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Abstract

We report valence-to-core (VTC) X-ray emission spectroscopy (XES) measurements and
theoretical calculations of the electrochemical sequence e-VOPQO,, e-LiVOPO,, &-Li,VOPO, and
the reference oxides V,03;, VO,, and V,0s. In our analysis of these results, we establish a
framework for interrogating chemical bonding that is generally applicable to a wide range of
systems, including complex, extended inorganic compounds. While this latter regime has garnered
less focused application than, e.g., metalloenzymes in many excellent catalysis studies, we show
that the technique provides high utility in materials-focused energy storage research. Here,
sensitivities to the local atomic structure and hybridization schemes are discussed in detail.
Similarly, the effect of lithiation on oxidation, delocalization, and shifts in ligand valence energy
levels are all readily apparent in the analyzed results. Finally, the TDDFT projections clearly
reveal the directional dependencies of the valence band at each of the vanadium sites.

Our results demonstrate laboratory-based X-ray spectroscopy instrumentation is a viable route for
attaining well-resolved VTC-XES features for inorganic compounds of 3d transition metals, even
for samples of limited quantity or suffering from sensitivity to the atmosphere. The experimental
results are in good agreement with results produced by real-space Green’s function and time-
dependent density functional theory (TDDFT) methods, respectively. Hence, we propose that
VTC-XES, when equipped with appropriate theoretical support, can be a valuable complement to
X-ray absorption pre-edge features for more detailed characterization of a compound’s electronic
structure. We expect similar analyses will find application in a broad range of materials chemistry
research and provide both fundamental and applied insights.
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1. Introduction

This article presents a combined experimental and theoretical study of valence-to-core (VTC)
X-ray emission spectroscopy (XES) measurements of a suite of lithiated e-phase vanadyl
phosphate compounds and a suite of reference vanadium oxides. This is motivated by the
overlapping considerations of four main topics spanning: materials interest; energy storage
science; instrument development; and the need to test and validate the predictions of electronic

structure theory.

First, from a materials perspective, lithiation of vanadyl phosphates is an area of ongoing
research due to its promise as a next-generation cathode material in lithium ion batteries (LIBs).!
3 Likewise, vanadium oxides are frequently recommended for societally-critical applications
including data and energy storage devices.*!® The materials studied here span all accessible
oxidation states of vanadium oxides and vanadyl phosphates. In order, V,05 has been proposed
as a candidate material for energy storage applications.” VO, has been extensively studied in
both pristine and doped conditions.!!"!3 This material undergoes a metal-to-insulator phase
transition at 341 K, not far above room temperature,'* 1> and as a result it is has been
investigated as a candidate switching material for data storage devices.®®° V,0s is frequently
used in energy applications spanning a range of power and energy densities. On one end of this
range of applications, V,0s is an inexpensive and effective electrode material in
supercapacitors,> 1618 while on the other end, V,0s and its derivatives are candidate cathode
materials both for lithium intercalation'®-?? and for magnesium ion batteries.* 2>24 For the other
class of materials, vanadyl phosphates have been proposed as a candidate cathode material for

lithium ion batteries, as noted above.>3 The attractive feature of vanadyl phosphates is their
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ability to accommodate multiple lithium ions for each vanadium host. Moreover, it is one of the
few materials that can do this via an intercalation rather than a conversion process with redox
potentials for both electrochemical conversions at relatively high potentials. As a result, its
theoretical capacity is 305 mAh g! and exceeds that of conventional layered oxide cathodes
derived from LiC00,."-?> Moreover, recent progress has been made in synthesizing vanadyl
phosphate cathode materials as well as achieving reversible cycling and improved capacities. ! 26:
%7 Indeed, the accurate oxidation state analysis was critical in determining how ball-milling
induced disorder was exacerbating poor Kinetics in the high-voltage regime of Li,VOPQ,,?
which was later circumvented by synthesizing nanoparticles of VOPO, within a graphene
matrix.! Accordingly, synthesized vanadyl phosphates cathodes can reasonably achieve practical
capacities around the theoretical value. This contrasts with LiCoO, cathode derivatives which
require incomplete insertion and extraction of lithium to maintain reversible cycling. Hence, the
lithiated vanadyl phosphates are promising materials with electronic structures of great interest,
albeit with nontrivial atomic structures. Thus, on the basis of their technological motivation and
also the relatively high complexity of the coordination of the metal ion, the compounds studied
here represent excellent candidates for VTC-XES analysis and exploration of theoretical

methods.

