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Abstract

We report on the electronic structure of vanadium in synthetic V-oxides and in natural roscoelite (V-rich phyllosilicate). This study applied electron
energy-loss spectroscopy (EELS) in the scanning transmission electron microscope (STEM), combined with first-principle calculations, to (1)
establish relationships between the V oxidation state and EELS L, 3 features and (2) better constrain the oxidation state and crystallographic siting
of V in roscoelite, with implications for other V-bearing phyllosilicates. Both EELS measurements and band structure calculations show that the
EELS L,/L; ratio increases as the oxidation state of V increases. We establish a quantitative relationship between the V L, 3 near-edge structure
and the V oxidation state by normalizing the L, maximum peak intensity to the Lz peak intensity. By applying this method to roscoelite, we find
that it hosts a mix of trivalent and tetravalent V distributed between the octahedral and tetrahedral sites with a V**/£V=0.6+0.1. This
relationship is applicable to measurements of V oxidation states in oxide and phyllosilicate minerals, which is useful for constraining the

conditions of rock and mineral formation and has potential implications for metal extraction from phyllosilicate ores.
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Introduction

The intrinsic oxidation state of a material is related to the tem-
perature, the composition, and the oxygen fugacity (fO,) of
the system at its origin. Thus, oxidation states of elements in
natural samples can provide fundamental information on the
chemical and physical conditions under which they formed
or last equilibrated (Schreiber et al., 1978; Mysen et al.,
1984; Ballhaus et al., 1990; Frost, 1991; Petit et al., 2001;
Frost & McCammon, 2008; Tian et al., 2016; Moretti &
Neuville, 2021; Roskosz et al., 2022). For example, Berry
et al. (2008) use the Fe oxidation state of a komatiitic melt in-
clusion to investigate the relationship that can exist between
the Fe**/SFe and the conditions (temperature, composition,
water content, and fO,) of the silicate melt at their origins.

Several elements may be used to help constrain the redox
state of the system. The most commonly used are the 3d metals
because they can occur naturally in various oxidation states
and are reactive elements (Schreiber et al., 1978; Zega et al.,
2003; Simon et al., 2007; Chi et al., 2009; Tan et al., 2011,
2012; Zanetta et al., 2022). One such 3d metal, vanadium
(V), is widely distributed in earth and planetary materials.
The prevailing valence states of V in nature are V3*, V*,
and V**; more reduced species containing V** and V metal
are possible but vanishingly rare under earth conditions
(Ostrooumov & Taran, 2016). It is common for V-oxides to
contain V in mixed valence states, e.g., V305, V407, VcOqq,
V6013.

V is overall lithophile, and most of the numerous (>250)
minerals that it forms are hydroxides or complex oxides,
e.g., phosphates, vanadates, and silicates. The V-oxides are
widely studied because of their material properties. V,0s3,

VO,, and V,0;5 are defined as transition metal oxides
(TMOs) that can exhibit an abrupt change in their conductiv-
ity and transition from metallic to insulator above a critical
temperature (T.) (Lamsal, 2014). They have unique physical,
electronic, and magnetic properties and are of potential inter-
est in numerous technologic applications, e.g., cathode mater-
ial for batteries, temperature sensors, and photo-induction
(Lamsal, 2014; Zhou & Ramanathan, 2015). Vanadium tri-
oxide (V,03) is the only phase that naturally occurs above
its critical temperature (160 K) and at room temperature is
metallic with a trigonal corundum structure and space group
R 3 C. Vanadium dioxide (VO,) shows its transition very close
to room temperature (340 K) but occurs as a monoclinic
(space group P24/c) crystal structure. Finally, vanadium pent-
oxide shows the highest transition temperature (T.= 530 K)
and occurs at room temperature as orthorhombic lattice
with space group Pmmn (No. 59). In comparison, two rela-
tively common V minerals, the oxyhydroxide montroseite
(V, Fe)O(OH) and the phyllosilicate roscoelite (a V-bearing
mica idealized as K(V, Al),(AlSi3)O,o(OH),) (Brigatti et al.,
2003), are commercially mined V ores.

Constraining the crystal chemistry of V in synthetic and nat-
ural materials is therefore important but requires techniques
that can characterize the crystallographic siting of V as well
as its electronic configuration (Loehman et al., 1969;
Rakotoniaina et al., 1993; Lamsal, 2014; Marcelli et al.,
2017). There are numerous methods for determining element
concentrations in materials, but few of these methods can
distinguish between different oxidation states or sites. The
most common techniques sensitive to oxidation state are
spectroscopic: Mossbauer spectroscopy (Mysen et al., 1984;
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Holtstam, 1996; Jayasuriya et al., 2004; Roskosz et al., 2022),
X-ray absorption near-edge structure in the scanning trans-
mission X-ray microscope (STXM) (Petit et al., 2001; Simon
etal.,2007; Le Guillouetal.,2015), and EELS in the transmis-
sion electron microscope (TEM) (Garvie et al., 1994; Garvie
& Buseck, 1998; Van Aken et al., 1998; Van Aken &
Liebscher, 2002; Zega et al., 2003; Tan et al., 2011, 2012;
Bourdelle et al., 2013; Zanetta et al., 2022). However, V
does not have an isotope suitable for oxidation state measure-
ments by Mossbauer. Furthermore, because V mainly occurs
in complex minerals with multiple sites that can accommodate
3d metals, high-resolution techniques that can resolve the site
occupancy are important. STXM is a high spectral resolution
(0.1 eV) technique, but is spatially limited to a few tens of a
nanometer and so, while it can provide useful information on
crystal chemistry, it cannot provide atomic-scale site location
of the V. In contrast, new-generation aberration-corrected
TEMs can achieve atomic resolution while integrating EELS
spectroscopic measurements with enough spectral resolution
(<0.4 eV in cold field emission; <0.1 eV if monochromated)
to obtain information on electronic structures of 3d metals in
a wide range of materials (Muller et al., 2008; Ek et al., 2017;
Zanetta et al., 2022).

