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ABSTRACT: Phosphorus (P) is a ubiquitous component of materials for energy conversion and
storage. Despite the effectiveness of soft X-ray emission spectroscopy (XES) to characterize these
complex materials, XES studies of P-containing compounds are still largely missing. In this
investigation, the electronic structure and XES signatures from the P L2,3-edge are probed for nine
solid-state P-containing compounds characterized by various oxidation states and chemical
environments: GaP(3−), InP(3−), red-P(0), H3P(3+)O3, Na2H2P2

(4+)O6, H3P(5+)O4, KH2P(5+)O4,
Na2HP(5+)O4, and InP(5+)O4. The XES spectrum of each material exhibits distinct spectral fingerprints,
which provide a robust basis for the speciation of complex P-containing samples. Density functional
theory calculations shed light on the electronic structure of selected materials and particularly on the
effect of phosphorus−oxygen hybridization. This study provides a comprehensive understanding of P
L2,3 XES spectral fingerprints across a wide range of oxidation states and chemical environments. These data sets and insights pave
the way for dedicated future work, such as in situ and operando investigations of P-containing compounds in energy-related
applications, where speciation of P compounds is needed.

1. INTRODUCTION
Phosphorus (P) is a ubiquitous element in materials for energy
conversion and storage. Phosphoric acid (H3PO4) serves as a
proton conductor in high-temperature polymer electrolyte
membrane fuel cells1 and phosphoric acid fuel cells.2 Solid acid
fuel cells utilize CsH2PO4 as a solid electrolyte.3 Phosphorus−
carbon composites, such as those based on black phosphorus,
graphite, and carbon nanotubes, along with metal phosphides
like CoP, FeP, and CuP, have recently emerged as anodes for
Na-ion and Li-ion batteries.4−6 P-based materials such as
triethyl phosphite (TEP), tributyl phosphate (TBP), and
dimethyl methyl phosphonate (DMMP) have been used as
electrolyte additives in the development of nonflammable Li-
ion batteries.7−10 P-containing compounds are also integral to
photocatalysis technologies, with metal phosphides (e.g., InP
and GaP),11 elemental phosphorus (e.g., black phosphorus and
red phosphorus),12,13 and phosphate compounds (e.g.,
Co3(PO4)2 and FePO4)

11 playing key roles in photo- and
cocatalysis for water splitting.11 Finally, black phosphorus and
GaInP-based materials have potential in photovoltaic applica-
tions.14,15

In recent years, tender X-ray absorption spectroscopy (XAS)
at the P K-edge has been extensively used to study the
electronic properties of various P-containing compounds and
identify the presence of specific P-based groups, particularly
phosphates (i.e., compounds containing (P(5+)O4)3− ion).16−22

Besides P K-edge XAS, several XAS investigations of P
compounds have also been conducted using soft X-rays at the
P L2,3-edge (also referred to as near-edge X-ray absorption fine

structure spectroscopy, or NEXAFS).23−28 For some P-
containing compounds, such as organic P species, P L2,3-edge
XAS has been reported to provide distinct spectral features that
aid in their characterization,23,29 making it a valuable tool for
the identification of a specific P species.
In addition to XAS, X-ray emission spectroscopy (XES)

provides complementary insights into the electronic structure
of materials. While XAS probes unoccupied states above the
Fermi level (EF), XES provides information on the occupied
states below EF. Soft XES at the P L2,3-edge complements P
L2,3 XAS by probing active transitions from valence states with
s and d characters. Similar to the P L2,3 XAS, soft XES at the P
L2,3-edge has high surface sensitivity due to the low attenuation
length of soft X-rays used to excite the P L2,3 transition. This
surface sensitivity makes P L2,3 XES a powerful tool for
investigating energy conversion and storage materials, such as
photocatalysts or catalyst|electrolyte interfaces in fuel cells and
electrolyzers, where surface properties are critical to chemical
reactions. However, despite its potential, soft XES studies of P-
containing compounds at the P L2,3-edge remain extremely
rare.
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With this study, we aim to fill this gap by presenting and
analyzing P L2,3 XES measurements of nine solid-state P-
containing compounds relevant for energy storage and
conversion, covering a wide range of oxidation states (from
3− to 5+) and functional groups. The investigated compounds
include GaP(3−), InP(3−), red-P(0), H3P(3+)O3, Na2H2P2