Second, from a spectroscopy-oriented perspective, VTC-XES is a powerful technique
that has garnered substantial interest, especially for 3d transition metals.?-3! In particular, the
Kp’’ for 3d transition metals is frequently analyzed due to its sensitivity to the identity of
neighboring atoms.>* However, VTC-XES also permits the element-specific investigation of
valence electronic structure. Therefore, it is desirable to further establish this technique as a

general tool for studying molecular bonding in a wide range of materials. However, with a few
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notable exceptions,’?3* VTC-XES has primarily been applied to the study of metallo-organic
complexes and catalysts.3>37 For example, many researchers attempted to elucidate the atomic
identity of a light central atom in FeMoCo, the active site for binding and reduction in
nitrogenase, reported by Einsle et al.,’® but it was not until Lancaster et al. used Fe VTC-XES
that the atom was experimentally established to be carbon.?® Similarly, Fe VTC-XES has also
been applied to a number of doubly nitrogenous Fe compounds which spanned a range of N-N
bond distances.*® Pollock et al. found that the position of a feature corresponding to the 54,5*
— Fey, transition could be used to track the N-N bond distance and thus the degree of activation
in Fe-based catalysts used for nitrogen reduction. Other notable examples in VTC-XES include
the work of Pushkar et al. who utilized Mn VTC-XES to interrogate the electronic structure of
the MnyCa cluster in the oxygen evolving complex of photosystem I1.4! With VTC-XES, these
researchers were able to detect oxygen ligation to the MnyCa cluster. Elsewhere, the sensitivities
of the KB’ peak have been well documented by a study spanning a collection of manganese
oxides.*> Recently, Cutsail et al. furthered the investigation of O-O activation by using VTC-
XES to study Cu,0,-based catalysts.*> Beyond catalysis research, the VTC-XES of numerous Cr
compounds were analyzed by experimental and theoretical means and were found to exhibit
considerable sensitivity to the particular coordination of the Cr atoms in the system, albeit with
limited utility in speciation determination.** Finally, VTC-XES has been used to discriminate
amongst members of a set of Mn!V dimers with varying protonation states on bridging oxygen
atoms.® Nevertheless, much work remains to be done in measuring, cataloguing, and
calculating the VTC-XES spectra of chemical species. For this application, modern laboratory-
based X-ray spectrometers are particularly well-suited, as is demonstrated in prior work by some

of the present authors*®47 and others.*
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Third, there has been ample recent growth in the capabilities, diversities of design, and
operational energy ranges of laboratory-based instruments for nonresonant XES and related
spectroscopies.*% 434 Laboratory-based spectrometers can measure tender X-ray energies (such
as S and P K emission lines at ~ 2-2.5 keV) using double crystal monochromators,3>->7 dispersive
Rowland circle geometries,> ! or the von Hamos geometry.®?> In contrast, Laue-type
spectrometers can access higher energies, including Au K lines (78 keV).%% In the ~3-12 keV
range, many existing von Hamos instruments have been used for studies of first row transition
metals and lanthanides.*% %4-6¢ For similar energies, Rowland circle-based configurations using
spherically bent crystal analyzers (SBCAs) have been extensively developed by some of the
present authors.7-3% 67-71 Most of these spectrometers use conventional fixed anode X-ray tube
sources which emit broadband radiation. For XES measurements in particular, this broadband
flux can be especially efficiently utilized, particularly when so-called ‘X-ray fluorescence’
(XRF) style tubes are used.’* Consequently, these spectrometers yield core-hole creation rates
that are a significant fraction of those for a monochromatized insertion device at a 3™ generation
synchrotron light source. Moreover, the instruments employ SBCAs that yield excellent energy
resolution, unsurprisingly, as this is also the most common optic used for high-resolution hard X-
ray spectroscopy at synchrotron X-ray sources. Thus, spectra are achieved in the laboratory
without loss in instrumental resolution compared to synchrotron implementations, but with the
limitation that the XES spectrum of a material must be measured nonresonantly. Indeed, such
instrumentation is rapidly developing and is beginning to aid in studies of energy-related and

