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observed spectral features and their impact on the electronic structure \ Ab initio calculation J \\ Hard XAS J
of the materials. Furthermore, we report on P K-edge XANES

measurements on aqueous phosphorus-containing acids, including H;PO;, H;PO,, and their mixtures. At first sight, the spectra of
the aqueous acids are similar to those of their solid counterparts. However, close inspection reveals a slight red shift of the absorption
edge and the presence of fewer spectral features compared with spectra of the respective solids. Mixtures of aqueous acids display
spectral features corresponding to the individual components, indicating the potential for speciation and quantification through

fingerprinting.

1. INTRODUCTION

Phosphorus (P)-containing compounds exist in a wide range of
forms and are indispensable for many aspects of life.
Phosphates (i.e., salts containing phosphate ions, PO,*”) are
part of the human’s deoxyribonucleic acid (DNA) and are
responsible for energy storage via ATP (adenosine triphos-
phate, C;oH;(N;O;;P;). Phosphates are also used in fertilizers
(e.g, Cas(PO,), FePO,). In automotive industries, zinc
dialkyldithiophosphate (ZDDP, C,sH;s0,P,S,Zn) is often
utilized as an additive for lubricating oil as an antiwear and
antioxidant.' ™ Multiple electrochemical energy storage
technologies also use P-containing materials. For instance,
metal phosphide-based materials (e.g, CuP, FeP, CoP), or
black phosphorus carbon composites (e.g., black-phosphorus/
graphite/carbon-nantotubes), are currently being developed as
anode materials for Li-ion and Na-ion batteries.*~® For fuel cell
technologies, phosphorus-based acids such as H;PO, have
been used as a medium ensuring electron transfer and are
employed in phosphoric acid fuel cells (PAFC)” and high-
temperature polymer electrolyte membrane fuel cells (HT-
PEMFCs).® Solid CsH,PO, is exploited in solid-acid fuel cells
(SAFC).” Another work has attempted to explore the
possibilities of using other phosphorus-containing acids
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(e.g,H;PO;) as electrolytes for fuel cells operating at elevated
temperatures. = For the generation of hydrogen via photo-
catalytic water splitting applications, P-containing compounds,
such as black phosphorus and red phosphorus, are being
extensively developed as photocatalyst materials.'"”'> Addi-
tionally, phosphides (such as InP and GaP) are oftentimes
used as photocathodes' while several phosphates (e.g., cobalt
phosphates, iron phosphates) are used as cocatalysts for
photocatalytic water splitting."> Furthermore, P-based materi-
als, such as GalnP and black phosphorus, are also utilized as
photovoltaic materials.' "

For many such applications, X-ray absorption near-edge
structure (XANES) spectroscopy has been frequently used to
identify phosphorus compounds in a given sample or to
investigate changes in the properties of compounds during or
after certain treatments. For instance, P K-edge XANES has
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been extensively adopted for the speciation of phosphorus
compounds in soil and other minerals.'>” It was also used in
studies of P-based anode materials in Na-ion and Li-ion
batteries®® and in operando investigations of organic/inorganic
hybrid insertion-type material for Li-ion batteries.”” Similarly,
several P L,3-edge XANES investigations (also called near-
edge X-ray absorption fine structure, or NEXAFS, for P L, ;-
edge studies using soft X-rays) have been performed for the
speciation of P-containing compounds, such as in soils or in
antiwear applications.1_3’ *

Despite the increased use of spectroscopic reference data
from the P K-edge and L,;-edge in recent years, the vast
majority of the reported investigations are focused on solid
P(V)-based compounds, mainly related to the study of
orthophosphates in soil and minerals,'” '®** in antiwear
films,"">*° or in phosphate-containing glasses.”**” This
translates into a limited number of XANES studies for P-
containing compounds having a wider range of nominal P
oxidation states. Exceptions included some works on
phosphide semiconductors (P oxidation state of (-11D)), 23!
elemental phosphorus (P oxidation state of (0)),** or
standardization of minerals containing P-compounds using
X-ray absorption spectroscopy.25 Investigations of phosphorus-
containing compounds in the liquid state are just as scarce,
except for a few P K-edge XANES investigations and extended
X-ray absorption fine structure studies on phosphate ions in
solution.”” ™ Yet, P-containing liquids (e.g, H;PO,) are
being used for state-of-the-art energy conversion (in PAFCs
and HT-PEMFCs), and so as part of an effort to further
advance the knowledge of such systems, we present a
systematic XANES study of the P K-edge and P L, ;-edge of
P-containing compounds characterized by a wide range of
oxidation states and ligand groups, in both solid and liquid
states.