The electronic structures and spectroscopic signatures of 3d
metals are complex due to their sensitivity to numerous pa-
rameters including bonding, electronic neighborhood, mixed
oxidation state, crystal-field effects, and thermoelectric transi-
tions like TMOs (e.g., Fischer, 1970; Stoyanov et al., 2007;
Lamsal, 2014; Levina et al., 2014; Zanetta et al., 2022).
Thus, a combined approach involving experimental EELS
and density functional theory (DFT) is a powerful tool for de-
termining oxidation states of 3d metals and the underlying
physics of electronic transitions (e.g., Leapman et al., 1982;
Brik et al., 2006; Hébert, 2007; Virdi et al., 2013; Lamsal,
2014; Nufiez, 2019; Zanetta et al., 2022). DFT calculations,
in the last decade, have become more widely used in studying
electronic structures and to confirm spectral features (Hébert
et al., 2003; Hébert, 2007; Blaha et al., 2011, 2020). This
computational method can provide insight into the crystal
chemistry and the effect of site occupancy on the spectral fea-
tures (Zanetta et al., 2022).

Here, we examine the electronic structure of V in a series of
synthetic oxide standards and in roscoelite, a representative
silicate mineral that naturally occurs with a high V concentra-
tion. The oxidation state of V and its crystal chemistry in ro-
scoelite are determined via EELS in an aberration-corrected
STEM. Obtained L, ; spectra are compared with the comple-
mentary information obtained by DFT calculations. On the
basis of these experimental and modeled results, we report a
method for the quantification of the V oxidation state in
V-bearing oxides and phyllosilicates using EELS and examine
V siting and oxidation state in roscoelite.

Materials and Methods

Samples

We acquired three high-purity (>99.8%) standards with
known oxidation states (V,03, VO3, and V,05) from com-
mercial suppliers (Alfa Aesar and SigmaAldrich) in the powder
form. Standards were crushed in an agate mortar and pestle
in dry conditions and deposited onto lacey-carbon films
supported by Cu-mesh TEM grids (Zanetta et al., 2022).
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We measured several particles that were monodisperse and
electron transparent (<50-60 nm in thickness).

We also examined a roscoelite K(V, Al, Mg),AlSi301o(OH),
sample from the Omega mine above Placerville, Colorado
(Supplementary Table S1). The roscoelite composition was
quantified using a Cameca SX100 electron microprobe
located in the University of Arizona’s Kuiper Materials
Imaging and Characterization Facility (KMICF). A 2-ym
probe with an accelerating voltage of 15 kV and beam current
of 20 nA was used for analyses. Mg, Na, Si, and Al intensities
were acquired on a TAP crystal; Ca, Ti, K, Cr, V, P, Sr, and ClI
on an LPET crystal; and Fe, Mn, Cu, and Co. on an LLIF crys-
tal. Standards for the microprobe measurements are given in
the Supplementary Material.

We prepared electron-transparent cross sections of the ro-
scoelite sample using the ThermoScientific (formerly FEI)
Helios NanoLab 660 G® focused ion beam (FIB)
scanning-electron microscope also located in KMICF. The
general procedures of FIB sample preparation, e.g., coarse cut-
ting, lift out, and i situ thinning, have been previously de-
scribed (Zega et al., 2007, 2020; Zanetta et al., 2022).

STEM

The V standards and the roscoelite sample were measured us-
ing a 200 keV aberration-corrected Hitachi HF5000 scanning
TEM (S/TEM). The HF5000 is equipped with a cold
field-emission gun, a third-order spherical-aberration correct-
or for STEM mode, bright-field and annular dark field STEM
detectors, and a Gatan Quantum ER (model 965) electron
energy-loss spectrometer (EELS). EELS spectra were acquired
using a 200 keV acceleration voltage, a 10 #A emission cur-
rent, and 3.45 eV extraction voltage, a STEM condenser aper-
ture of 35 um, and a 2 us dwell time. All EELS spectra were
corrected for channel-to-channel gain variation and dark cur-
rent. We used a probe current of 330 pA and a collection angle
of f=63 mrad. We used a 2.5 mm EELS entrance aperture
and a dispersion of 0.25 eV/channel corresponding to a
1.0eV zero-loss peak full-width half-maximum (ZLP
FWHM). Both low-loss and core-loss spectra were acquired
simultaneously (“dual EELS mode”), and a pixel time of
0.2 s for the core loss was used and 0.001 s for the low loss.
Phyllosilicates can be sensitive to the electron beam, and so
we optimized our electron-optical conditions to minimize
beam damage. Thus, we acquired spectrum images of
15 x 10 pixels and ultimately summed the pixels to increase
the signal-to-noise ratio. Hence, we used a large collection angle
and short integration time to, respectively, minimize the local
electron dose and decrease the exposure time. We fixed a pixel
size of 1.5 nm for synthetic oxides and 15 nm for roscoelite.
Spectra were processed using personal Python scripts
(Zanetta et al., 2022 and available at: https:/github.com/
ZanettaPM/Ti-Oxidation-EELS-data-processing) constructed
using Hyperspy (de la Pefia et al., 2022). The energy positions
of the low-loss and high-loss spectra from different pixels were
calibrated via zero-loss peak (ZLP) centering. The n* peak of
the C K edge at 285 eV, acquired with the same energy disper-
sion, served as a calibration point. An inverse power law
(AE™") model, where E is the energy loss and A and r are con-
stants, was used to subtract the background. An energy win-
dow measuring 50 eV, placed between 450 and 500 eV (for
a 0.25 eV/channel dispersion), was used to fit the background
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function. The plural scattering contributions due to sample
thickness were removed by Fourier-ratio deconvolution.