catalyst materials.> 7>-74

Fourth, setting the stage for testing of theoretical tools, we show below that many of the

vanadyl phosphates possess complex VTC-XES spectral features. This is analogous to the VTC-
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XES of several molecular systems which, because of their relatively complex structure, possess
notably complex VTC-XES signatures.”>”7 In contrast, many inorganic 3d transition metal
compounds exhibit a relatively structureless VTC-XES feature next to a single KB’ feature.?3 3%
42,4347 Accordingly, the measurements reported here are excellent test cases to verify theoretical
models which simulate the XES process in extended inorganic systems. In particular, TDDFT
has emerged as a favorable alternative to a simple, single-electron DFT framework, where initial
core hole and final valence ionized states are both represented by single Slater determinants
constructed with Kohn-Sham (KS) orbitals.#”- 7831 In contrast, TDDFT permits the calculation of
properties in the presence of external potentials, including those by time-varying electric fields.
Indeed, electronic transitions arise naturally in this formalism as the roots of the Kohn-Sham
response function. Moreover, these excited states are, in general, composed of contributions
from many determinants. This is a definite advantage over conventional DFT approaches,
particularly for transition metals, which are notorious for possessing many states closely spaced
in energy such that the promotion and pairing energy of valence electrons become of comparable
size. Furthermore, in the NWChem implementation®!- 3% the calculated roots span electric dipole,
electric quadrupole, and magnetic dipole contributions to the oscillator strength corresponding to
the transition. These merits resulted in excellent spectral agreement between Zn VTC-XES
calculations and experimental results for a variety of chemistries for inorganic compounds*’ and
has recently shown similarly high quality agreement with the VTC-XES for a broad range of
sulfur containing compounds.®* Furthermore, TDDFT has been used to accurately model the X-
ray absorption near edge structure (XANES) and VTC-XES of many materials, including
transition metal compounds.®-81.84-88 Here, we find excellent agreement between theory and

experiment, but require considerable care in, e.g., the construction of the crystalline cluster
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models. The TDDFT results are compared to real-space Green’s function calculation via FEFF9
and the accuracy of each is evaluated. Finally, our TDDFT results are further analyzed by
identifying the atomic contributions to each spectral range and the projection of the dipole
operator’s matrix elements along several chemical bonds. These approaches possess several
advantages for solid state systems, as will be discussed in the context of the extended inorganic

compounds studied here.

2. Methodology
Compounds

All vanadium oxides were purchased from commercial vendors. Specifically, V,03 and
VO, were acquired from Alfa Aesar while V,05 was acquired from Sigma-Aldrich. The purity
of each compound was at least 95 percent. Moreover, the phase and speciation of each was
confirmed by X-ray diffraction (XRD) and XANES, respectively. XRD permitted the phases of
each oxide to be confirmed by matching the measurements to experimental spectra from a
commercially available database of the International Center for Diffraction Data (ICDD).
XANES confirmation was done by comparison to literature spectra.®-°! The e-VOPO, and its
lithiated phases were prepared at Binghamton University by methods reported elsewhere.! The
phases of e-VOPO, and &-LiVOPO,4 were again confirmed by matching the measurements to
experimental XRD spectra from the ICDD database. A Li,VOPO, entry could not be located in
this same database. Rather, the structure reported by Bianchini ez al.®> was used to simulate an
XRD spectrum using the xrayutilies?? package for Python and confirmed to match the

spectrum measured for the &-Li, VOPO, measured here.

The following steps were taken to prepare samples for X-ray analysis. The lithiated

vanadyl phosphates, which are known to be air sensitive, were placed in vials and shipped in
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sealed aluminum mylar bags flushed with inert gas. The vials were eventually opened in an
argon glovebox at the University of Washington. The material was spread into a thin layer and
sealed between three layers of polyimide tape with a silicon-based adhesive. These materials
were then placed into a vial and sealed with parafilm prior to removal from the glovebox. These
vials were opened immediately prior to measurement. The VTC-XES results, coupled with a V
KB, 3 spectrum measured at the start of each VTC-XES scan, were monitored over numerous
scans to confirm that no degradation occurred. The material was measured by XRD after XES
acquisition had completed to confirm each phase remained intact. The pristine e-VOPO, was
dried in a vacuum oven overnight to remove any hydrated or hydroxide components from the
material. This was confirmed by XRD and the e-VOPQO, was also sealed by polyimide tape prior

to measurement.