The P K-edge and P L, ;-edge XANES measurements were
performed on nine solid compounds with different chemical
environments and oxidation states ranging from P in an
oxidation state of (-II[) to P in an oxidation state of (V),
namely, GaP™, InP™™, red-P(*), H,PMO,, Na,H,P, ™0y,
H,PY0,, KH,PV0,, Na,HPO,, and InPMO,. In partic-
ular, H3P(m)03 and Na,H,P™,0, were investigated, since
studies on these materials (or other materials with P in a
nominal oxidation state of P(III) and P(IV)) are very scarce.
Additionally, H,P™O, and H,PV0, are important for HT-
PEMFC research, with several studies indicating the possible
conversion of H;P(O, electrolyte to phosphorus compounds
having a lower oxidation state (e.g, H;P™O,) during the
operation, which may subsequently poison the Pt catalyst.”* ™
The adsorption of H,P™O, on a Pt surface at ambient
temperature has already been proven electrochemically™ and
indicated spectroscopically through the combination of X-ray
absorption spectroscopy at P L;-edge and density functional
theory.*” Hence, P K-edge XANES measurements on these
compounds will be beneficial (and a prerequisite) for future
operando studies of these systems. Furthermore, P K-edge
XANES was also performed on aqueous phosphoric acid
(H,PO,), aqueous phosphorus acid (H;PO,;), and their
mixtures. These measurements were carried out to observe
any potential (chemical and electronic) structure change
occurring to P-containing acids in solution as compared to
their solid states as well as to determine the possibility of
speciation within aqueous mixtures, again as a foundation for
future operando studies. The experimental analysis is

complemented by state-of-the-art ab initio calculations of P
K- and L,;-edge XANES spectra of four solid-state reference
compounds, namely, red-P, InP, GaP, and InPO,. The purpose
of these calculations is to shed light on the (excitonic) nature
of the absorption maxima and to connect the spectral
fingerprints of the materials to their electronic structure for
future reference. As such, this work provides insight into the
speciation of P-containing compounds, which can be beneficial
for future studies on P-containing materials.

2. MATERIALS AND METHODS

2.1. Materials. Nine solid P-containing compounds with
different chemical environments and oxidation states were
prepared: gallium phosphide (GaP), indium phosphide (InP),
red phosphorus (P, red phosphorus, >97.0%, Merck, hereafter
referred to as “red-P”), phosphorus acid (crystalline H;PO;,
99%, Merck), disodium hypophosphate (Na,H,P,04-10H,0,
hereafter referred to as “Na,H,P,0;”), phosphoric acid
(crystalline H,PO,, 99.99%, Merck), potassium hydrogen
phosphate (KH,PO,, >99.0%, Mallinckrodt), sodium dihy-
drogen phosphate (Na,HPO,-12H,O, J.T Baker, hereafter
referred to as “Na,HPO,”), and indium phosphate (InPO,,
98%, Alfa Aesar). GaP and InP were synthesized with the
method previously used in ref 41. Na,H,P,0O4 was synthesized
according to the method previously used by Prokop et al.**
Other details on these solid compounds (e.g., CAS number of
the compounds and expected electronic configuration) are
given in Table S1 in the Supporting Information (SI). Prior to
the XANES measurement, to increase the sample surface area,
all powder samples were ground into fine powder using a
mortar and pestle. The grinding process was carried out in an
inert atmosphere (inside an argon-purged glovebox) to prevent
oxidation during grinding.

The aqueous compounds with concentrations of 1 mol dm™
were prepared by diluting either crystalline H;PO; (99 wt %,
Merck) or crystalline HyPO, (99.99 wt %, Merck) in Milli-Q
water (Q-POD, conductivity ~0.055 xS cm™) until the
concentration of interest was achieved. Additionally, aqueous
mixtures of H;PO; and H;PO,, (i) 1 mol of dm™ H,PO; + 1
mol of dm™ H;PO, and (ii) 0.1 mol of dm™ H;PO; + 1 mol
of dm™ H;PO,, were prepared. Prior to the measurement, the
aqueous samples were deaerated by purging the solution with
N, (purity >99.996%) for 30 min to avoid the possible
oxidation by O, in the solution.

2.2. P K-Edge XANES on Solid P-Containing Com-
pounds. The P K-edge XANES measurements of the solid P-
containing compounds were conducted in reflection geometry
using the SpAnTeX end-station*” (for HyPO;, Na,H,P,0,
H,PO,, KH,PO,, and InPO,) or the HiKE end-station™ (for
GaP, InP, and red-P). Both setups are located at the KMC-1
beamline** of BESSY II, operated by HZB. The incoming X-
rays were monochromatized by using a Si(111) double-crystal
monochromator. The spectra were recorded in partial
fluorescence yield (PFY) mode by setting the Bruker XFlash
4010 fluorescence SDD to detect P K, fluorescence, i.e.,
photon with the energy between 1.9 and 2.1 keV, with an
energy resolution of 135 eV. Note that the detector resolution
does not determine the recorded P K-edge XANES energy
resolution, as this is mainly governed by the excitation energy
resolution, natural line width of the transition, and the
experimental energy steps. For this experiment, the resolution
was ~0.58 eV (see details and consideration for the energy
resolution in Section S9 of the SI). Simultaneously with the
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PFY-XANES, spectra were also obtained in total electron yield
(TEY) mode by recording the sample compensation current
using an electrometer (Keithley, 6517B). For each spectrum, a
linear background was fitted and subtracted, before normal-
ization. The recorded excitation energy was calibrated by
conducting hard X-ray photoelectron spectroscopy (HAXPES)
measurements on a Au foil using 2120 and 2230 eV excitations
(i.e., the start and end energies of the P K-edge XANES scan)
and setting the binding energy of the Au 4f,,, core level to
84.00 eV.* To validate the quality of the recorded data, the
spectra obtained in this study are compared with those
previously published in the literature.””*******® The compar-
ison is presented in Section S7 of the SI, highlighting a strong
agreement between the P K-edge spectra obtained in our study
and the reference spectra (as shown in Figure S8).