Density Functional Theory

We used the DFT to simulate spectra and constrain the elec-
tronic configuration of the standards and the roscoelite. We
computed the electronic band structure of the V standards
and roscoelite by means of the linearized augmented plane
wave method, as implemented in the Wien2k package (Blaha
et al., 2020), and approximations to the exchange-correlation
by generalized gradient approach functionals (Perdew et al.,
1996). Electronic structure calculations were conducted start-
ing with experimentally reported crystal structures (Tables 1a
and 1b, Supplementary Table S2). Initialization parameters
and self-consistent field (SCF) calculation convergence rules
were set according to Hébert (2007). The energy to separate
core and valence states was fixed at —6 Rydberg (Ry; 1 Ry~
13.605 eV), except for the sample containing Al where a value
of —8 Ry was adopted because of its atomic configuration.
This separation in energy enables the simulation of a mixture
of 3 s, 3p, 3d, and 4 s V orbitals with 2 s and 2p O orbitals in
our density-of-state calculations for V-oxides. The matrix size
RKmax (R * Kiax) was kept fixed at 7.0, where K, is the
plane wave cutoff and R, is the smallest atomic sphere.
Convergence criteria for the SCF cycle were fixed at 0.00001
Ry and 0.5 mRy/au for the energy and the force, respectively.
After optimization of the structure, we proceeded to the next
iteration with higher k-mesh points (sampling points in the ir-
reducible wedge of the first Brillouin zone of the material) until
the theoretical electron energy-loss near-edge spectra
(TELNES) between two iterations became nearly identical
(average difference of the intensity integrated over the energy
range being <5%). For simulating the roscoelite spectra, we
attempted to relax three distinct crystal structures. One calcu-
lation is a natural roscoelite with a complex crystal chemistry
that breaks the symmetry of the space group (C2/m) but ac-
counts for the various V crystallographic siting and all possible
atomic neighbors K(V3*, V**),(AlSi;) O, whereas two others
are poly types with the same structures but simplified compo-
sitions, Roscoelite(3+): Ba(V>*),(Al4)O10 and Roscoelite(1:3):
K(Mg),(V>*V**3)010 (V3*/V* =0.33). The two latter crystal
chemistries conserve the space group symmetry and simulate
two distinct V site configurations, octahedral and tetrahedral,
respectively. We established these endmember compositions
to satisfy (1) the electro-neutrality of the structure (without
the presence of the OH radicals), (2) the atomic neighbors as
expected in the solid solution (K, Ba, Mg, Al, Si, and O),
and (3) the expected oxidation state of the V according to
the site coordination (i.e., the V is expected to be V3* on the
octahedral site and mostly V** on the tetrahedral site;
Brigatti et al., 2003). Although these simulations are not exact
replicas of the natural samples, they correctly simulate the
electronic environment of the V in roscoelite while allowing
the correct relaxation of the structure.

The TELNES3 program implemented in Wien2k was used
to model EELS spectra from density-of-state calculations
(Jorissen, 2007). The splitting energy and the branching ratio
were calculated statistically. We assumed no orientation de-
pendence, and so we averaged our calculations over all pos-
sible directions of the scattering vector with respect to the
crystal. Spectral broadening was always simulated with the

same conditions, i.e., no linearly energy-dependent valence
broadening and a Gaussian spectrometer broadening set at
0.8 and 2.3 eV. The former broadening value was used to in-
vestigate peak splitting for lower experimental energy disper-
sions (<0.25 eV/channel) in EELS. The latter broadening
value does not correspond to our experimental ZLP
full-width-half-maximum (FWHM) but acts as a correction
factor to obtain similar V L, 5 peak widths as the experimental
spectra. We fixed a factor of 2 on the second spectrum contri-
bution in our broadening setup to match the experimental
L,/L; peak ratio. We kept the core-hole lifetime of the two
edges as tabulated in the TELNES3 program.

Results

We acquired EELS spectra at the V L, 5 edge for V-oxide stand-
ards and roscoelite to examine their electronic structure, com-
pare it to our DFT calculations (Table 1), and investigate a
relationship between oxidation states and spectral features.
The representation of the V-compound crystal structures is giv-
en in Figure 1. Figure 2a shows the experimental spectra nor-
malized to the individual maxima of the first peak (Vi3,
energy range: 514.0-521 eV) acquired from the V-bearing ref-
erence materials. The normalization suppresses the variations
in absolute intensity and the effects of thickness or concentra-
tion. Experimental spectra (Fig. 2a) show the two L3 and L,
peaks at approximately 518 and 525 eV (labeled a and b, see
Supplementary Table S3). The synthetic oxide spectra show a
clear chemical shift at the V L, 5 edge that correlates with the
valence state of the material. The energy positions of the peaks
(Supplementary Table S3) are in agreement with previous meas-
urements of V L, 3 spectra of V-oxides (Fischer, 1970; Brik
etal., 2006; Tan et al., 2012; Levina et al., 2014). As the V oxi-
dation state increases, the intensities of peaks “b” and “c” in-
crease in comparison to peak “a”. Peak “c” corresponds to
the pre-edge peak of the O-K edge. In comparison, the roscoe-
lite sample shows a significantly more intense O peak and an
onset energy value superior to VO, (512.8 versus 512.5 eV).

