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Abstract

This work discussed the role of X-ray absorption spectroscopy (XAS) in determining the oxidation state, chemical fraction, and
local atomic structure of the materials. These aspects of XAS were discussed by taking LiNiO2 and Mn3O4 as prototype
materials. The oxidation state of metal ions in these oxides was estimated with the help of XAS spectra of the reference oxides
such as NiO (in the case of LiNiOz), MnO, Mn20s, and MnOz2 (in the case of Mn3Os). Analysis of the oxidation state was
performed from the main absorption edge which was estimated from half of the step height. This showed that the Ni K-edge
absorption edge of LiNiO: is slightly above that of NiO. In the case of Mn ions, the main absorption edges show a linear
variation with the oxidation states. This estimates the presence of a mixed oxidation state (2.6+) of Mn ions in Mn3Oa. Linear
combination fitting results exhibit that almost 35% of ions are in a 2+ oxidation state. The remaining ions are in a 3+ oxidation
state. Thus, XAS can determine the fractions of each oxidation state of a particular ion in a given material. Quantitative
information on coordination number and bond distance of nearest neighbor for a given element of a material is another important
use of this technique.
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1. Introduction

X-ray absorption spectroscopy (XAS) is based on the probing orbitals of atoms by varying X-ray energy
(Yano & Yachandra, 2009; Gaur et al., 2013). Depending on the availability of X-ray energy, it can probe
atoms from Hydrogen to Uranium. As the main requirement of XAS is a variation of X-ray energy, hence,
X-ray sources that can provide tunable X-rays are essential. This can be achieved by using a synchrotron
source (Bilderback et al., 2005). Thus, numerous storage rings are developed across the world to produce
synchrotron X-rays (Bharti and Goyal, 2019).
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By its nature of probing atoms/ions of materials, XAS is widely used to investigate phenomena that have
important applications in physics (Oyanagi, 2007), chemistry (Penner-Hahn, 1999), materials science
(Frahm et al., 2009, Kerr et al., 2022), biomedical (Ortega et al., 2012, Buzanich, 2022), environment
(Ginder-Vogel et al., 2009), agriculture (Fendorf, 1994) and other important disciplines (Carrington et al.,
2002; Iglesias-Juez et al., 2022). The X-ray absorption near edge structure (XANES) region of the XAS
technique gives information of oxidation state in materials (Hall et al., 2007). There are reports, which
are based on the determination of the metallic oxidation state in tissues (Kwiatek et al., 2001), artificially
created enzyme (Najafpour et al., 2017), and establishment of metallic form of Au (Dwivedi et al., 2017a)
from the analysis of XANES region. The broad region of XAS, which is also known as extended X-ray
absorption fine structure (EXAFS) depicts information on the atomic environment of metallic ions in
waste (Dwivedi et al., 2017b), coordination of metallic ions in oxides (Boubnov et al., 2015; Kaur et al.,
2020), and bond-distance in various materials systems (Gagné & Hawthorne, 2020; Singh et al., 2018a
Singh et al., 2021). The establishment of vacancies in materials (Zhu et al., 2020; Wang & Wang, 2021)
and determining their nature is another important application of this technique (Sung et al., 2017; Singh et
al., 2019; Soni et al., 2020;). Thus, the objective of this work is to highlight the importance of the XAS in
determining material characteristics. Materials such as LiNiO, and Mn3;O,4 are taken to achieve this
objective.

2. Experimental Details

The XAS measurements on Ni and Mn K-edges of LiNiO2 and MnzO4 respectively were performed at the
1D KIST beamline of Pohang Accelerator Laboratory (PAL), Pohang, South Korea (Gianolio, 2016).
This beamline operates in top-up mode with the energy of 3 GeV and a beam current of 300 mA. Si (111)
monochromators are used to select energy from a broad energy range of 4-20 keV with an energy
resolution of 10~*. Materials for these measurements were procured from Alfa Aesar. Measured XAS
spectra are normalized and converted to k-space by using ATHENA while the k?>-weighted EXAFS data
is simulated using ARTEMIS (Ravel & Newville, 2005; Husain et al., 2021).

3. Results and Discussion
In this section, results obtained from the XAS study of LiNiO, and Mn3O, are discussed.

3.1 LiNiO2

LiNiO; is one of the important materials that are well known for their applications in rechargeable
batteries as cathodes (Yamada et al., 1995, Kurzhals et al., 2021). LiNiO; has a layered structure formed
by NiO, stacks with intercalating Li layers. Ni ions are arranged in the form of octahedral coordination
with oxygen ions in the material (Chung et. al. 2005). To throw light on the Ni oxidation state in this
material, XAS spectra of Ni metal (Ni oxidation state = 0) and NiO (Ni oxidation state = 2+) are also
measured along with this oxide. XAS signals obtained from the Ni K-edge of these materials are shown in
Figure 1a. These spectra depict a clear difference in the structures (rectangular region) which are due to
the different coordination environment of Ni ions with the nearest neighbor (Guda et al., 2021). The
oxidation state of Ni ions in LiNiO, materials is probed by comparing the XANES spectrum to that of Ni
and NiO (Figure 1b). The main edges were estimated from half of the step height. Arrow in the Figure 1b
depicts step height. The estimated values of main edges are 8332.4, 8340.2, and 8340.7 eV for Ni, NiO,
and LiNiO, materials. The main edge for LiNiO; is higher than that of NiO. This may be due to the
presence of Ni ions in 3+ oxidation state as predicted by the ionic model (Li et al., 2021; Genreith-
Schriever et al., 2022). k>-weighted EXAFS spectra of these materials show a clear difference in the
oscillation patterns which are due to the different kinds of environments of Ni ions in each material
(Figure 1c). This behavior is also reflected in the rectangular region of Figure 1a. Non-phase corrected
Fourier transform of simulated EXAFS spectra are shown in Figure 1d for Ni, NiO, and LiNiO; (Pugliese
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et al., 2022). A quick first shell approach was used to simulate the spectrum by taking Ni-O at 2.50 A in
the case of Ni. On the other hand, two shells, Ni-O and Ni-Ni at 2.00 and 2.85 A are considered for the
case of oxides. Simulated parameters obtained by fitting the spectra are collated in Table 1.