Additionally, to facilitate the comparison between exper-
imental data and ab initio calculation results, arctan back-
grounds representing the electronic transitions to continuum
states, which are not modeled, were fitted to the measured
spectra and subtracted. The center of the arctan was
constrained at the absorption edge of the spectrum. A linear
function is added to the arctan background to account for the
experimental background signal. This procedure was per-
formed by using a Python script based on the LMFIT
package.””

The absorption-edge positions are derived using the
inflection point of the XANES onset (determined by the
maxima of the first derivative as presented in Figure S1 in the
SI), as typically conducted when evaluating hard XANES
data.***** Detailed insights into the considerations for the
absorption-edge position determination, along with a compar-
ison of absorption-edge positions derived by using the
intersection of a linear extrapolation of the rising edge caused
by the first absorption maxima and the spectral background (as
presented in Figure S2 in the SI and as often used in the soft X-
ray community), are provided in Section S9 of the SI.

2.3. P L,3-Edge XANES on Solid P-Containing
Compounds. P L,;-edge measurements of the solid P-
containing compounds were performed in the iRIXS end-
station,® at beamline 8.0.1 of the Advanced Light Source
(ALS),”" Lawrence Berkeley National Laboratory. The
measurements were performed using the low-energy grating
of the spherical grating monochromator of this undulator
beamline. For detection, a channeltron or a high-throughput
iRIXS spectrometer equipped with a CCD (charge-coupled
device) camera was employed (see details in ref 50). The data
collected from the spectrometer is recorded as a resonant
inelastic X-ray scattering (RIXS) map, for a subsequent
determination of PFY-XANES. Hence, the XANES spectra
were obtained in both total fluorescence yield (TFY, i.e., the
data recorded by using a channeltron) and PFY mode. While
in TFY mode all X-ray/UV photons emitted from the sample
will be collected to derive the XANES spectrum, in PFY mode
the energy-dispersive spectrometer allows to only select P L, ;-
fluorescence photons. Details on PFY signal integration from
RIXS maps are given in the SI in Figure S3. For data
evaluation, PFY-XANES was used instead of TFY-XANES to
avoid contributions from elastically scattered photons that tend
to be significant in this energy region (see Figure S3), thus
affecting (in the worst case: dominating) the XANES data. A
comparison of the PFY- and TFY-XANES data is shown in
Figure S4, illustrating that PFY-derived spectra possess a
higher signal-to-noise ratio compared to that of the TFY

spectra. In addition, simultaneous with the PFY and TFY
measurements, spectra were also obtained in TEY mode by
recording the sample compensation current.

The XANES excitation energy was calibrated by aligning the
absorption spectrum of InP to the corresponding spectrum
reported in ref 31. Similar to P K-edge XANES, a linear
background is fitted and subtracted before the spectra are
normalized. Additionally, for an accurate comparison between
experimental data and ab initio calculated spectra, double
arctan backgrounds,sz"’s representing the P 2p doublet
electronic transition to continuum states, are fitted and
subtracted. For compounds that show strong features
corresponding to P 3s — P 2p;/,- and P 3s — P 2p, ,-derived
transitions, the center of each of the double arctan back-
grounds is constrained to the energy corresponding to the
spectral feature of these transitions. For compounds that do
not show a strong doublet feature (i.e., only a convolution of
these spectral features can be observed), the center of the
second arctan background is kept constant at the absorption-
edge position of the respective compounds. The center of the
first arctan background is estimated through the subtraction of
the compound respective absorption-edge position to the P 2p
doublet separation of the compounds, which was approximated
from the National Institute of Standards and Technology
(NIST) database.”**° Absorption-edge positions are deter-
mined using the same procedure as for the P K-edge, as
detailed in section 2.2. Further details and considerations for
absorption-edge position determination can be found in
Figures S5 and S6 and Section S9 of the SI. Moreover, for a
better representation of the observed spectral background, the
arctan is modified by adding a linear component. A Python
script based on the LMFIT package was used to perform the
aforementioned procedure.

To validate the quality of the recorded data, the spectra
obtained in this study are compared with those previously
published in the literature.”>””**>” The comparison is
presented in Section S7 of the SI, highlighting a strong
agreement between the P K-edge spectra obtained in our study
and the reference spectra (as shown in Figure S9).

2.4. P K-Edge XANES of Aqueous H;PO, and H;PO,
Acid—Based Solutions. P K-edge XANES measurements of
aqueous H;PO, and H;PO; acid—based solutions were carried
out using custom-designed in situ cells made of PEEK that
allow the study of liquids, either at the HiKE end-station at the
KMC-1 bending magnet beamline (for the 1 mol dm™ H;PO;
and both of the H;PO; + H;PO, solution mixtures detailed in
Section 2.1) or at the OZSE end-station located at the two-
color EMIL beamline (for the 1 mol dm™ H,PO, solution) at
the BESSY II synchrotron radiation facility operated by HZB.
Details on the liquid in situ cells that utilize a 12 pm-thick
Kapton membrane (Sigma-Aldrich), as an X-ray transparent
window separating the P-containing solutions at atmospheric
pressure from the vacuum conditions of the beamline and
diagnostic, can be found in Section S6 and Figure S7 of the SI.
For the measurements at the HiKE end-station, a similar
experimental setup as detailed in Section 2.2 was used. For the
XANES measurement in the OZSE end-station, the hard X-
ray branch of the EMIL beamline, i.e., the CPMU17 undulator
in combination with a Si(111) double-crystal monochromator
and a set of optical mirrors, provides photons of the required
energy to the sample. Spectra were recorded in TFY mode
using a photodiode (ODD-AXU-010, Opto Diode). For
energy calibration, the P K-edge XANES spectrum of solid
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Figure 1. (A) P K-edge and (B) P L, ;-edge PFY-XANES of solid P-containing compounds. Labels of spectral features shown in (A) and (B) are
discussed in the text. Note that different excitation energy scales are used for (A) and (B). Absorption-edge positions derived from the P K- and P
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nearest P neighbors. The same color codes used in (A) and (B) are used for (C) and (D). The experimental uncertainty for the absorption-edge
positions varies between +0.67 and +0.93 eV for the P K-edge and between +0.14 and +1.12 eV for the P L;-edge values. Details for the
determination of the uncertainty can be found in Section S9 of the SL Note that for (C) and (D), the absorption-edge positions of H;PO,,
KH,PO,, Na,HPO,, and InPO, are closely overlapping with each other (the derived absorption-edge positions are listed in Tables S3 and S4 in the