(4+)O6,
H3P(5+)O4, KH2P(5+)O4, Na2HP(5+)O4, and InP(5+)O4. P L2,3
XES spectra are recorded nonresonantly at excitation energies
well above the P L2,3-edge. To complement P L2,3 XES data, P
L3 XES spectra are collected using photon energy slightly
higher than the one of the P L3 absorption edge but lower than
the P L2 absorption edge. In the analysis, the XES spectra are
related to previously published XAS spectra at the P L2,3-
edge28 (referred to as P L2,3 XAS) and complemented by ab
initio calculations of the projected density of states (pDOS) to
better understand the electronic structure of the P compounds
and thus interpret their XES spectral fingerprints. This study
provides a comprehensive understanding of P L2,3 XES spectral
fingerprints for P-containing compounds across a wide range of
oxidation states and chemical environments. These data sets
and analyses are essential for future studies, for instance, in situ
or operando investigations of P-containing compounds where
the speciation of P-containing compounds is needed. This
work aims at establishing P L2,3 XES as a complementary
method to P L2,3 XAS measurements for the speciation of P
compounds.

2. EXPERIMENTAL SECTION
2.1. Materials. In analogy with our previous XAS study,28

materials probed in this work include gallium phosphide
(GaP), indium phosphide (InP), red phosphorus (P, red
phosphorus, ≥97.0%, Merck, hereafter referred to as “red-P”),
phosphorus acid (crystalline H3PO3, 99%, Merck), disodium
hypophosphate (Na2H2P2O6·10H2O, hereafter referred to as
“Na2H2P2O6”), phosphoric acid (crystalline H3PO4, 99.99%,
Merck), potassium hydrogen phosphate (KH2PO4, ≥99.0%,
Mallinckrodt), sodium dihydrogen phosphate (Na2HPO4·
12H2O, J.T. Baker, hereafter referred to as “Na2HPO4”), and
indium phosphate (InPO4, 98%, Alfa Aesar). Further details
are provided in ref 28. All powder samples were finely ground
using a clean mortar and pestle prior to the spectroscopic
measurements. To prevent possible oxidation during grinding
and mounting, these processes were conducted in an argon-
purged glovebox.

2.2. X-ray Emission Spectroscopy (XES) and X-ray
Absorption Spectroscopy (XAS) at the P L2,3-Edge.
2.2.1. P L2,3-Edge XES and XAS Measurement Procedure. P
L2,3 XES measurements were performed in the iRIXS end-
station, at beamline 8.0.1 of the Advanced Light Source
(ALS),30,31 Lawrence Berkeley National Laboratory. The
experiments were carried out using the low-energy grating of
the spherical grating monochromator of this undulator
beamline. A high-throughput spectrometer equipped with a
CCD (charge-coupled device) camera was employed to record
the XES spectra. First, XES spectra were recorded as a function
of excitation energies over the P L2,3 absorption edge through a
resonant inelastic X-ray scattering (RIXS) map. Experimental
details on the RIXS maps are provided in Section S1.1 of the
Supporting Information (SI). From the RIXS maps, the P L2,3
(partial fluorescence yield, PFY) XAS of the P-containing
compounds was determined by integrating the XES intensities
arising from the P L2,3-edge fluorescence (excluding elastic
scattering contributions). Subsequently, the P L3 absorption