XES Experiment

A laboratory-based spectrometer at the University of Washington was used for these
experiments. The basic design of the instrument is described in Seidler et al.>* and the advances
of Jahrman et al.*® were utilized. We used a Ge(422) spherically bent crystal analyzer (SBCA)
which was aligned according to the method of Mortensen et al.’’ The energy resolution and
scale was maintained by a slit on the sample side*”- % which each sample was aligned behind. In
addition to these details, the instrument configuration included a Varex VF80 X-ray tube source
which was operated at a total tube power of 100 W and with a tungsten anode. A commercial
SDD (Amptek X-123SDD) served as the final detector and provided sufficient energy resolution

to exclude much of the background fluorescence and other stray scatter.

For the data collection and analysis, VTC-XES spectra were averaged over several scans

spanning an energy range from 5390 to 5500 eV to capture both the V K mainlines and V VTC-
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XES. The total integration time for each scan was approximately 7 minutes, while the total
measurement time for a sample was typically around 4 hours so as to obtain data with extremely
high signal-to-noise, i.e., so that Poisson noise was fairly negligible in the final spectra. All
spectra were deadtime corrected, background subtracted and integral normalized over the full
range of the spectrum. To aid comparison to theory, the high energy tail from the V K 5 of
each sample was subtracted from its VTC-XES spectrum. In principle, this can be done by
conventional peak-fitting methods. However, for XES features, this would require robust
predictions of the presence and shape of radiative Auger emission features® and multielectron
excitation satellites.®” Furthermore, it can be difficult to meaningfully constrain the physical
parameters contributing to the shape of each feature, and with many free parameters, it is
difficult to obtain a unique fit to the experimental data. Alternatively, approximate parameters
can be used to fit a set of Lorentzians to the slope on the low-energy side of the VTC-XES
spectrum from the V K, ; and another set fit to the tail on the high-energy side. This shape may
be subtracted from the experimental spectrum to produce a flat-baseline spectrum that, while it
may possess small inaccuracies in the relative intensity of features, is devoid of distortions that

might appear as false additional VTC-XES features.

XES Theory

VTC-XES results were modeled using NWChem.8? The input cluster models were
constructed from experimental configurations which were accompanied by XRD spectra in
agreement with those measured here. These clusters were truncated to a convenient size and the
surface of the resulting cluster was terminated by pseudohydrogen or fractionally charged
hydrogen atoms.*”-87-93-97 resulting in capped clusters of approximately 100-150 atoms. With an

appropriate atomic input constructed, XES calculations were carried out by the following
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established method.?!-%® First a DFT calculation was performed on the ground state system with
the PBE(0®® exchange correlation functional. The following basis sets were used for each
element: H used LANL2DZ,'% Li used 6-31G*,191. 102 P and O used the effective core potential
basis Stuttgart RLC ECP,!%% and V used the effective core potential basis LANL2DZ ECP!04
except on the photoexcited atom which used Sapporo TZP 2012.'% The pentavalent vanadium
complexes were treated as diamagnetic compounds while all others were modeled as high spin
paramagnets.!%%19 Second, the converged molecular orbital vectors were used as input for a full
core hole calculation'!%112 to optimize the electronic structure in the presence of the core hole
subject to a maximum overlap condition as implemented in NWChem.!!3- 114 Third, this solution
was then used as the input to the TDDFT calculation, which was performed in the Tamm-

Dancoff approximation.'!3

The above calculations provided energies and oscillator strengths for a number of
electronic transitions. Processing these into a meaningful spectrum required the following steps.
The oscillator strengths in the channels corresponding to excitation of a spin-up or spin-down
electron in the V; orbital were normalized to give equal weight to both channels subject to the
assumption that ejection of either electron was equally probable, and that excitation was the rate-
limiting step in the photoexcitation process. Oscillator strengths were rescaled to probabilities
according to the formulae given by Mukoyama.!'® Each transition line was convolved with a
0.99 eV full-width half-maximum (FWHM) Lorentzian and the sum of all Lorentzians was taken
as the final spectrum. In order to characterize the contribution of a given atomic orbital-type to a
transition, the corresponding oscillator strengths were scaled by the contributions of molecular

orbital pairs involved in the corresponding root found by TDDFT. These molecular orbital
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contributions were then scaled according to the contributions of the individual atomic orbitals,

and the results were binned by atomic orbital-type.

