by
laser absorption. HP powder XRD measurements were performed at the MSPD beamline of
the ALBA synchrotron [21] using a monochromatic beam of wavelength 0.4246 A. The beam
was focused to a 20 um x 20 pm full width at half maximum (FWHM) spot. A Rayonix
charge-coupled device detector was used to collect XRD patterns with a sample-to-detector
distance of 300 mm. The pressure-transmitting medium loaded in the DAC was a 4:1
methanol-ethanol mixture (ME). The pressure gauge used was based on the Cu equation of
state (EOS) [22], with a precision of £0.1 GPa. The structural analysis was performed with
ReX [23] and PowderCell [24].

2.2. Computer Simulations

The calculations reported here have been performed using first principles simulations
in the framework of density-functional theory (DFT) using the Vienna Ab initio Simula-
tion Package, VASP, [25-27]. The exchange-correlation energy was described using either
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the generalized-gradient approximation, GGA, with the Perdew-Burke-Ernzerhof, PBE
functional [28] or the local-density approximation, LDA with the Ceperley Alder prescrip-
tion [29]. To improve the description of systems with strongly correlated d-electrons we
performed our simulation using DFT+U methodology, in the Duradev [30] approximation.
The Hubbard correction, U = 5.3 eV and U = 3.25 eV for Fe and V, respectively, were applied
to both Fe-3d and V-3d states. To consider both valence and semicore electrons we used
pseudopotentials through the projector augmented wave, PAW, scheme [31,32]. To solve
the Schrodinger equation, a plane wave basis with an energy cut-off of 540 eV has been
used, which ensures high accuracy in the results. The integration over the Brillouin Zone
(BZ) was performed with a Monkhorts-Pack [33] 10 x 10 x 10 grid, which also maximizes
the accuracy of the results. Our results report a set of energy, volume, and pressure data
that can be fitted using an equation of state (EOS) model.

For each volume, the structural parameters of the crystalline structures and the atomic
positions have been optimized. During the process of relaxation and optimization of the
structure at different volumes, the requisite for relaxation was that the forces on the atoms
should be less than 0.003 eV /A, and that the stress tensor was diagonal with differences
below 0.1 GPa, to ensure hydrostaticity. The mechanical and elastic properties were studied
by obtaining the elastic constants with the Le Page method implemented in the VASP
code [34]. The lattice-dynamics calculations have been performed using the open-source
Phonopy package [35] interfaced with VASP. From our simulations, we obtain the phonon
frequency and the irreducible representation of the modes at the Brillouin Zone centre.

3. Results and Discussion
3.1. Ambient Conditions Sample Characterization of Starting Material

The EDXS results (see Figure 1a) show that the molar ratio between Fe and V in the
sample is 1:2, as expected from the chemical formula. The oxygen concentration cannot be
quantified directly due to the characteristics of the detector window, however, the presence
of oxygen can be confirmed, as seen in Figure 1a. No other chemical elements are detected
from EDXS.
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Figure 1. (a) EDXS analysis results and (b) Raman spectrum of the as-synthesised sample. Modes
related to spinel FeV,QOy are labelled in bold.

The representative Raman spectrum in Figure 1b shows more than the expected
Raman-active modes for S-FeVO. Eleven modes are observed in the spectrum, five of which
are associated with V,03 [36] or FeO [37], as labelled in Figure 1b. The five modes, which
originate from S-FeVO, have been tentatively assigned by comparison with other spinel
vanadates and with DFT calculations. The unassigned mode (marked with an asterisk in
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Figure 1b) may originate from cation disorder or partial inversion, both of which are typical
phenomena in spinel oxides [38,39]. The experimentally observed vibrational frequencies
are compared in Table 1 with those of DFT calculations, and also with literature values for
isostructural CoV,04 and MnV,0Oy4 [40,41]. It is found that DFT calculations overestimate
the frequencies of the three low-frequency modes and underestimate the frequencies of
the two high-frequency ones. The difference is more pronounced for the Az mode, which
is usually assigned to an internal stretching vibration of the VO, tetrahedron. When
compared with the literature values for other vanadates, all three vanadate compounds
have a similar mode distribution, albeit with the A;g mode of FeV,0; at a slightly higher
frequency and the low-frequency Fp, mode at a slightly lower frequency.