edge energy was determined from the P L2,3 XAS inflection
point. Details for PFY-XAS integration and L3 absorption edge
determination methods are provided in ref 28. Subsequently, P
L2,3 XES measurements were conducted at an excitation energy
of 158 eV, at least 20 eV higher than the P L3 absorption edge.
To complement the P L2,3 XES experiments, additional XES
measurements were performed at an excitation energy slightly
higher than the P L3 absorption edge but lower than the P L2
absorption edge to selectively excite the P L3 edge (hereafter
called P L3 XES). The excitation energy for the P L3 XES is
unique for each P-containing compound, see Section S1.2,
Table S2, and Figure S1 in the SI. The energy resolutions for
the XES (both P L2,3 XES and P L3 XES) and P L2,3 XAS
measurements were approximately 0.16 and 0.17 eV,
respectively. Detailed estimations of the energy resolution are
provided in Section S1.3.
2.2.2. Energy Calibration and Further Data Treatment of

the P L2,3 XES and P L2,3 XAS Spectra. To calibrate the
excitation energy from the beamline, the P L2,3 XAS spectrum
of the InP sample was aligned to the corresponding XAS
spectrum of InP reported in ref 32. Subsequently, the emission
energy of the RIXS maps was calibrated using the elastic
scattering feature, where the excitation energy equals the
emission energy. Since both RIXS and XES measurements
were recorded with the same spectrometer using a similar
geometry, the same emission energy scale from the RIXS maps
was used for both the P L2,3 XES and the P L3 XES data. Given
that spectral contributions related to cosmic rays are also
recorded during XES data collection, for accurate determi-
nation of the P L2,3 and P L3 XES spectra, these features are
subtracted from the data. Furthermore, oxygen-containing P
compounds (i.e., H3P(3+)O3, Na2H2P2

(4+)O6, H3P(5+)O4,
KH2P(5+)O4, Na2HP(5+)O4, and InP(5+)O4) exhibit a spectral
feature overlapping with the P L2,3 XES data that is ascribed to
the O K-edge emission excited by higher harmonics of the
beamline and detected in the 4thorder of the spectrometer
(referred to in this work as O K 4th XES). Therefore, for an
accurate representation of the P L2,3 and P L3 XES spectra, the
O K 4th XES is subtracted from the data. A detailed
description of the procedure for the subtraction of cosmic
rays and for the subtraction of the O K 4th XES-related
spectral contributions is provided in Sections S2.1 and S2.2
and Figures S2−S4 of the SI. Finally, to enable an accurate
comparison between P L2,3 XAS spectra and pDOS
calculations, a double arctan background representing the
electronic transition from P 2p doublets into the continuum
states was fitted and subtracted from the XAS, as reported in
ref 28.
2.2.3. Electronic Band Gap Estimation from P L3 XES and

P L2,3 XAS Spectra. For the approximation of the electronic
band gap of P-containing compounds, the valence band
maximum (VBmax) was estimated from the P L3 XES data,
while the conduction band minimum (CBmin) was derived
from the P L2,3 XAS data. The VBmax was approximated by
linearly extrapolating the leading edge of the P L3 XES data at
high photon energies to the intersection with the linear fit of
the spectral baseline. A similar procedure was conducted with
the rising edge of P L2,3 XAS data to estimate the CBmin. The
electronic band gap was thus determined as the difference
between the CBmin and the VBmax, i.e., Egap = CBmin − VBmax.
Further details and considerations, such as the considerations
for using P L3 XES spectra instead of P L2,3 XES data for the
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CBmin estimations, are provided in Section S2.3 and Figures
S5−S7 of the SI.

2.3. Computational Details of the Ab Initio Calcu-
lations. The pDOS of red-P, InP, and InPO4 was calculated
using density functional theory (DFT) in the all-electron
framework implemented in the “exciting” code.33 The
Perdew−Burke−Ernzerhof (PBE) implementation of the
generalized gradient approximation for the exchange−
correlation potential was employed in these calculations.34 A
plane-wave cutoff parameter of 8 was taken for red-P and InP,
while for InPO4, the value was reduced to 7. The following
muffin-tin radii were used for the considered materials: 1.997
bohr for P in red phosphorus; 2.486 bohr for In and 2.099
bohr for P in InP; 2.580 bohr for In, 1.470 bohr for P, and
1.370 bohr for O in InPO4. To sample the Brillouin zone, an 8
× 8 × 8 k-point grid was used for red-P, a 4 × 4 × 4 k-grid for
InPO4, and a 6 × 6 × 6 k-grid for InP. The input structures for
red-P, InPO4, and InP were taken from the Materials Project
database35 (entry nr. mp-157, mp-7566, and mp-20351,
respectively) without performing any further optimization.