SI).

InP was recorded and aligned to the calibrated InP spectrum,
from the measurement described in Section 2.2.

To validate the quality of the recorded data, the spectra
obtained in this study are compared with those previously
published in the literature.” The comparison is presented in
Section S7 of the SI, highlighting a strong agreement between
the P K-edge spectra obtained in our study and the reference
spectra (as shown in Figure S10).

2.5. Ab Initio Calculations of P K- and L,s-Edge
XANES. The calculations of XANES spectra presented in this
work are performed in the framework of many-body
perturbation theory with the solution of the Bethe—Salpeter
equation (BSE) on top of the electronic structure computed
from all-electron density functional theory (DFT). The BSE is
the equation of motion for the two-particle correlation
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function. In practice, the problem is cast into an effective
two-particle time-independent Schrodinger equation ruled by
the effective BSE Hamiltonian HPSE = F198 + Fdir 4 I:I", where
the first term (%) accounts for single-particle transitions and
the other two include the electron—hole Coulomb attraction
(A%) and exchange repulsion (H*).°*°° The BSE is
considered the state-of-the-art method for ab initio optical
and core-level spectroscopy in condensed matter. The explicit
inclusion of core electrons in the underlying DFT step enables
the direct calculation of the core-level-to-conduction band
transitions matrix elements from first principles.”” These
transition coefficients enter the expression of the imaginary
part of the macroscopic dielectric function, providing
information about the absorption of the system. The spectra
calculated from the BSE are aligned with the experimental
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spectra considering the first absorption maximum as a
reference. For a comparison, XANES spectra are also
calculated using the independent-particle approach (IPA), in
which the effects from excitonic states are neglected. In this
approach, two Coulombs terms in the BSE Hamiltonian are
neglected and only the diagonal term in the BSE Hamiltonian
is considered (ﬁBSE = ﬁdiag).

DFT and BSE calculations are éperformed with the all-
electron full-potential code exciting®® taking input structures
from the Materials Project database,’’ entries mp-157 for red-
P, mp-2490 for GaP, mp-20351 for InP, and mp-7566 for
InPO,. We employ the Perdew—Burke—Ernzerhof (PBE)
functional®” to approximate the exchange—correlation poten-
tial. The Brillouin zone is sampled using a homogeneous k-grid
of 6 X 6 X 6 for InP and red-P, and 4 X 4 X 4 for GaP and
InPO,. The adopted muffin tin radii for the atoms are 2.5 bohr
for In and 2.1 bohr for P in InP, 2.2 bohr for Ga and 2.0 bohr
for P in GaP, 2.6 bohr for In, 1.4 bohr for O, and 1.5 bohr for P
in InPO,, and 2.0 Bohr for P in red phosphorus. To ensure
converged results, a plane-wave cutoff such that R™"y;1 X Gyax
= 8 (7) for InP and red-P (GaP and InPOQ,) is taken. For the
BSE calculations, we use a I-shifted k-mesh with 6 X 6 X 6
points for InP and GaP, 4 X 4 X 4 for InPO,, and 5 X § X § for
red-P. The screened Coulomb potential is computed from the
random-phase approximation including S0 empty bands. We
include transitions from core levels to conduction bands within
an energy range of 25 eV above the conduction band
minimum. The calculated projected densities of states of
these P-containing compounds can be found in Figure SI11 in
the SL