For comparison, the FEFF9!17-119 real-space multiple-scattering code was also used to
calculate the vanadium Kf emission as well as the angular momentum projected densities of
states (LDOS) of each compound. The code treats XES in terms of matrix elements between the
core-level and the Green’s function, i.e.,

oxes(w) o {c|d* G(w + E)d|c)o(n — w — EJ), (1)
where |c) denotes the single particle core-state, d is the transition operator (usually dominated by
dipole transitions), E. is the core-level energy, and G is the one electron Green’s function. The
unit step function 8(n — w — E.) selects occupied levels below the chemical potential p.

For these calculations, potentials and densities were calculated with the self-consistent
field (SCF) approach with a SCF radius of 5.0 A, leading to a cluster ranging from 40 to 60
atoms. A full multiple scattering radius of approximately 8.5 A (a cluster of 200-300 atoms) was
used in the calculation of the LDOS and the XES and was sufficiently large to produce a
converged spectrum. Core-hole effects were neglected, other than the core-hole lifetime
broadening, which was introduced as a shift into the complex plane of the energy at which the

Green’s function is evaluated and is equivalent to a Lorentzian broadening of 0.99 eV FWHM.

3. Results and Discussion
The VTC-XES measurements reported in Fig. 1 exhibit multiple trends which are well-

known*? and have been verified for several classes of vanadium compounds.'?® First, a KB*’
feature corresponding to the “cross-over” transition from a molecular orbital of predominantly
ligand character is clearly visible in most spectra. The KB’ is of variable intensity and decreases

in intensity as expected from the known changes in V-O bond distances.'?!-123 This is apparent
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for both the oxides and phosphate-based compounds. Second, the Kf, 5 position is also observed
to be highly sensitively to oxidation state, with the more oxidized found at higher emission
energies. Third, a slight curvature is present on the high energy side of the spectra in Fig. 1 and
is a result of the spectra being truncated along a multi-electron excitation feature which is outside
the scope of this study. Finally, an interesting triple-peak structure is observed in the main
bonding-derived VTC feature of all the vanadyl phosphates.

In Fig. 2, a background and residual are shown for the fit of a representative VTC-XES
spectrum. The fit is observed to agree well with the high-energy tail from the KB, 5. The
background stays below the VTC-XES features, and, likewise, does not exceed the majority of
the multi-electron excitation feature around 5480 eV. Toward the highest energies, the fitted
background is converging to the measured VTC-XES spectrum, as expected. Similar fits were
performed for all compounds and the resulting background-subtracted spectra are used in all
other figures.

In Fig. 3 and Fig. 4, theoretical Green’s function and TDDFT calculations are shown relative
to the measured experimental spectra. In all cases, the TDDFT calculations required a constant
energy shift of -29 eV to align with the experimental spectra. For the calculations performed in
FEFF9, all the oxides required a uniform energy shift to align to experiment, while each of the
vanadyl phosphates required individual energy shifts to achieve satisfactory alignment. Both
theories qualitatively capture the spectral features in the VTC-XES, including the triple-peak
structure of the Kf3, 5 feature for the vanadyl phosphates. For several compounds, including VO,
and V,0s, TDDFT provides better predictions for the energy spacing of the Kp’* and Kf3, 5
features, and also a more accurate prediction of the high-energy behavior of the Kf3, 5 features