We also computed EELS spectra for the V-oxide standards
and roscoelite. Figure 2b shows the simulated spectra with
minimum broadening. In our simulation, the “natural” ro-
scoelite calculation did not converge within the computational
resources due to the complexity of its structure, but all other
calculations converged successfully (Fig. 2b). Features that
compose the L3 and L, edges are visible (Supplementary
Fig. S1). The two edges are composed of three peaks (a, a’,
and a”, and b, b’, and b"”). We hereafter discuss samples in or-
der of increasing oxidation (i.e., V,03, Roscoelite (3+),
Roscoelite (1:3), VO,, V,05). Samples with the lower oxida-
tion state (the 3+ blue and pink lines Fig. 2b) show a higher
subpeak than a’ and not a”. As the oxidation state increases,
the peaks a” and b” increase in intensity. In VO, and
Roscoelite (1:3), subpeaks a’, and b’ increase and reach about
the same intensity as the a and b peaks. The subpeaks a” and b”
increase significantly. In V,0Os5, peaks a and b decrease com-
pared to VO,, whereas the intensities of peaks a” and b”
keep increasing. We note that peaks ¢ and ¢” display no con-
sistent trend with the increasing oxidation state because they
reside on top of the O-K edge, and only the V L, 3 line is mod-
eled in our calculations.

Figure 3 compares the experimental with no broadening
(see Supplementary Fig. S2) and simulated spectra after
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Table 1. Calculation Setup Parameters for the SCF Calculation of the Different Species.

Final
Oxidation Space Tcfor RMTV RMTO RKMax Energy K-mesh

Standard State Group IMT a.u. a.u. (R * Kinax)  Threshold (Ry) Points Initial cif File
V,03 3+ R-3C 160 K 1.84 1.66 7 -6 100 Newnham and

Haan, 1962
VO, 44 P24/c 340K 1.61 1.46 7 —6 100 Rakotoniaina

et al., 1993
V,05 S+ Pmmn 530K 1.56 1.41 7 —6 100 Ketelaar, 1936
Roscoelite (3+) 3+ C2/m Nd 1.97 1.53 7 -8 100 Brigatti et al., 2003
Roscoelite (1:3) 3.75+ C2/m Nd 1.61 1.46 7 -6 100 Brigatti et al., 2003

Space Group Shown in Hermann-Mauguin Notation.

IMT, insulator to metal transition; RMT, muffin-tin radius. The sampling points in the Brillouin zone are given as K-mesh. Visualization of the structures is

presented in Figure 1.

Fig. 1. Ball-and-stick representation of the v-compound structures. The structures are presented along the best orientations (a, b or ¢) to facilitate the
visualization of the geometries. Two “idealized” polytypes of the roscoelite crystal are presented Roscoelite(3+) and Roscoelite(1:3). They represent a
simplified version of the crystal chemistry with respect to the space group symmetry. Each color represents one atom. The color code is indicated in the

bottom right corner.

broadening to account for experimental dispersion. The com-
puted spectra reproduce the peaks and positions in the experi-
mental spectra of V-oxides collected using EELS. After
normalization to the Lj intensity, the L, intensity increases
with the increasing oxidation state (Figs. 3a and 3b, dashed
lines and dark arrows). Figure 3b shows that the L3 and L,
peaks of the roscoelite experimental spectrum plot at similar
energies to that of the R(1:3) calculated spectrum (517.7 and
524.5 eV, respectively) and at higher energies than R(3+)
(515.8 and 523.0eV), respectively, Supplementary
Table S3). The simulated V L, and L3 peak widths are smaller
for the roscoelite R(3+) compared to V,0O3 despite having the
same oxidation state.

The onset energy of the V edge in roscoelite (512.8 €V) oc-
curs at a higher energy than tetravalent V (512.5 eV) as repre-
sented by VO,. Therefore, the use of the identified chemical
shift, by itself, for the quantification of the V oxidation state
in roscoelite is problematic because stoichiometry suggests
V3* to V* for charge balance. So, we explored an alternative
approach to quantify the V oxidation state in roscoelite. Our
TELNES calculations show that the increase of the b peak (L;)
is predominantly dependent on the oxidation state regardless
of specific site occupancies and those effects on the ELNES
(Fig. 3, dark arrows, and Fig. 4). Thus, the L, maximum inten-
sity (after normalization) depends on the V oxidation state and
can be used for quantifying it. We find that the maximum
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Fig. 2. Experimental and simulated VL, 3 spectra normalized to the
maximum intensity of the Lz peak. The O-K line contribution is not
included in the simulation. (a) Experimental spectra of the V-oxides and
the Placerville roscoelite. The O-K line is shadowed (530 to 550 eV panel).
(b) Simulated spectra from Wien2K with limited (0.8 eV) broadening,
allowing a more complete description of the spectral features.

intensity of the L, peak increases as a function of the increas-
ing oxidation state (Fig. 4). A best fit to the experimental data
on the oxides gives:

y=0.054x + 0.768 (1)

with R*=0.99 (Fig. 4).