Table 1. Experimental and calculated Raman mode frequencies (em™1) of spinel FeV,0y at ambient
conditions compared with those of other isostructural vanadates.

FeV204 (This Work) COV204 [40] MIIV204 [40,41]
Mod

ode Theory (DFT) Experiment Experiment Experiment
Fog 190 140(2) 192 178
Eg 295 215(2) - -

Fog 404 364(2) 356 348
Fog 435 450(2) 480 476
Aqg 569 720(2) 676 656

The elastic constants of S-FeVO determined from DFT calculations are presented in
Table 2. At ambient conditions, the three constants are close to the ones reported in the
literature [19] and satisfy the zero-pressure Born stability criteria (Cq7 + 2C1p >0, Cg4 >0,
(C11 — C12)/2 > 0), which is consistent with the mechanical stability of the S-FeVO crystal
structure. From these constants, the elastic moduli were also obtained using the Hill
approximation. The elastic moduli are also shown in Table 2. The values of the bulk
and shear moduli show that in spinel FeV,0y, shear deformation requires less energy
than compressional deformation. The Bulk/Shear modulus ratio of 2.751 supports the
observation that S-FeVO is ductile [42].

Table 2. DFT calculated elastic constants of S-FeVO.

Elastic Moduli (GPa) Elastic Constants (GPa)

0 GPa 0 GPa 9.7 GPa 11.1 GPa 12.5 GPa
Bulk modulus = 168.7 C11 =2599 C11 =260 C11 =171 C11 =-229
Shear modulus = 61.3 C12 =123.2 C12 =54 C12 =444 C12 =429
Young modulus =164.1  Cyy =57.0 Cyq =49 Cyq =49 Cy=-11

The final part of this section relates to the sample characterisation via ambient condi-
tions X-ray diffraction. The cubic structure of S-FeVO (space group Fd-3m, number 227)
was successfully refined against the observed XRD pattern shown in Figure 2, which also
showed small contributions from hexagonal V,0; (space group R-3c, number 167) and
cubic FeO (space group Fm-3m, number 225). Additionally, a detectable contribution from
orthorhombic O-FeVO (space group Cmcm, number 63) reported by Ishii et al. [20] is also
observed. For example, the reflections observed at 26° and 46° can only be explained with
the (002) and (132) reflections of O-FeVO. We also used the HP XRD data (Figure 3) to sup-
port this phase identification. The multi-phase Rietveld refinement at ambient conditions,
along with phase percentages and goodness parameters, is presented in Figure 2. In the
refinement, the background was fitted with a Chebyshev polynomial function of the first
kind with eight coefficients, and the overall displacement factor, B, was fixed to 0.5 A2 [43].
The unit-cell parameter of the spinel phase is 8.335(8) A. Fe and V atoms are fixed by sym-
metry at (0,0,0) 8a Wyckoff position and (5/8,5/8,5/8) 16d Wyckoff position, respectively.
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Oxygen atoms are at (u,u,u) 32e Wyckoff position, with u = 0.386(3). The bond distances
are V-O = 1.993(3) A and Fe-O = 1.961(3) A and the bond angles are V-O-Fe = 121.5(4)°,
V-O-V =95.1(3)°, O-Fe-O = 109.4(4)°, and O-V-O = 95.4(3)°.
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Figure 2. Multi-phase Rietveld refinement at ambient conditions of S-FeVO including the additional
minor phases. Black dots are the measured pattern. The solid cyan line is the overall calculated
Rietveld profile. The difference between the observed and calculated data is shown with a red line.
Tick marks indicate the calculated Bragg peak positions. Relevant reflections are labelled with their
corresponding Miller indices.
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Figure 3. XRD patterns from FeV,0, sample at selected pressures. (a) Increasing pressure from
0.8(1) to 18.0(1) GPa. (b) Increasing pressure from 23.1(1) GPa to the maximum pressure, 29.3(1)
GPa, followed by decompression to 0.6(1) GPa. Observed data are shown with black symbols. Le
Bail profiles and residuals are shown with blue and red lines, respectively. Relevant reflections are
indicated with their Miller indices, with the colour of the text matching with the phases as indicated in
the legend. Pressures are indicated in the figure. The letter ‘d” after the labelled pressure corresponds
to data acquired on sample decompression. The asterisk *” marks the unindexed reflection which
begins to emerge at 18 GPa.
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3.2. High-Pressure Powder X-ray Diffraction Analysis