3. RESULTS AND DISCUSSION
The P L2,3 XES and P L2,3 XAS spectra of the P-containing
compounds are presented in Figure 1. Hereafter, we focus
primarily on the P L2,3 XES data, as a detailed discussion of the
P L2,3 XAS is reported elsewhere.28 As illustrated in the top
panel of Figure 1, the phosphide compounds (InP(3−) and
GaP(3−)) display a strong emission line at a photon energy of
around 120 eV (a‴) followed by the weaker but broad
emission feature (b‴) around 124 eV. The same XES
fingerprint was observed in previous P L2,3 XES investigations
of InP and GaP samples, attributing feature a‴ mainly to P 3s
states and b‴ to both P 3s and P 3d states hybridized with
either In 5s or Ga 4s states in InP or GaP, respectively.32,36

Note that P 3p states are also present in the energy region of
b‴.36 However, due to the selection rule governing the P L2,3
XES process, radiative decay of the P 2p core excited states can
only occur via transitions from P 3s and 3d valence states to
the P 2p core level, while transitions from P 3p to P 2p states
are dipole-forbidden. Feature a‴ in InP at 120.2 eV is slightly
shifted to higher photon energy compared to GaP, where it
appears at 119.7 eV. This is likely caused by the higher ionicity
of InP compared to GaP.36 Additionally, a very weak feature at
∼114 eV, marked by the symbol * in Figure 1, is observed in
the spectrum of InP. A previous study suggests that it might
arise from the hybridization of P 3s with In 4d states.36

The P L2,3 XES spectrum of red-P(0) shows a broad shoulder
around 118 eV labeled a″, followed by a strong XES feature b″
at 122 eV and a broad weaker feature c″ at 127 eV. The overall
shape of this emission spectrum is highly comparable to the Si
L2,3 XES spectrum of elemental Si,46−48 where the contribution
of Si 3s states is present in both a″ and b″-like features, while
Si 3d states manifest themselves in feature c″.49,50 Similarly, in
red-P(0), a″ and b″ can be mainly assigned to the P 3s states,
while P 3d states are related to feature c″. Analogous to the P
L2,3 XES spectrum of InP and GaP discussed above, also, Si 3p
states are present in the pDOS of Si, but the radiative
transition into Si 2p states is dipole-forbidden in the Si L2,3
XES.51,52

The oxygen-containing P compounds show distinct P L2,3
XES spectral fingerprints. Na2HP(5+)O4 and InP(5+)O4 display a
broad emission feature a′ at 120 eV and a stronger emission
feature c′ at 128 eV. The other oxygen-containing compounds,

H3P(3+)O3, Na2H2P2
(4+)O6, H3P(5+)O4, and KH2P(5+)O4,

exhibit more complex XES features. In all these spectra,
there is a shoulder (b′) at 126 eV, while Na2H2P2

(4+)O6 also
exhibits another shoulder (d′) at 130 eV. The P L2,3 XES
spectral fingerprints of the phosphates (functional group
containing (P(5+)O4)3− ion) are very similar to the S L2,3
XES of sulfate53,54 (family of the (S(6+)O4)2− functional
group), where the a′ and c′ features are commonly attributed
to S 3s and 3d states, respectively.53,54 This interpretation