The fitted line defined by equation (1) is compared to the fit-
ted line defined by the simulated spectra (dashed blue line in
Fig. 4 with y=0.088x+ 0.613 and R2=0.86). On the basis
of scattering of the experimental data points from the oxide
standards around the fitted line, we estimate an absolute error
of ~10% for the determination of the V oxidation state
(dashed black lines, Fig. 4) by this method. The application
of this method to the roscoelite sample (R in Fig. 4) yields a
V#/2V ratio of 0.6 + 0.1 corresponding to a V3*/V** ratio of
0.4 (see Fig. 3 for comparison with simulated polytypes).

Discussion

Electronic Structures of V-Oxides

The V-oxides and roscoelite samples analyzed in this study
show different structures and crystal chemistries (Table 1
and Fig. 1). The neighborhood of V and its interaction with
O in each of these structures generates distinct ELNES spectral
features (Figs. 2 and 3). The interaction between the V 3d or-
bital and O 2p orbital forms the 2e, and 1t,, bonding and 2t,,
and 3e, antibonding molecular orbital levels described in
Figure 5 (Fischer, 1970; Stoyanov et al., 2007; Zanetta
et al., 2022). Electronic transitions from the core level to
empty states above the Fermi energy (Ey) are responsible for
EELS edges (Fig. 5). For 3d metals like V, the L3 and L, peaks
originate from electronic transitions of the 2p** and 2p ' core

Comparison Exp./Sim. with broadening

(a) Oxides (b)  Phyllosilicates
_f_3 |'_2 -’_3 L2
0K Line al\ " b JRoscoelite (1:3)

Sim.

X

VO. (4+)
c

‘."l‘ a b ! -~ Exp

LaVh\e sim.
il » 777/ __ Sim.

EV20= (3+) Roscoelite (3+)

q

5i5 SéO SﬁS 550 iéi 52&0 5:15
Energy axis (eV)

510 5i5 550 555 550 5;5 E:l{) S:IS
Energy axis (eV)

Fig. 3. Experimental and simulated VL, 3 spectra normalized to the
maximum intensity of the Lz peak. The O-K line contribution is not
included in the simulation. (a) Comparison of the simulated and
experimental spectra for the V-oxides only (same color family represent
the same structure). The simulated spectra from Wien2K are broadened
(2.3 eV) to match the L, 3 peak width of the experimental spectra. The
black arrows highlight the increase of the L, intensity in comparison of
the Lz peak (dashed line) as function of the oxidation state, which is
reproduced by the simulations. (b) Comparison of the experimental and
simulated roscoelite materials. The O-K line is shadowed.

levels, respectively, to 3d levels (i.e., the antibonding orbitals
2t,, and 3e,). Such combinations sometimes lead to the gener-
ation of four distinct peaks due to the splitting of the five de-
generate states into the twofold 3e, and the threefold 2t,,
level, as is the case in Ti L, 3 (Stoyanov et al., 2007).
However, the splitting energy (<1.5-2¢eV) of the 3e, and
2ty levels in V is too small to be resolved with the present en-
ergy resolution in the EELS spectra due to spectral broadening.
Although the ZLP resolution is 1 eV (FWHM), EELS spectral
broadening varies with the energy loss because both the spec-
trometer focusing and the angular width of inelastic scattering
are energy dependent. As a result, the energy resolution at an
ionization edge can be worse than that measured at the ZLP
(Egerton, 2011). Nonetheless, these levels are easily visible
in our simulations, e.g., peaks a and a’ and b and b’ in the
V,03 spectrum, which are shown with a smaller broadening
energy (Fig. 2b). The splitting energy and the intensity of the
peaks depend on various factors as well as the oxidation
state, including the site symmetry and the crystal field
(Fischer, 1970; Leapman et al., 1982; Stoyanov et al., 2007).
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Fig. 4. Fitted relationship between the maximum L, peak height after normalization and the vanadium oxidation state as measured and computed for the
oxide standards. Both results from the experimental and simulated spectra are represented. Only the experimental oxide data are used to fit the
calibration curve. The theoretical curve fitted based on the simulated spectra is represented (blue dashed line).

The energy of the two orbital levels (i.e., the 3e, and 2t,,) can
be exchanged (one passing above the other in terms of energy,
Fig. 5) depending on whether the V occupies a tetrahedral or
octahedral site (Zhou & Ramanathan, 2015). However, it
was shown that the 3e, and the 2t,, levels exhibit close energy
states for V (Lamsal, 2014). These results suggest that the con-
figurational mixing of the 3e, and 2t,, levels and octahedral
distortions cannot be measured with the energy dispersion
used in this study. We conclude that the effects of the degener-
ate states on the spectral features (Fig. 2b) are convoluted in
the broadened L, and Lj peak intensities (Fig. 3) but do not
impact our established relationship between the V oxidation
state and EELS L, 5 features.