around 5463 eV in the oxides.
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Both NWChem and FEFF9 offer methods for assessing the underlying character of the
observed spectral features. In FEFFO, this can be accomplished by investigating various
contributions to the system’s density of states. In NWChem, the character of each feature can be
assessed by investigating the contribution of each type of atomic orbital to the transitions
forming that feature. Indeed, this process has proven to be a valuable tool for interpretation in
prior work.'?% 125 Here, as many transitions were predicted by TDDFT, it is useful to sort them
into several energy bins. In order to limit assumptions about the characteristics of the observed
features, these bins were chosen to approximately encompass each of the major predicted
features. Starting with Fig. 5, it is apparent that the largest contribution to the intensity of the
KpB’’ comes from orbitals of O(s) (O(s) = oxygen s-type angular momentum basis orbitals)
character. While this agrees with conventional analyses that attribute this feature to “cross-over”
transitions from valence s-type ligand orbitals,3!- 35 126127 the results exhibit many trends that
reveal more complexity than this simple picture. For example, O(s) character is observed in all
regions. Towards higher energies, the O(p) contributions increase, again as expected.*
However, notable V contributions are present, many of which are likely hybridized orbitals with
traditionally dipole-allowed orbitals. This is in agreement with predictions of extensive
hybridization in transition metal oxide systems,!?8-130 especially between V 3d and O 2p
orbitals.!3! Indeed, classic crystal field texts have shown the relative complexity and
hybridization of even isolated clusters of the V,05 complex.'3? Many of these same trends are
observed in the vanadyl phosphates shown in Fig. 6. Again, strong O(p) contributions are
observed throughout each spectrum, while the O(s) contributions peak in the Kp’’ feature.
Likewise, various V orbitals maintain some involvement throughout each of the spectra. Unlike

the pure oxides, a substantial degree of P(s), P(p), Li(s) and Li(p) are observed in different
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regions of the main VTC-XES feature. As VTC-XES is a local probe, it reflects the components
of orbitals in the immediate vicinity of the metal center. In this way, diffuse or delocalized
orbitals are still able to contribute some strength to the observed transitions. Consequently,
VTC-XES retains some sensitivity to changes in functional groups and delocalized orbitals.
Here, none of the P or Li atoms are directly associated with the absorbing V atom. Therefore, the
observed transitions indicate some delocalization of the molecular orbitals in the valence band.
Specifically, the growing Li(s) and Li(p) contributions upon lithiation, along with the fact that
Li(p) contributions would not be possible in the electronic configuration of atomic Li, reveals a
growing hybridization between the valence band of the vanadyl phosphate and the intercalated Li
atoms. While the present analysis is particular to the results obtained for lithiated vanadyl
phosphates, the methodology is not. Rather, this framework is amenable to other energy storage
materials and the discussed sensitivities can be applied to understanding their relevant
performance metrics. Indeed, strictly considering Li-ion cathodes: orbital hybridization plays a
key role in achieving high capacities without compromising stable redox cycling,'33 localization
is known to substantially impact delithiation voltages,'** and tracking ligand valence electrons is
often critical to the elucidation of complex charge compensation mechanisms.!33

At this point, further insights regarding the origin of the VTC-XES can be attained by
carefully considering the directional dependence of the transition dipole operator. Note that for
molecular systems, this is generally done by selecting the most prominent molecular orbitals as
identified by calculations in a single-particle theoretical framework. However, simulating a solid
state system’s VTC-XES features with TDDFT often returns a large number of transitions, as
can be seen in Figures 5 and 6, and these transitions may well involve significant contributions

from many molecular orbitals. This makes a systematic identification of the prominent
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molecular orbitals by parsing the predicted roots inadvisable. Rather, we explore an alternative
method motivated by a few innovative studies on single crystal systems which used core-to-core
XES spectra acquired at multiple angles to assess crystal field shifts and linear dichroism in the
systems of interest.!3% 137 Fundamentally, this behavior is due to the interaction between the
cartesian components of the dipole operator and the symmetry or polarization of the system. As
such, some VTC-XES features of highly symmetric molecules have been successfully analyzed
by invoking group theoretical arguments to predict the angular dependent suppression of
molecular orbital contributions according to the underlying irreducible representations.!36. 138
Here, we extend the directional arguments of Pollock et al.’?° to show that these projections can
be made quite generally to selectively explore the nature of bonds in solid state systems of lower
symmetry. Specifically, the VTC-XES features in this work are further analyzed by projecting

the transition dipole moment along the direction of three unique bonds in each compound.