Figure 1. (Top) P L2,3 XES and P L2,3 XAS
28 of the investigated P

compounds. For improved visualization, all spectra are normalized to
zero at the baseline and unity at the maximum of the spectrum;
additionally, the P L2,3 XAS data of GaP(3−), InP(3−), and red-P(0) are
magnified by a factor of 1.5. (Bottom) Electronic band gaps (Egap) of
P-containing compounds estimated from the P L3 XES and P L2,3 XAS
spectra, compared to the reported band gaps that are available from
the literature. Detailed values of the estimated Egap, the respective
uncertainties of the band gap, the values of the reported band gap
referenced in this work (refs 26 and 37−45), and the methods used to
determine the respective band gaps are provided in Table S3 of the SI.
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suggests that also in the considered P-based compounds, a′
arises from P 3s states and c′ from P 3d states. Additionally,
high pDOS contributions from O 2p states are observed in the
same energy region of c′, indicating possible hybridization
between O 2p and P 3d states. Beyond the emission features a′
and c′, the shoulder feature b′ is interestingly only observed in
oxygen-containing P compounds with two or more hydrogen
(H) atoms. Considering that all compounds exhibiting feature
b′ have two bonds between P and OH (through the P−O−H
bond), this observation suggests that feature b′ may arise from
the bonding environment between P atoms and their OH
nearest neighbors. However, additional analysis is needed to
ascertain this assessment. In contrast, the shoulder d′ is
observed only in Na2H2P2

(4+)O6. Interestingly, this feature is
more pronounced in the P L3 XES spectrum of Na2H2P2

(4+)O6
(see Figure S4B in the SI), indicating that feature d′ may be
related to resonant excitation processes. Further investigations
are required to ultimately clarify the origin of this feature.
The electronic band gaps of each compound, derived from

XES and XAS measurements, as reported in the bottom panel
of Figure 1, can also be used to identify P-containing
compounds. However, it is important to note that the CBmin
estimated from XAS may be influenced by core−hole effects,
potentially leading to an underestimation of the actual band
gap, since the leading edge of the XAS spectrum’s onset may
correspond to a core exciton rather than to the true CBmin.
This consideration might explain the relatively smaller band
gap estimated here compared to the reference values that were
reported for KH2P(5+)O4 (see the bottom panel of Figure 1).
Besides that, the herein-derived band gaps are in good
agreement and are within uncertainties with the band gaps
of the same P-containing compounds reported in the
literature,26,37−45 as detailed in Table S3, Section S2.3 of the
SI.
In general, XES spectra exhibit distinct fingerprints at

varying functional groups (e.g., phosphides vs phosphates),
while more subtle differences can be observed within the same
functional groups. Additionally, the peak positions of P L2,3

XES data's most intense peak significantly shift for different
functional groups, as seen from phosphides (feature a‴), to
red-P(0) (feature b″), to the oxygen-containing P compounds
(feature c′). It is interesting to note that subtle spectral
differences and very small differences in peak positions were
observed between the investigated oxygen-containing P
compounds, such as phosphite (H3P(3+)O3), hypophosphate
(Na2H2P2

(4+)O6), and the phosphate compounds. This is likely
attributed to a similar local environment around the P atoms,
as all three groups of the oxygen-containing P compounds have
at least three oxygen atoms in the first coordination shell, with
no direct bonding between phosphorus and the associated
metal cations. Similarly, the differences between phosphates
are subtle since all investigated phosphates share the same
coordination with four oxygen atoms around phosphorus,
without direct metal−phosphorus bonding. However, although
the difference is subtle, each oxygen-containing P compound
exhibits unique spectral features, as demonstrated by the direct
comparison example in Figure S9 in the SI. As such, even
though fingerprinting of specific oxygen-containing P com-
pounds is possible, careful analysis and observation are
required, such as with the example given in Section S3 in
the SI.
The unique spectral fingerprints and peak shifts identified in

this study can serve as valuable tools for further P L2,3 XES (in
situ and operando) investigations of P-containing compounds
where speciation is needed. For example, during the operation
of high-temperature polymer electrolyte membrane fuel cells
(HT-PEMFCs), the formation of P impurities such as
H3P(3+)O3 may occur at the Pt-catalyst|H3P(5+)O4-electrolyte
interface, which could also be followed by potential reoxidation
of H3P(3+)O3 to H3P(5+)O4.