Figure 3 shows integrated polycrystalline XRD data acquired on compression and
decompression for S-FeVO and the corresponding Rietveld profiles. Measurements were
performed on various sample locations to prevent the appearance of Cu reflections in these
patterns. All minor phases are observed up to the maximum pressure of 29.3(1) GPa and
on recovery to ambient conditions. The highest intensity reflection in the data shown in
Figure 3 originates from the (311) reflection in the S-FeVO structure. This reflection starts
to develop a left shoulder contribution at 12.1(1) GPa (see the reflection marked *(111)
in Figure 3a). As pressure further increases, this shoulder contribution gradually gains
intensity when compared to the rest of the pattern. This phenomenon observed in the
experimental data is consistent with the DFT calculations, which find that the S-FeVO
structure becomes mechanically unstable at 11.1 GPa. In addition, above 12 GPa, the
calculations predict imaginary phonons and elastic constants (see Table 2). We found
that at pressures larger or equal to 11.1 GPa the calculated elastic constants violate the
generalised Born criteria of stability under pressure (P) (M1 = (C11 + 2C12)/3 + P/3 >0,
M =Cy — P> 0, M3 = (Cq1; — Cq2)/2 — P > 0) [44]. This can be seen in Figure 4 where we
represent the Born criteria conditions M; versus pressure. At 11.1 GPa, only M, is violated.
The failure through M; < 0, called the Born instability, is characterized by symmetry
breaking with a coupling of shear modes under volume conservation [45]. At 12.5 GPa,
Mj is also violated, which implies a pure shear instability. In the same pressure range, M;
abruptly changes decreasing with pressure beyond 11.1 GPa. This behaviour implies a
decrease of the bulk modulus when pressure increases, which means a decohesion of the
crystal structure, supporting the notion that the crystal structure becomes destabilised at
high pressures [45,46].

400 T L T i T T T T T ) T T T
300 [ ]
200 | 1

100 [ ]
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<

-100
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-200

L

——M
-300
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Figure 4. Generalized Born stability criteria (M;) versus pressure for S-FeVO. In the figure M, and
Mj; become negative at the conditions described in the text.