3. RESULTS AND DISCUSSION

3.1. Solid P-Containing Compounds: GaP“", Inp“",
Red-P®, H,P"™0O,;, Na,H,P,"'0,, H,;PV'0,, KH,PVO,,
Na,HPY'0,, and InPY0,. The P K-edge XANES spectra
(Figure 1A) correspond to the electronic transition from P 1s
electrons into unoccupied states formed by P 3s-derived states
and other electronic states from ligands. All P K-edge XANES
spectra display a distinct narrow white line (feature A) and a
broader feature at around 2169 eV (D and D’, except for red-
P). Some compounds show other weaker features following the
white line (e.g, B, C). Feature A corresponds to the t,*
transition, which is the transition from P 1s electrons into
unoccupied sp>-hybridized P 3p and 3s—derived states.”**°
Feature B and C observed in the P(V) compounds have also
been observed in previous studies of Na-, K-, and In-based
phosphates.””*>*® In these studies, these features have been
assigned to either multiple scattering resonances or shape
resonances.””*”*%** Multiple scattering resonances are a low-
energy EXAFS phenomenon,®* corresponding to the con-
structive interference of outgoing photoelectrons, with multi-
ples of the nearest neighbors’ backscattered photoelectron
wave function.”” The shape resonance corresponds to the
resonance (i.e., electronic transition) resulting from the
anisotropy of the molecular field experienced by the outgoing
core electron.®® Features B’ and C’ appearing in H;P™ O, and
NaZHZP(IV)ZO6 might similarly emerge from multiple scattering
resonances, albeit additional analysis is needed to ascertain this
assessment. The weak feature O observed around 2152.2 €V in
red-P© is likely related to a superficial phosphate generated
from the oxidation of elemental phosphorus.®” In fact, this
spectral feature is more prominently observed in TEY mode
XANES (shown in Figure S13 in the SI). Considering that the

probing depth is smaller for TEY measurement (~20 nm for P
K-edge XANES) compared to fluorescence yield (FY)
measurement (~1.2 ym for P K-edge XANES), this further
indicates that feature O indeed arises from the sample surface
and presumably is related to the oxidation of the sample
surface. The estimation of the probing depth of the TEY and
FY XANES modes is outlined in Section S10 of the SI. Similar
to features B and C, features D and D’ have been ascribed to
shape either resonances or multiple scattering resonances in
precedent studies.”**”**%* This feature is sensitive to the
ligand of the P-containing compounds. Feature D for the
phosphorus compounds containing multiple oxygen atoms
(e.g, H3P(IH)O3, Na,H,P™,0,, and all phosphates—containing
materials used in this study) is also called oxygen oscillation."
The P L,;-edge XANES data (Figure 1B) feature electron
transitions from the P 2p doublet to unoccupied states formed
mainly by P 3s and P 3d—derived states, with other electronic
states from ligands. Due to the higher-energy resolution
(~0.14 eV) and narrower natural line width (0.03 eV) of P
L,;-edge transition compared to the P K-edge (energy
resolution of ~0.58 eV and a natural line width of 0.53 eV),
the P L, ;-edge XANES exhibits more complex spectra with, as
a result, a higher information content.”**® Details and
considerations for energy resolution and natural width can
be found in Section 6 in the SI. At the P L,;-edge, similar
XANES features were observed for the phosphide compounds
(GaP“™ and InP“™) and elemental phosphorus (red-P©).
The peaks a," and a,” between 130 and 131 eV correspond to
the transition of P 2p;/, and 2p, /, electrons, respectively, into
Ie*-derived states.”” The smaller feature b’ at higher excitation
energy may arise from superficial oxidation of the com-
pounds,”” and it is more prominent at the P L,;-edge
compared to the P K-edge (i.e., feature O of red-P® in Figure
1A). Since the P K-edge transition is probed and detected by
photons with higher energy compared to the L,;-edge
transition, the attenuation length for P K-edge XANES is
also larger (~1.2 ym) than that of P L, ;-edge XANES (~0.04
um, see details in Section S10 of the SI). Hence, the P L, ;-
edge XANES provides more surface-sensitive information
compared to P K-edge XANES, and therefore a more
pronounced contribution from the surface oxidation is
observed with the P L, ;-edge XANES. For the same reason,
a very pronounced contribution of feature b’ was observed by
TEY XANES compared to XANES data collected in PFY
mode, as shown in Figure S14 in the SI Additionally, a
preceding study also reported multiple features emerging
around 139 and 147 eV (feature ¢'), referring to them as shape
resonances corresponding to the P 2p to P 3d transition.*”
Interestingly, all other oxygen-containing phosphorus
compounds in Figure 1B show different P L, ;-edge XANES
spectral responses compared with the phosphides and
elemental phosphorus. Na,H,P"™), 0, H,P V)O4, and
KHZP(V)O4 show small peaks a; and 4, at around ~139 eV,
followed by a strong feature b and a broad feature ¢ around 146
eV. The a, and 4, peaks correspond to the excitation of the P
2p doublet into antibonding orbitals derived from hybridized P
3s- and O 2p o-derived states.””*>*” Peak b is attributed to
excitations into the f, orbital, related to the strong sp’
hybridization of the P 3s- and O 2p z-derived states.” ">’
Feature ¢ might be emerging from the transition of P 2p
electrons into the e orbital (P 3d + O 2p o-derived states).”*””
Earlier studies also referred to these features as shape
resonance (also called d-shape resonance in some
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Figure 2. Experimentally derived XANES data (blue lines) of GaP™™, InP™™, red-P®, and InP™O, compared to ab initio spectra computed
based on the BSE (electron—hole correlations included, black lines) and the IPA (electron—hole correlations excluded, gray areas) of the (A) P K-
edge and (B) P L, ;-edge. For better comparability between experimental and ab initio calculated spectra, the computational results have been
broadened by 0.5 eV for P K-edge and 0.1 eV for P L, ;-edge data to match the experimental excitation energy resolution (details for experimental

energy resolution can be found at Section 9 in the SI).