55−57 Operando P L2,3 XES
investigation could provide valuable insights into the nature
of P species at the catalyst|electrolyte interface under
operational conditions. Notably, the surface sensitivity of P
L2,3 transitions offers an advantage for such investigation at the
interface, as also suggested in the previous in situ P K-edge
XAS study of the Pt-catalyst|aq. H3P(3+)O3-electrolyte

Figure 2. P L2,3 XES, (background subtracted) P L2,3 XAS spectra of P-containing compounds with (A) no ligand: red-P(0), (B) metallic ligand:
InP(3−), and (C) oxygen ligand: InP(5+)O4 (top panels), as well as the respective ab initio calculated projected density of states (pDOS) of the P-
containing compounds, including contributions from P states (center panels) and from the other elements (bottom panels). Contributions of P s,
p, and d states are shown, while the “total DOS” (black line) is obtained as the sum of P s- and d-derived states only, which are targeted by
transitions from P 2p core levels. Details for the total DOS summation are provided in the manuscript.
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system.58 For potential operando P L2,3 XES investigations of P
compounds in such a system, the data set presented in this
study could facilitate the identification and characterization of
P compounds. For instance, the data set presented in this study
can be used as a reference spectrum for linear combination
analysis (LCA) of a P L2,3 XES spectrum recorded during in
situ or operando investigation, enabling identification and
quantification of species present under reaction conditions. An
example of LCA application to identify and quantify species in
an XES spectrum is reported elsewhere.59

To elucidate the influence of the functional groups on the
electronic structure of the considered materials, the pDOS of
three selected P-containing compounds with different chemical
environments was calculated: (i) red-P(0) with no ligand, (ii)
InP(3−) with a metallic ligand, and (iii) InP(5+)O4 with an
oxygen ligand. The chosen materials enable a systematic
comparison of P-containing compounds with increasing
chemical complexity, ranging from a single element (red-
P(0)) to a binary (InP(3−)) and ternary compound (InP(5+)O4).
Notably, all three compounds share a common P core, and
while both InP(3−) and InP(5+)O4 have the same cation (In),
the local environment around P atoms varies between the two:
metallic bonding in InP(3−) and covalent bonding with oxygen
in InP(5+)O4.
Based on the atomic selection rules, prescribing that the

electronic transitions involved in the P L2,3 excitation process
target P s and d states, in the analysis of the pDOS, we focus
on these orbital contributions to complement the interpreta-
tion of the XES data. Specifically, we compare the P L2,3 XES
signal with the summed contributions of P s and d states in the
pDOS, hereafter “total DOS” from the P L2,3 transition. To
determine this quantity, we first compute the P L3 contribution
(i.e., the density of states projected onto s, p, and d states of P,
as shown in the center panel of Figure 2) and subsequently add
the P L2 contribution. The P L2 pDOS contribution was
determined by shifting the P L3 pDOS by 0.7−1.0 eV,
according to the doublet separation observed in the P L2,3 XAS
and in agreement with values reported in the NIST
database.60,61 Finally, the P L2 intensity was estimated by
multiplying the P L3 pDOS with the relative occupancy of P L2
to P L3 (i.e., by 0.5).53,62