Previous Methods to Quantify V Oxidation State

The results of this study also shed light on the suitability of dif-
ferent methods for analyzing 3d metal oxidation states from
EELS spectra of silicates and oxides. The peaks that constitute
the V L, 5 edge correspond to quantized electronic transitions.
Establishing an accurate description of the 3d band structure is
useful to understand the connection between the oxidation
state and electronic structure (Fig. 5). Among those methods,
white-line (WL) ratios have been widely used in the last deca-
des to trace the chemical shift and quantify the oxidation state,

and numerous studies in the literature established such a rela-
tionship for various 3d metals including Fe, Ti, V, Mn, Cr, Cu,
and Ce, e.g., Van Aken et al., 1998; Xu & Wang, 1999; Petit
et al., 2001; Van Aken & Liebscher, 2002; Stoyanov et al.,
2007; Bourdelle et al., 2013; Kalavathi et al., 2014. Most of
these relationships are based on the chemical shift of the
edge, i.e., they quantify how the shift in edge energy increases
as the oxidation state increases. This shift is mainly due to the
increasing of the band gap width and the electron screening ef-
ficiency with the oxidation state (Egerton, 2011; Stoyanov
et al., 2007; Zanetta et al., 2022).

The WL approach offers an attractive means of tracking the
shift in energy in oxide compounds as a function of oxidation
state because the effects of the crystal field and coordination
environments can be neglected. However, as previously re-
ported by Tan et al. (2012), the WL ratio method is not applic-
able for V-oxides due to its L 5 edge overlapping with the O-K
edge. The application of the WL ratio method developed by
Kalavathi et al. (2014) on V-oxides would result in a bulk oxi-
dation state above V** for roscoelite, which is inconsistent
with the expected V**-to-V** ratio based on the roscoelite stoi-
chiometry. Indeed, roscoelite exhibits higher edge onset en-
ergy than the VO, sample and an intense O-K edge, which
has the effect of decreasing the counts in the L3 window but
increasing those in the L, window. This energy shift yields a

€20z Asenuer pz uo 1sanb Aq 652/.869//500BZ0O/IWDIW/EE0 | 0| /I0P/2[01E-80UBAPE/WEW /W02 dno olwapede//:sdiy Woll papeojumo(]



Pierre-Marie Zanetta et al.

Vanadium
orbitals

E

Oxygen
orhitals

. _.—oﬁtslﬂl‘
\77\ ‘_~_\‘;_.--""'777777 3e (oal AN

Ayl

t,(n°)

()

see e
[N
s o0

3t,,(m)
1t,,(m)

2e,(c

2t,(0] -
2a,,(0) ~

le,(a) B

1t,,(o]

V 2p32 (L3) 518 eV
V 2p'/2(L2) 525 eV
01s 537 eV
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higher L,/L3 ratio than VO,, leading to an overestimation of
the V oxidation state in roscoelite.

Another explanation for the nonapplicability of the WL
method could be i situ sample damage during analysis, caus-
ing oxidation and shifting of the edge to higher energy. For ex-
ample, such damage was observed for the oxidation state of Fe
in sheet silicates (Garvie et al., 2004). However, we did not ob-
serve any features that suggest beam damage of the V-oxide
samples after the EELS acquisition, e.g., shape changes or
amorphization. In addition, we used a large field of view
(50 x50 nm) for our measurements to reduce the electron
dose and minimize any potential damage of the roscoelite.

Instead of using WL integration windows, other studies
used the edge onset energy to quantify the chemical shift of
the edge in 3d metals (Tan et al., 2012; Zanetta et al.,
2022). However, the application of the edge onset method de-
veloped by Tan et al. (2012) to our V compounds would also
result in an inconsistent oxidation state for roscoelite (>4+)
because the roscoelite spectrum exhibits a higher edge onset
energy than the VO, sample. We conclude that decoupling
the portion of the chemical shift due to the oxidation state ver-
sus the electronic environment in roscoelite requires an alter-
native approach.

One such potential approach is to use the O-K edge to quan-
tify the oxidation state (Stoyanov et al., 2007; Tan et al.,
2012). However, the O-K edge can exhibit complex ELNES
structures, making accurate simulation difficult (Stoyanov
et al., 2007). In this study, a major limitation for the develop-
ment of a method based on the O-K edge is that the roscoelite
spectrum shows an O-K edge significantly more intense than

the O-K edge of the V-oxide standards. Further, there are no
clear trends in the oxide spectra, e.g., the VO, spectrum has
a lower O-K edge pre-peak (peak c in Fig. 3) than V,03, but
the V,0O5 spectrum shows a higher O-K peak than V,03. An
alternative method developed by Li et al. (2009) used the dif-
ference in energy between the L, peak and the O pre-edge peak
to quantify the V oxidation state. However, the application of
this method to our data also resulted in inconsistent V oxida-
tion states for the roscoelite (>5+) because of its intense O-K
edge.

Calibration Curve

Other EELS methods use features of the near-edge structure,
originating from the electronic configuration for quantifying
the oxidation state (e.g., Tan et al., 2012; Bourdelle et al.,
2013; Giannini, 2014; Le Guillou et al., 2015; Berry et al.,
2017). Here, the combination of experimental and first prin-
ciple descriptions of the V L, 5 edge allows us to define another
relationship between the L, peak intensity and the V oxidation
state while decoupling the effect of the crystal chemistry. The
method described here, based on the L3-normalized intensity
of the L, peak, uses the occupancy of levels in the V-O molecu-
lar orbitals.