works">*%). In H3P(HI)O3, NaZHZPZ(N)Oé, and other P(V)
compounds, which all contain three or more electronegative
atoms (i.e, oxygen atoms), a broad shape resonance occurs
around 145—147 eV, which is in agreement with other
studies.”*** For Na,HPO,, InP™0O,, and H3P(HI)03, the
observed features between 138 and 139 eV are likely a
convolution of the excitation of P 2p electrons into sp’-
hybridized o- and 7-derived states. The energy position of
these features is sensitive to the local chemical environment of
P-containing compounds.“’25

In general, even though all compounds show unique features
at both the P K-edge and P L, ;-edge, there are strong spectral
similarities among compounds of the same group (phosphides
or phosphates), which suggests the possibility of distinguishing
between phosphorus species in different chemical environ-
ments through fingerprinting. For instance, some of the
spectral features are very sensitive to the chemical environment
around P atoms, such as features D', D and ¢/, ¢ for P K-edge
and P L,;-edge XANES, respectively. Therefore, in the best
case, these features can be directly related to specific P-ligand
bond formation. At both P K-edge and P L, ;-edge, phosphorus
compounds containing several oxygen atoms (e.g,, H3P(HI)O3,
H;P™0,) show a broad feature (e.g,, feature D or c) whereas
phosphide compounds with metallic ligands (e.g., GaP),
InP(Y) display several narrower and weaker spectral features
(e.g., feature D’ or ). For the P K-edge XANES of elemental
phosphorus (red-P), the latter features are not observed,
since there are no ligand-scattering P-derived photoelectrons.
Thus, the presence (spectral shape) or lack of the shape
resonance may hint at the nature of the P ligand.

Furthermore, in both P K-edge and P L,;-edge XANES,
there seems to be an energy shift of the spectra with the
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nominal P oxidation state (see Figure 1A,B). The compounds
with higher oxidation states exhibit a white line at higher
excitation energy, as also observed in XANES studies with
other chemical elements.””~® For a precise determination of
the energy shift, the absorption edge was estimated (see details
in Section 2.2) and the resulting shifts of the absorption-edge
relative to that of red-P(¥) are shown in Figure 1C as a function
of the compounds’ nominal P oxidation states. As illustrated in
Figure 1C, there is a similar absorption-edge shift for nominal
P oxidation states for both the P K-edge and P L, ;-edge data.

NaszP(IV)Zoé shows a slightly lower absorption-edge
position compared to that of H,POQ,, even though it
possesses a higher oxidation state. Red-P(” also shows a similar
absorption-edge position as GaP™ even though it possesses a
higher oxidation state. Likely, the geometry around the P
atoms influences the electron—hole interaction, such that the P
atoms in Na,H,P,Og are slightly more screened compared to
atoms in H;PO;. Similarly, the P atoms in red-P might
experience similar screening to the atoms in GaP. Hence,
another descriptor besides the oxidation state is needed to
consider the screening effect arising from geometry around P
atoms when establishing a relation to the absorption-edge
position. Assuming that the biggest influence on screening
arises from the P atom nearest neighbors, the nearest
neighbors for these compounds are determined by using
theoretical crystal structures provided in the Materials Project
database.”’ Subsequently, the total electronegativity resulting
from the nearest neighbors is calculated. Details can be found
in Section S11 of the SI Since electronegativity represents the
ability of atoms to attract electrons,” it might serve as a good
measure of the electronic density around P atoms and thus of
screening effects. Since the nearest neighbors’ electronegativity
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of Na,H,P'™),04 possess a very similar electronegativity
around P atoms compared to H,P™O,, which is also the
case for red-P® and GaP(™™V, the seeming disagreement w.r.t.
the absorption-edge shift disappears when representing the
shift as a function of nearest neighbors’ electronegativity (see
Figure 1D) instead of using the nominal P oxidation state as a
descriptor (see Figure 1C), supporting this approach. Of
course, it is important to note that other atoms besides the
nearest neighbors will also influence the screening around P
atoms, although to a lesser extent. For instance, a slightly
different absorption-edge position was observed for different
phosphates in this study, even though all compounds have the
same nearest neighbors around P atoms, ie., four oxygen
atoms. Nevertheless, even though further analysis is needed to
determine the ideal descriptor representing the screening
around the probed atoms, the total electronegativity of the
atoms surrounding the P atoms provides good insights into the
screening experienced by the P atoms. Additionally, it is
important to note that the Na,H,P,O4 used in this study is
highly hydrated (Na,H,P,04 10H,0, see Section 2.1); hence,
the interaction with H,O might influence the coordination of
the Na,H,P,Oq, thus also affecting the absorption-edge energy
positions.

To gain further insight into the electronic structure of the
studied P compounds, we analyze the ab initio XANES
calculations from both the P K-edge and the P L,;-edge
performed on re{)resentative solid-state P-compounds, includ-
ing GaP™, Inpt) red-P©, and InP(V)O4 (see Figure 2). Ab
initio calculations were carried out for these systems, for (i) a
representation of P-compounds with different oxidation states,
from P(-III) to P(V), and (ii) P-compounds with similar
ligands but different chemical environments (e.g., InP and
InPO,, both contain In*" cations but are in a different
environment).