In Figure 2A, XAS and XES data for ligand-free red-P(0) are
contrasted against pDOS results highlighting the P atomic
orbital contributions. This comparison shows a good match
between experimental and calculated data. In particular, we
notice that features a″ and b″ arise mainly from P 3s states
with some contribution from P 3d states observed in the XES
feature c″. In Figure 2B, the same analysis is proposed for the
InP(3−) containing a metallic ligand. Due to the coexistence of
two atomic species in this compound, the pDOS analysis is
performed for both P and In contributions. Similar to red-P(0),
the main features in the XES spectrum can be assigned to P 3s
states, while the contribution from P 3d states to feature b′ is
evident from the inset in the middle panel of Figure 2B. The
pDOS analysis of the In orbitals (bottom panel of Figure 2B)
reveals contributions from the In 5s-derived states to the XES
feature b′, as well as from In 4d orbitals to the weak peak
marked as * in Figure 1, in agreement with previous
studies.32,36 Similar to red-P(0), there is a good match between
the experimental P L2,3 XES and the total pDOS derived from
P s and dstates. It is worth emphasizing that the total DOS
reported in Figure 2 represents only the target states available
for the excited core electrons, with no core−hole effects being

accounted for. As such, it is unsurprising that agreement with
the experimental P L2,3 XAS data is inferior compared to
spectra computed from the solution of the Bethe−Salpeter
equation reported in ref 28. Nevertheless, the total DOS still
provides a qualitatively reliable mapping for the spectral
features observed in both the P L2,3 XES and P L2,3 XAS data.
For InP(5+)O4, the P 3s and P 3d states contribute to features

a′ and c′, respectively, see top and center panels of Figure 2C.
The strong contribution from O 2p states and some
contributions from In 5s and In 5p states in the energy region
of feature c′ can be seen in the bottom panel of Figure 2C.
However, the match between the experimental P L2,3 XES and
the total DOS obtained from the summed contribution from P
s and d states seems to be inferior to the respective comparison
for red-P(0) and InP(3−). This finding is a signature of the more
complex chemical environment of this ternary material, where,
as expected, interspecies hybridization plays a role not only in
determining the electronic structure of the material but also in
the selection rules for the electronic transitions contributing to
the XES. Notably, hybridization is expected in materials with
highly electronegative ligands, such as oxygen. It should be
stressed that the pDOS provides only the amount of states
available in a certain energy window but does not entail any
quantitative information about the transition probabilities.
Hence, it is expected that in simpler materials like red-P(0) and
InP(3−), XES spectral features can be better described by the
pDOS compared to more complex compounds, where it is
legitimate to expect that wavefunction mixing primarily due to
hybridization, see Figure S10, becomes more prominent and
makes the comparison of experimental data with pDOS less
straightforward.

4. SUMMARY AND CONCLUSIONS
P L2,3 XES experiments were carried out on a set of nine P-
containing compounds covering a wide range of oxidation
states and chemical environments. Our results reveal the
primary role of functional groups in determining the spectral
fingerprints of the materials and the impact of oxidation on
spectral shifts. A careful analysis of P L3 XES and P L2,3 XAS
data enables the estimation of the electronic band gaps of the
considered P-containing compounds, which also provide
material-specific indications useful for speciation. A compar-
ison of experimental XES data with calculated pDOS revealed
that XES spectra of P compounds without ligands (e.g.,
elemental red-P) and with metallic ligands mainly arise from
the transition to P s and d-derived states, while in ternary P
compounds with oxygen ligands, hybridization increases the
complexity of the electronic structure, rendering the
comparison with experimental data less straightforward.
Nonetheless, the pDOS analysis provides valuable insights
for the interpretation of the XES data.
This study highlights the importance of soft XES at the P

L2,3-edge as a powerful tool for identifying P-containing
compounds and investigating their electronic structure,
integrating the information provided by P L2,3 XAS. As such,
the comprehensive P L2,3 XES spectral data sets and analyses
presented in this study serve as valuable references for the
identification of P-containing compounds in future inves-
tigations. These data sets are particularly relevant for in situ or
operando P L2,3 XES studies of P compounds for energy
conversion and storage applications, where they can facilitate
the speciation of materials that are formed during the reaction,
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using approaches such as spectral fingerprinting or linear
combination analysis.
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Light Source (ALS), which is a DOE Office of Science User
Facility under contract no. DE-AC02-05CH11231. All of the
graphs presented in this work were plotted with a Python
script built on the Matplotlib package.63
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