In all of the V compounds measured here, the molecular or-
bitals are filled up to the tlg(no). When the 2t,, is level is almost
entirely filled with electrons (as it in the case in V,03), the
most probable transition will arise from 2p>? (smaller energy
gap, Fig. 5 dark arrows). In this case, the L intensity would be
higher compared to the L, peak. In the opposite case, if the
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2t,, is empty (V,0O5s), then higher-energy transitions from the
2p'" (longer dark arrow) become more probable to fill the
2t and 3e, levels, and the intensity of the L, increases relative
to the L3 peak (energy at which spectra are normalized). Those
transition probabilities are used to establish the relationship
between the L, peak and oxidation state [Eq. (1), Fig. 4].
However, quantifying peak intensities with a simple integra-
tion window would lead to inaccurate results due to the chem-
ical shift of the overall edge. To avoid the effects of the shift,
we instead used the maximum energy of the peak (in the en-
ergy range of 522-527 eV), after normalization to the L3
peak rather than applying an integration window. The advan-
tage of taking the maximum intensity value is that the channel
position where this maximum intensity occurs can vary from
one sample to another. This approach led to the relationship
shown in Figure 4, based on the L,/L; intensity ratio and
which is consistent with the previous work (e.g., Fischer,
1970; Sparrow et al., 1984; Cressey et al., 1993; Kurmaev
et al., 2005; Tan et al., 2012; Kalavathi et al., 2014).

The relatively small slope [Fig. 4 and equation (1)] identified
in the relationship between the V oxidation state and L, inten-
sity is due to normalizing of the L3 maximum intensity. We
note that the difference between the maximum peak intensities
in the V-oxide standards L, before normalization is generally
several thousand counts depending on the integration time,
but because the intensities are normalized to 1, the number
of counts would not strongly affect the results of the oxidation
state calculation. Instead, we quantified the uncertainties
based on the dispersion around the fitted curve and the fit re-
siduals. We determine an absolute error of +10% on the meas-
urements of the oxidation state using this relationship.

We emphasize that the method we report here works accur-
ately within this material system. Other studies show the com-
plexities in applying methods based on ELNES features to
materials with electronic structures that are different from
the original set of standards on which the method was initially
based (Garvie & Buseck, 1998; Zega et al., 2003; Garvie et al.,
2004; Tan et al., 2012; Bourdelle et al., 2013; Le Guillou et al.,
2015; Zanetta et al., 2022). As noted by Tan et al. (2012), no
method exists that can unambiguously and universally deter-
mine oxidation states from EELS for all compounds. For in-
stance, numerous papers report height evolution of L, and
L3 peaks similar to that presented in this work for pure van-
adium oxides (i.e., V.03, VO,, V,0s5, e.g., Su & Schlogl,
2002; Gallasch et al., 2011; Kalavathi et al., 2014; D’Elia
et al., 2020). However, the previous work also shows a clear
reduction of the L,/L; ratio for V°* with the height of
L, peak lower than L3 (opposite of what we observe in
Fig. 3) for vanadium compounds containing La or Co,
i.e., LaV>*O4 and CoV,Oy (Fitting Kourkoutis et al., 20063
Tan et al., 2012). The presence of La and Co cations in those
V compounds affects their electronic configuration and mod-
ify the V L,/L; ratio compared to that of pure V°* oxide stud-
ied here (Figs. 3 and 5). Thus, the application of the calibration
we report to such a material system would be problematic,
highlighting the challenges with developing universal calibra-
tion curves.

Evolution of the L,/L; Intensity Ratio

The L,/L; intensity ratio of the 3d metals can be affected by
several variables. The previous work suggested that an in-
crease in the L,/L3 branching ratio occurs as a function of
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the oxidation state (Fischer, 1970; Leapman et al., 1982;
Sparrow et al., 1984; Cressey et al., 1993; Van Aken et al.,
1998; Kurmaev et al., 2005; Brik et al., 2006; Tan et al.,
2012; Kalavathi et al., 2014). Sparrow et al. (1984) estab-
lished that this relationship exists as the d level is filled until
d=35.However, Leapman et al. (1982) compared the L,/L; ra-
tio between pure metal and oxide and found that the L,/L; ra-
tio decreases as the oxidation state increases.

We discuss three major difficulties that can lead to confu-
sion about the evolution of the L,/L; ratio as a function of
the oxidation state. (1) The common use of integration win-
dows to quantify oxidation states can reinforce the idea that
the L,/L3 ratio increases with the oxidation state (Van Aken
et al., 1998). However, because the position of the windows
captures the shift in energy of these transitions, it does not
give the exact evolution of the peak intensities and therefore
of the L,/L; ratio. (2) The L, edge in higher oxidation states
exhibits broader spectral features than the L3 because of the
Coster-Kronig Auger decay process, and the use of a static in-
tegration window fails to capture this larger energy range and
the real L,/L; ratio (Fischer, 1970; Leapman et al., 1982). (3)
The removal of the continuum beneath the edge potentially al-
ters the effective L,/L; ratio. Models to remove this continuum
have included both straight lines (Garvie & Buseck, 1998;
Zega et al., 2003) and step functions (Van Aken et al., 1998;
Van Aken & Liebscher, 2002; Stoyanov et al., 2007,
Giannini, 2014; Zanetta et al., 2022). Such models have
been generally empirical and fit without consideration of an
evolving branching ratio (Egerton, 2011; Van Aken et al.,
1998; Van Aken & Liebscher, 2002; Stoyanov et al., 2007).
Therefore, if the branching ratio is not accounted for, mislead-
ing results can arise on the L,/L; ratio.