First and foremost, we notice very good agreement between
the BSE results and the experimentally derived spectra,
especially for the P K-edge data. Note that for the experimental
data given in Figure 2, a modified spectral background
corresponding to the electronic transition to continuum states
has been subtracted to allow a better comparison between
experiments and ab initio calculations (as detailed in Section2.2
and Section2.3; the corresponding background determination
can be found in Figure S15 in the SI). As visible in Figure 2A,
the peak positions and oscillator strengths match very well. In
particular, the calculations correctly reproduce the sharp white
line characterizing the spectra of red-P and of the phosphides
(InP and GaP) followed by weaker but distinct resonances.
Also, the spectrum of InPO, is described well; reproducing the
dominating strong peak at the onset accompanied by a very
weak shoulder at lower energies (at approximately 2150 eV,
Figure 2A). The comparison between the BSE spectra reported
in Figure 2A (solid black lines) and their counterparts
computed in the independent-particle approximation (IPA,
gray areas) provides information about the role of electron—
hole correlations. For instance, the maximum in the spectrum
of InPO, and the weak shoulder at lower energies are present
also in the IPA result, despite somewhat shifting to higher
energies. However, the inclusion of the Coulomb interactions
in the BSE calculations has correctly redistributed their
energies and oscillator strengths, resulting in much better
agreement with the experiment. The energy shift between the
absorption maximum in the IPA spectrum and in the BSE
calculations can be interpreted as the binding energy of the

corresponding core exciton.”® In the case of InPO,, it is in the
order of ~5 eV—similar to the values obtained at the same
level of theory in organic compounds.”" This finding suggests
that coordination with oxygen substantially decreases the
screening of the material, thereby enhancing the Coulomb
strength between the electron—hole pairs therein. In the other
spectra shown in Figure 2A, the core exciton binding energies
(ie., the absorption-edge differences in the BSE and IPA
spectra) are sizeably smaller, in the order of (or even less than)
1 eV. Yet, in the spectra of red-P and of the phosphides, the
electron—hole correlations (that are considered in BSE but not
in IPA calculations) are essential to correctly redistribute the
spectral weight at the onset and enhance the intensity of the
first resonance in comparison with the higher-energy ones.

Even for the P L, ;-edge XANES (Figure 2B), we appreciate
again good agreement between the BSE and the experimental
results, although the relative weights of the absorption maxima
in the spectra of red-P and of the phosphides are distributed
somewhat differently between the onset and the higher-energy
region. The spectral features observed in the experimental data
are also observed in the BSE data. The general trends discussed
for the P K-edge spectra are also valid for the P L, ;-edge data.
Pronounced electron—hole interactions represented by the
large difference between the BSE and IPA computed spectra
are again observed for InPO,, corroborating the presence of a
strongly bound core exciton with a binding energy in the order
of S eV (in agreement with the P K-edge analysis, above). For
red-P, InP, and GaP, the spectral shapes of the calculated
spectra are essentially unchanged by the inclusion of excitonic
effects, which only systematically red-shift the oscillator
strength toward lower energies by 1.0—1.5 eV for all
compounds (see Figure 2B). Note that effects like thermal-
ization are not well considered by broadening of the
computational results with a constant factor (as done in
Figure 2), explaining the decreasing agreement of experimental
and calculated XANES spectra with increasing photon energies
(e.g., photon energies above ~137 eV for GaP, InP, or red-P in
Figure 2B). This effect arises from the larger energy
broadening expected at higher energies due to a shorter
core-hole lifetime, which is not represented by the constant
energy broadening of 0.1 eV used for the presentation of the
calculated spectra to resolve the low-energy spectral features.
For more details, please see the discussion in conjunction with
the calculated XANES presented with a larger energy
broadening (0.25 and 0.5 eV) in Figure S16 in the SI.

3.2. Aqueous P-Containing H;PO;, H;PO,, and H;PO;
+ H;PO, Mixtures. In the final part of this study, the P K-
edge XANES of H;PO, and H3POj, as well as their mixtures in
aqueous solutions, is investigated. Figure 3 depicts the white
line region of these spectra, where the most pronounced
spectral change is observed (wider-range XANES data are
shown in Figure S17 in the SI).

As shown in Figure 3, the P K-edge XANES from the
aqueous solutions displays spectral features that are mainly
analogous to the spectra of their solid counterparts (i.e., strong
features at ~2150.8 eV for H;PO;- and ~2152.5 eV for
H,;PO,-containing solutions, respectively, as well as shape
resonance at around 2170 €V, see Figure S17 in the SI).
However, close inspection of the data reveals several spectral
differences between the P K-edge XANES spectra of the
aqueous acids and the spectra of their solid counterparts. A
slight shift of the XANES spectra to lower excitation energies
(~0.2—0.3 eV) is observed for the aqueous solutions
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Figure 3. P K-edge XANES white line region of aqueous 1 mol dm™
(1 M) H;PO;, 1 mol dm™ (1 M) H,PO,, and their mixtures: 0.1 mol
dm™ (0.1 M) H3PO; + 1 mol dm™3 (1 M) H;PO, and 1 mol dm™3 (1
M) H,PO; + 1 mol dm™ (1 M) H,PO,. For comparison, the spectra
of solid-state H;PO; and H;PO, (from Figure 1A) are also shown as
dashed lines. The white line energy positions of aqueous (aq.) H;PO;
and H;PO, are illustrated with vertical gray dashed lines. The green
asterisk highlights multiple scattering features observed in solid
H,;PO;, which are not observed in aq. 1 M H;PO;.

compared to the solid compounds. Other XANES inves-
tigations of solid compounds and their counterparts in a liquid
solution appear to show a similar phenomenon (although it is
not discussed explicitly).”””> This behavior is likely related to
the high polarity of the solvent (H,O). In such a solvent, part
of the acid salts forms an anion (e.g, the formation of H,PO,~
anions when H,;PO, is diluted in H,0).”* The environment
surrounding the phosphorus atoms is more negative in anionic
form,” which may result in a red shift of the absorption-edge
position.