Applying the above approach to the pure oxides yields the results shown in Fig. 7. The
projections were done using directional cosines between the transition dipole moment direction
and the projection directions. Note that these axes are non-orthogonal and the resulting
decomposition is not expected to sum to the calculated VTC-XES spectrum. In the case of VO,
and V,03, each V-O bond is roughly equivalent and the resulting projections demonstrate
moderate differences which may be attributed to the imperfect symmetry of the truncated cluster
used in the calculation. For V,0s, it can be seen that the Kp’’ is dominated by the transitions
with dipole moments along the direction of the vanadyl oxygen. This is reasonable as the
vanadyl oxygen is closest to the V center and the intensity of the KB’ feature is known to
depend exponentially on the distance to the neighboring atoms.*> Interestingly, this projection

does not dominate the main VTC-XES feature. In Fig. 8, similar projections are shown for the
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vanadyl phosphates. A few trends merit mention. First, the KB’’ feature is again dominated by
the vanadyl oxygen; however, contributions can be seen along other directions. Moreover, there
is a monotonically growing energy separation between the projections in the vanadyl and non-
vanadyl oxygen directions in this region. While it should be noted that orthogonality of the
projection directions is not enforced, this trend suggests that the gap between the energy of the
associated ligand valence electrons is likewise broadened upon lithiation. In the main VTC
feature, the lowest energy peak in the observed triplet feature is captured by projection in the
direction of the oxygens belonging to the phosphide groups. The next highest energy peak in the
triplet is primarily composed of these same projections, but often with some component from the
vanadyl oxygen, especially in the case of the LiVOPO, simulations. Finally, the highest energy
peak in the triplet feature of the vanadyl phosphates can be seen to be primarily due to the
projection of the dipole along the direction of the vanadyl oxygen. While these projections only
probe those states which are able to participate in dipole transitions to the 1s core hole on the
central V atom, it is still suggestive of the relative energies of molecular orbitals composing the
valence band. Again, while the above discussion was particular to the results obtained for the
suite of vanadium-based compounds considered here, the methodology is flexible. Indeed, the
present directional analysis is relevant to broader classes of energy storage materials where it is
generally recognized that diverse bonding schemes strongly influence the redox processes. As
an example, multiple local oxygen environments are found in Li-excess materials and the density
of states around each of these states is closely related to the oxygen redox activities providing
improved cathode capacities.!4°

A final note should be made in discussing the present results. Namely, that there is an

impressive body of prior work on vanadium oxide materials in the soft X-ray regime.!41-143
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There, one advantage is access to both the V L-edges and the O K-edge which aids in selectively
interrogating the system. In contrast, the present study uses instrumentation optimized for the
hard X-ray regime to probe VTC-XES features near the V K-edge. Due to selection rules, it can
then be deduced that our approach provides access to a different projection of the density of
states than is usually interrogated in the soft X-ray regime. Furthermore, there are several
practical advantages in using higher energy photons. Specifically, this approach naturally leads
to increased bulk sensitivity and can therefore serve as a useful complement to surface sensitive
spectroscopies. Indeed, this property has proven particularly valuable in studies using the same
instrumentation to analyze nanoscale energy storage materials as it helps provide a better
understanding of the spatial dependence of speciation in the system.> 16: 17144, 145 Moreover, the
present energy regime provides greater flexibility in experimental design. For example, not only
can these measurements be done under ambient pressures, but the present methodology can be
extended to future VTC-XES studies on energy materials under in situ conditions. Indeed,
parallel work has already been performed using laboratory-based instrumentation to perform
rapid XANES measurements around several transition metal K-edges to analyze a working

pouch cell battery under industrially relevant charging rates.!46

4. Conclusion

The VTC-XES of several compounds of societal and scientific relevance have been measured
and presented. The complex structure of the VTC-XES of the vanadyl phosphates suggests that
the relative lack of distinct features that has previously been reported in many VTC-XES for
inorganic crystalline states is due to the high symmetry and overall simplicity of their bonding,
rather than due to a lack of sensitivity from VTC-XES. Furthermore, the high quality of reported

spectra clearly supports the utility of laboratory-based X-ray spectroscopy instrumentation for
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the measurement of VTC-XES of 3d transition metal compounds. Likewise, modern
computational procedures reproduced the experimental spectra with good agreement, further
establishing these techniques for the modeling and interpretation of VTC-XES results. This
manuscript serves as a framework for future studies investigating the electronic structure of low-
coordination-symmetry inorganic materials by VTC-XES with laboratory-based X-ray

spectroscopy instrumentation.
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Fig. 1: Experimental V VTC-XES spectra of the set of V oxides and vanadyl phosphates.