Here, we did not use fixed windows for integrating the L,/L;
ratio. Also, because the V L,,3 edge is not strongly affected by
the Coster—Kronig Auger decay process, it exhibits well-
defined and relatively narrow L, peaks (in comparison to the
Fe L, peak) easing the measurement of its L,/L3 ratio. Third,
because it is difficult to deconvolve the O-K extended energy-
loss fine structure from the V edge, we did not remove the con-
tinuum beneath the V edge. This approach potentially limits
the artifacts on the L,/L; ratio, because no empirical model
is applied to remove the continuum, but requires samples
that are sufficiently thin (<50 to 60 nm; Supplementary
Table S4). Thus, multiple-scattering contributions should be
minimal, and the Fourier-ratio deconvolution that we applied
to our data should be sufficient to remove most of the effects
due to the thickness variation that could affect the L,/L; ratio.
Furthermore, we reproduced our experimental V L,/L; ratio
with DFT calculations, independent of the sample thickness,
which confirms the relationship established in equation (1)
and suggests that it can be used to quantify the oxidation state
of phyllosilicates with the structure and the chemistry that are
similar to roscoelite (Fischer, 1970; Sparrow et al., 1984;
Cressey et al., 1993; Kurmaev et al., 2005; Tan et al., 2012;
Kalavathi et al., 2014).

Roscoelite V Oxidation State and Site Occupancy

The oxidation state of V in oxide and silicate minerals is com-
monly used in numerous earth and planetary science applica-
tions. These range from indicators of the chemical conditions
of planet formation and evolution to explanations for the
inconsistent dissolution behavior of V ores in leaching
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(Ballhaus et al., 1990; Canil, 1997; Righter et al., 2006, 2016;
Prytulak et al., 2013; Nicklas et al., 2016; Zheng et al., 2019,
2022; Drexler, 2022). The new method presented here offers a
reliable, consistent means of measuring V oxidation state in
oxides and silicates for these purposes. Previous work on the
V oxidation state in roscoelite generally assumes that it substi-
tutes into the crystal structure primarily as V>* in the octahe-
dral layer (Fig. 1) (Foster, 1959; Garrels & Larsen, 1959;
Meunier, 1994; Radwany, 2021). However, Wanty &
Goldhaber (1985) developed a colorimetric method to meas-
ure the V oxidation state in phyllosilicates and compared their
results with the thermogravimetric analysis (TGA). Their col-
orimetric method reported a ratio of V¥*/£V =0.15 in the ro-
scoelite, but TGA gave a result of V¥*/ZV=0.5. The latter
value is close to our results of V¥*/ZV =0.6 + 0.1. In addition,
our DFT simulations (Fig. 2b) show the increase of the b’ peak
and the appearance of a b” subpeak for increasing oxidation
states. These two peaks have the effect of widening the total
peak once the broadening is considered. The fact that the a
and b peaks in the experimental roscoelite spectrum are larger
than those in the simulated Roscoelite (3+) spectrum supports
the interpretation that roscoelite contains a mixture of triva-
lent and tetravalent V. Taken together, these two sets of results
strongly suggest that phyllosilicates host a mix of trivalent,
probably octahedral, and tetravalent, probably tetrahedral
V. This result indicates that the assumption that all
phyllosilicate-hosted V is trivalent and octahedral is an over-
simplification (Zheng et al., 2019, 2022). Such results could
explain the observed variability in V dissolution behavior
from phyllosilicate minerals and have implications for V ore
extraction (Radwany, 2021; Drexler, 2022; Radwany &
Barton, 2022).

Direct observation by STEM-EELS of the position of the V>*
and V** atoms in the atomic lattice would help to confirm
our results and provide insights into the crystal chemistry of
V-rich phyllosilicate. However, phyllosilicates can be sensitive
to the electron beam and amorphize very quickly (Egerton
et al.,, 2004; Garvie et al., 2004; Mignaioli et al., 2009;
Egerton, 2013; Ilett et al., 2020). The low vanadium content
in roscoelite also requires long EELS acquisition times for de-
tection of its oxidation state. The use of new-generation
direct-electron cameras could overcome this problem by in-
creasing the electron detection rate at this energy (Ilett et al.,
2020). The development of compressed sensing methods
could also allow a decrease in the electron dose and provide
enough spatial resolution by using reconstruction algorithms
(Li et al., 2018; Stevens, 2018; Taillon, 2018). In addition,
the use of cryo-ultramicrotomy and a cryogenic holder could
aid in the minimization of beam damage (Jacquemot et al.,
2019).

Conclusions

We investigated the electronic structure of V-oxides and ro-
scoelite by STEM-EELS and compared our experimental
data with first principles DFT calculations. The results show
that the maximum peak intensity of the L, edge increases com-
pared to that of the L3 edge with an increase in the oxidation
state. The L, edge intensity, normalized to the L3 edge inten-
sity, is a reliable proxy for the V oxidation state in both oxides
and roscoelite, a phyllosilicate V ore. Our data suggest that ro-
scoelite hosts a mix of trivalent and tetravalent V with a ratio
of V#*/ZV =0.6 +0.1. Direct atomic-scale measurement of V

and its oxidation state in the roscoelite structure is fundamen-
tal to decipher its site occupancy and to develop new methods
for its extraction, but susceptibility to beam damage needs to
be considered. An approach combining measurements and
modeling of the kind we report here could allow for a better
understanding of the 3d metal recovery efficiency in phyllosi-
licates ores.

Supplementary material

To view supplementary material for this article, please visit
https:/doi.org/10.1093/micmic/ozac057.
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