Additionally, H;PO, and H;PO, dispersed in 1 mol dm™
aqueous solutions show a higher white line intensity with
respect to the edge jump (intensity ~2160 eV) compared to
the solid counterparts. Due to the nature of the FY mode used
for this investigation, this phenomenon can likely be explained
by self-absorption,” less affecting the measurements of the
diluted aqueous solutions compared to their solid counterparts.
This is corroborated by P K-edge XANES measurements of
differently concentrated aqueous H;PO, solutions, exhibiting a
similar trend of a white line intensity enhancement (relative to
the respective edge jump) with decreasing H;PO, concen-
tration (see Figure S18 in SI).

Furthermore, aqueous H;PO; exhibits different spectral
features compared to its solid counterpart. Solid H;POj,
displayed multiple features following the white line (at
~2152.8 and 2157.5 eV [see green asterisk], labeled as B’
and C’ in Figure 1A). However, no related features (green
asterisk in Figure 3) were observed in the spectrum of a 1 mol
dm™ aqueous solution of H;PO,. Similar observations were
reported in XANES investigations of solid and solvated forms
of K,S0, and K,PtCl,.>**” An explanation for this observation
could be the loss of degeneracy of the electronic states due to

the loss of symmetry upon deprotonation of H;PO; (i.e., its
solvation in an aqueous solution). Moreover, the interaction of
H;PO; with H,O might significantly influence the coordina-
tion of phosphorous acid.**”*”*

For the aqueous mixture of 1 mol of dm™ H;PO; + 1 mol of
dm™ H,PO,, spectral features corresponding to the white lines
of 1 mol of dm™ H;PO; and 1 mol of dm™ H;PO, are
observed, respectively, suggesting the possibility of speciation
and quantification through fingerprinting (in this case).
However, for a mixture with a lower concentration of
H;PO;: 0.1 mol dm™ H;PO; + 1 mol dm™ H;PO,, the P
K-edge XANES feature corresponding to the H;POj; solution is
barely visible. Only direct comparison with the spectrum of 1
mol dm™® H;PO, reveals some H,POj-related spectral
intensity below the H;PO, onset (as shown in Figure S19 in
the SI). It implies that even though speciation through
fingerprinting is possible, for low-content solutions, such an
approach might become challenging.

4. SUMMARY AND CONCLUSIONS

X-ray absorption near-edge structure (XANES) at P K-edge
and P L, ;-edge were employed to investigate the chemical and
electronic structure of solid P compounds with various
oxidation states and environments, as well as H;PO;, H;PO,,
and their mixtures in aqueous solutions.

At both the P K-edge and P L,;-edge, XANES of solid
compounds revealed similarities in spectra for compounds with
similar oxidation states/chemical environments, enabling facile
speciation through spectral fingerprinting. In particular, several
of the XANES spectral features are very sensitive to the
chemical environment around P atoms. For instance,
compounds containing oxygen show a broad spectral feature
at the post edge of both P K-edge and P L,;-edge XANES
spectra, while phosphides with metallic ligands exhibit
narrower ones.

Additionally, a similar trend of absorption-edge shifts relative
to red-P(*) was observed in P K- and P L, ;-edge XANES, likely
caused by a different screening of core-hole interactions.
Electronegativity of the nearest neighbors around P atoms was
proposed as an alternative descriptor for the screening effects,
showing an improved relation to absorption-edge shifts
compared to the commonly used nominal P oxidation state.

Comparison of experimental and calculated absorption
spectra of four P-containing compounds (red-P, GaP, InP,
and InPO,) revealed insights into the electronic structure.
InPO, exhibited prominent electron—hole interactions with a
large core exciton binding energy (~S eV), attributed to
reduced dielectric screening in an O-rich environment. Other
compounds showed systematic ~1 eV red-shifts and a
redistribution of oscillator strength toward the absorption
onset due to excitonic effects.

In aqueous solutions, P K-edge XANES of aqueous H;PO;
and H;PO, displayed absorption-edge shifts to lower photon
energies compared to solid counterparts, likely attributed to
anion formation and the effect of solvation. Furthermore,
aqueous H;POj; exhibited fewer spectral features compared to
the solid compound, possibly due to deprotonation—resulting
in a loss of electronic states’ degeneracy, leading to a
broadening of spectral features—and/or due to the interaction
between H;PO; and H,0 (e.g, solvation) influencing the
coordination around the P atoms. Aqueous mixtures of H;PO,
and H;PO, with comparable concentrations showed features
corresponding to white lines of both acids, indicating the
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potential for speciation using spectral fingerprinting. However,
for lower-content mixtures, such an approach may pose
challenges.

In conclusion, we have shown that P K-edge and P L, ;-edge
XANES are powerful techniques for characterizing P-
containing compounds in solid or liquid form due to their
sensitivity to the oxidation state and the chemical environment.
Hence, P K-edge and P L,;-edge XANES measurements may
serve as speciation tools for P-containing compounds in several
energy conversion technologies using P-based materials,
providing insights into performance-relevant mechanisms and
thus paving the way for knowledge-based optimization.
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