Spectra are shown after deadtime correction, constant background subtraction and integral

normalization over the entire scan range. Spectra are vertically offset for comparison.
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Fig. 2: Representative experimental V VTC-XES results are shown for V,05 (blue) along with
the background fit to the low- and high-energy ranges of the VTC (orange, dashed). These two
spectra are shown offset from the residual (green). The residual represents the VTC-XES

without the tail from the V Kf; 5.
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Fig. 3: V VTC-XES results for a suite of V oxides. The top spectrum in each frame is the
experimental spectrum after subtraction of the tail from the V Kf; ;. The middle spectrum in
each frame is the spectrum calculated by FEFF 9 using a Green’s function approach. The
bottom spectrum in each frame is the spectrum calculated by NWChem using a TDDFT

approach.
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Fig. 4: V VTC-XES results for a suite of vanadyl phosphates. The top spectrum in each frame
is the experimental spectrum after subtraction of the tail from the V K3, 5. The middle spectrum

in each frame is the spectrum calculated by FEFF9 using a Green’s function approach. The

bottom spectrum in each frame is the spectrum calculated by NWChem using a TDDFT approach.
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Fig. 5: Calculated VTC-XES results using TDDFT for the oxide-based samples. The bar plots
below each spectrum represent each orbital-type’s contribution to the roots in the associated

energy region. Quantities on the x- and y-axes are the same as in Fig. 3.
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Fig. 6: Calculated VTC-XES results using TDDFT for the phosphate-based samples. The bar
plots below each spectrum represent each orbital-type’s contribution to the roots in the

associated energy region. Quantities on the x- and y-axes are the same as in Fig. 4.
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Fig. 7: Theoretical V VTC-XES spectra (orange, offset for clarity) and the transition dipole
moment contributions of non-orthogonal polarizations in the direction of three different ligands
coordinating the central V atom. These directions can be found in Fig. S1. The components of a
given spectrum were scaled consistently relative to one another, but given an arbitrary overall
scaling. (a) Polarizations were chosen along the doubly-bonded oxygen (V=0 Projection), the
singly-bonded oxygen with a coordination number of three (V-O(3) Projection), and the singly-
bonded oxygen with a coordination number of two (V-O(2) Projection). (b) Decompositions are
provided in the direction of the three singly-bonded oxygens on the corners of the irregular

octahedron. The decompositions are provided in order of increasing bond length: 1.90, 2.05, and
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2.14 A, respectively. (c) Decompositions are provided in the direction of the three singly-bonded
oxygens on the corners of the irregular tetrahedron. The decompositions are provided for a
singly-bonded oxygen at 2.05 A (V-O Long), and two singly-bonded oxygens at 1.97 A that
were either in the plane of atoms closest to the oxygen associated with V-O Long (V-O Short

Close) or opposite it (V-O Short Far).
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Fig. 8: Theoretical V VTC-XES spectra (orange, offset for clarity) and the transition dipole
moment contributions of non-orthogonal polarizations in the direction of three different ligands
coordinating the central V atom. These directions can be found in Fig. S2. The components of a
given spectrum were scaled consistently relative to one another, but given an arbitrary overall
scaling. (a) Polarizations of VOPO, were chosen along the doubly-bonded oxygen (V=0) and
two adjacent singly-bonded oxygens belonging to phosphate groups. The first singly-bonded
oxygen belonged to a phosphate group with its vertex directed upward with respect to the
direction of the doubly-bonded oxygen (V-O-P(up)) and the second singly-bonded oxygen
belonged to a phosphate group with its vertex directed downward (V-O-P(down)). (b)
Projections are shown for the first unique symmetry site of V in LiVOPO,. The same
conventions are used to designate the projections as in part a. (c) Projections are shown for the
second unique symmetry site of V in LiVOPO,. The same conventions are used to designate the
projections as in part a. (d-e) Parts d and e are the Li,VOPO, analogs of b and c. In this case,
there is not a clear V=0 group, rather two oxygen atoms are located above and below the central
V atom and bridge it to another V atom. One of these directions was chosen and is designated as

(V-O-V). V-O-P(up) and V-O-P(down) are specified relative the direction of V-O-V.
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Sentence Summary:

Coupling lab-based XES measurements with computations amenable to solid-state systems revealed the
valence band behavior of several vanadium-based electronic materials.
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