One possible explanation for the appearance of the peak marked as *(111) in Figure 3a
and the broadening of peaks of cubic FeV,O4 could be related to a structural phase tran-
sition. The changes in the patterns are typical of phase transitions involving a symmetry
decrease. We tested possible HP structures by applying group-subgroup relationships
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to spinel FeV,0O4. We have tested the tetragonal post-spinel structure proposed by Yong
et al. [47]. However, following this method we could not successfully explain the changes
observed in the XRD patterns because the candidate HP structures all exhibited unit vol-
umes larger than that of the low-pressure phase, which cannot be possible. We have also
tested the known high-pressure post-spinel phases (CaFe;O4-, CaMn;Oy-, and CaTiyO4-
type [48]) and found that these post-spinel structures also could not explain the changes
observed in the XRD patterns. We did not consider cation inversion between Fe and V,
because these elements have a similar atomic number, which does not allow us to determine
the amount of element substitution from the present experiments. However, we are fully
aware that cation substitution could influence the phase stability and bulk modulus [49]. A
second-possible explanation for changes in XRD is pressure-induced decomposition, which
is known to occur at pressures below 10 GPa in vanadates [50,51]. In our case, the reflection
which appears at 12 GPa can be interpreted as an indication of pressure-induced chemical
decomposition of the sample because the reflection corresponds to the (111) reflection of
FeO. The reflections assigned to V,0O3 also become more intense with increasing pressure.
In the ambient pressure XRD data shown in Figure 2, the Rietveld refinement suggests that
the V203 and FeO each constitute around 2% of the total sample. Therefore, by comparison
with the intensity of their most recognizable reflections ((012) for V,03 and (111) for FeO)
with the highest one of S-FeVO, (311), it is possible to quantify the decomposition. The
amounts of V,03 and FeO in the sample gradually increase with compression up to 14%
each, whereas S-FeVO reduces to 61%. Upon decompression, the decomposition products
partially recombine into the original state, ultimately constituting only around 8% of the
sample at 0.6(1)d GPa. The O-FeVO contribution remains constant throughout the experi-
ment, indicating that it does not chemically decompose or transition to another phase in
the studied pressure range. The phenomenon of reversal of the pressure-induced chemical
decomposition has previously been observed in other systems, including vanadates [51,52].

At 18.0(1) GPa, a new reflection emerges around 8° which shifts very little in 20 up
to the maximum pressure studied, 29.3(1) GPa, and remains in the pattern even upon
recovery to ambient pressure. This suggests that an irreversible phase transition might
have occurred in one of the sample phases (see asterisks in Figure 3). Attempts were made
to index this reflection using a known high pressure monoclinic structure of V,0O3 [53],
since this is the only compound in our sample known to undergo a phase transition in
this pressure range. However, this was not possible, and regrettably, the peak remains to
be indexed.

3.3. Unit-Cell Volume and Equation of State (EOS) Parameters

The pressure dependence of the unit-cell volume of the S-FeVO, determined experi-
mentally and via DFT calculations, is presented in Figure 5. Figure 5 also includes the DFT
results for the O-FeVO polymorph. According to DFT simulations, the unit-cell parameters
of the orthorhombic structure at ambient conditions are (a, b, ¢) = (2.9675, 9.8332, 10.0068)
A for GGA+U and (2.8836, 9.5703, 9.7654) A for the LDA+U method. The experimental
determination of the pressure evolution of the O-FeV,0, unit-cell volume was not possible
due to the low signal intensity. Third-order Birch-Murnaghan EOS [54] was fitted to the
experimental and calculated data using the EosFit7 software [55]. We also calculated the
Eulerian strain vs. normalized pressure in order to choose the correct order of the EOS.
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Figure 5. FeV;04 unit-cell volume as a function of pressure. Black filled circles correspond to
experimental S-FeVO on compression and open circles to S-FeVO on decompression data. Red
squares represent DFT S-FeVO (filled for GGA+U and empty for LDA+U). Red diamonds represent
DFT O-FeVO (with the displayed volume doubled in order to correspond to the same number of
formula units). Lines correspond to third order Birch-Murnaghan EOS. Two EOS are fitted to the
experimental S-FeVO data, one up to 10 GPa and one up to the maximum pressure. The vertical
dashed line at 12 GPa corresponds to the critical pressure for the onset of pressure-induced chemical
decomposition. The normalized volume for S-FeVO data is shown in the inset.

The relevant EOS parameters corresponding to the EOS shown in Figure 5 are pre-
sented in Table 3. Even though we separated the EOS analysis into quasi and non-
hydrostatic regions (ME mixture behaves hydrostatically up to 10 GPa [56]), the exper-
imental results are quite similar. When comparing the experimental results with those
from DTF calculations, we found that the LDA calculations describe more accurately than
GGA calculations the unit-cell volume of spinel-type FeV,04 at zero pressure. However,
the GGA approximation gives a description of the compressibility of spinel-type FeV,04
more similar to experiments than LDA (see for instance the inset of Figure 5). This is not
surprising since the LDA description tends to over-bind atoms so that the bulk modulus
is overestimated. GGA corrects this fact but may under-bind instead, leading to longer
bond lengths and consequently a larger unit-cell volume. The observed difference between
experiments and calculations is within the typical discrepancies [57]. This difference could
also originate from non-hydrostatic stresses in the sample environment [58]. It is also
possible that the presence of minority phases and impurities would affect the compress-
ibility of S-FeVO as observed in other compounds [59]. It is also possible, that the actual
magnetic structure may be more complicated than what we have assumed in the theoretical
calculations [60]. Such systematic discrepancy deserves a systematic discussion, which
is beyond the scope of this work. The structure of O-FeVO is less compressible than that
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of S-FeVO, and it has a smaller volume than S-FeVO. These facts agree with not seeing
any significant change in the amount of O-FeVO during the HP XRD experiment and its
non-reversible behaviour, which was reported in the literature [20]. S-FeVO exhibits the
lowest bulk modulus among the spinel oxides [19], whose previously published literature
values ranged from 165 to 204 GPa. We have used the DFT results on O-FeVO and PAS-
Cal [61] for calculating its anisotropic axial compressibilities. At 6.5 GPa, they result as
(Ka, Kb, Ko)= (1.767(16), 1.545(11), 1.556(9)) 10~2 GPa~ .

Table 3. Experimental and calculated EOS Parameters for FeV,04. Ambient pressure unit-cell
volume, V, bulk modulus, By, and its first pressure derivative, By'.

Source Vo(A3) By(GPa) By’
SFeVO up t09.9(1) GPa 7926 1807 iied)
S-FeVO up to 29.3(1) GPa ;gizgﬂ 13283 4?f.i8x(§c)1)
S-FeVO DFT calculations GGA+U 23328; 1 6124;((21)0) i(??x(:dS;
S-FeVO DFT calculations LDA+U gggigg; 22006;6((155)) 4?55)((: é)
O-FeVO DFT calculations GGA+U 2299119852((1 f)) ggig; Af(f??(éil))
O-FeVO DFT calculations LDA+U iggéggg 212 ill((?i)S) 4?f12)f§ c)l)

4. Conclusions

HP angle dispersive powder XRD experiments and DFT calculations were performed
on FeV,04 up to 29.3(1) GPa. A series of ambient pressure experiments (EDXS, Raman,
and XRD) demonstrated the co-existence of spinel FeV,0;, (85%), orthorhombic FeV,04
(11%), V203 (2%), and FeO (2%). One of the main findings of this work is that upon
compression to 12.1(1) GPa, the S-FeVO structure starts to chemically decompose into V03
and FeO, with the compounds both comprising around 14% of the sample at 29.3(1) GPa.
This observation is supported by DFT calculations which predict the S-FeVO structure
to become unstable around 12 GPa. Upon pressure release, the chemical decomposition
appears to be partially reversible. The pressure dependence of the unit-cell volume and
the equations of state of S-FeVO and O-FeVO are reported for DFT calculations, and a
comparison is made with the experimental values for S-FeVO. The spinel and orthorhombic
FeV,04 bulk moduli are determined to be By = 123(9) and 154(2) GPa, respectively, finding
the spinel FeV,0Oy4 to exhibit the lowest bulk modulus amongst the spinel oxides [19], whose
previously published literature values ranged from 165 to 204 GPa. The Raman active
modes of S-FeVO were also calculated to support the findings of XRD measurements. The
results obtained could also have meteoritical and petrological implications [62].
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