Table 1. Co-ordination number (N), Bond-distance (R), Debye-Waller factor (6), and inner potential shift (€ N
estimated from Ni K-edge spectra of Ni, NiO, and LiNiO.. R-factor represents the goodness of fit.

Materials Shell N R (A) o ( AZ) € (V) R-Factor
Ni Ni-Ni 12.0 2.48+0.01 0.006+0.001 6.5 0.002
NiO Ni-O 6.3+0.8 2.06+0.01 0.005 -5.5 0.02

Ni-Ni 12.4+0.8 2.94+0.02 0.005 -55
Ni-O 5.9+0.6 2.01+0.02 0.018 -0.6 0.01
LiNiO, Ni-Ni 6.6:1.1 2.92:0.01 0.0060.001 0.6

In the case of Ni metal, Ni ions are surrounded by 12 Ni ions, however, Ni ions in NiO have a different
atomic environment as it is surrounded by 6 oxygen and 12 Ni ions. It can be seen clearly that LiNiO2 has
a different atomic environment as it is surrounded by 6 oxygen and 6 Ni ions. This has been reflected in

the quantitative analysis in Table 1.
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Figure 1. Ni K-edge (a) XAS spectra, (b) XANES spectra, (c) k?-weighted EXAFS spectra, and (d) the Fourier
transform of EXAFS signals for Ni, NiO, and LiNiO. In (d), solid circular symbols, curve lines, and straight-line
represent the experimental data, simulated curves, and the fitted window respectively.

3.2 Mn3O4

Mnz0O, is an important material, which finds applications in numerous fields (Chen et al., 2018; Han et al.,
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2020; StoSevski et al., 2021). This material exhibits a tetragonal spinel structure (Chang et al., 2004, Hirai
et al., 2015). The structure may be tuned to orthorhombic depending upon the method of synthesis (Hu et
al., 2017). Hence, Mn K-edge XAS measurements were performed on this material along with reference
materials such as Mn (oxidation state = 0), MnO (oxidation state = 2+), Mn,O; (oxidation state = 3+), and
MnO; (oxidation state = 4+). The Mn K-edge XAS measurements of these materials are shown in Figure
2a. Analogues to Figure 1a, structures in the rectangular region are different, indicating the differences in
the coordination environment of each oxide (Figure 2a). The normalized XANES spectra of these
materials are shown in Figure 2b. Estimated values corresponding to the main edge as a function of the
oxidation state are shown in Figure 2c. The variation is almost linear and follows the following empirical
relation in the case of the Mn oxidation state.

E, = (284 0.1) *x + (6538.7 + 0.4) (1)

where E, is the main absorption edge of the element and x is the oxidation state of the ion.

Mn K-edge for Mn3;O, is 6545.4 eV. Using Equation 1, the oxidation state of Mn ions in Mn3O; is
estimated to be 2.6+. To estimate the fraction of each oxidation state, linear combination fitting (Dwivedi,
et al., 2017c; Singh et al., 2018b) on the XANES spectra of Mn3;O4 was applied by taking spectra of MnO
and Mn,Os as references. This estimates that fractions of 2+ and 3+ oxidation states are 35 and 65 %
respectively.
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Figure 2. Mn K-edge (a) XAS and (b) XANES spectra of Mn, MnO, Mn304, Mn;03, and MnO,. (c) Variation of
main-edge energies with oxidation states of Mn and (d) linear combination fitting of Mn3O4 for MnO and Mn;Os3 as
references (e) pi-diagram showing the fractions of 2+ (MnO) and 3+ (Mn203) in Mn3Oa.
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To investigate the local atomic structure, the EXAFS spectrum of Mn3;O, is simulated. The simulated
spectrum is shown in Figure 3. Simulated parameters are collated in Table 2. Co-ordination numbers and
bond-distances are in agreement with a previously published report by Fritsch et al. (1998).

Table 2. Co-ordination number (N), bond-distance (R), Debye-Waller factor (c?), and inner potential shift (€ O)
estimated from Mn K-edge spectra of Mn;O.. R-factor represents the goodness of fit.

Shell N R (A) o ( Az) €, (V) R-Factor
Mn-O 45 193 0.003 2.04 0.09
Mn-O 0.7 241 -0.012 2.04
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Figure 3. Mn K-edge (a) k?>-weighted (k) vs k spectra of Mn, MnO, MnzO4, Mn,03, and MnO> and (b) simulated
non-phase corrected Fourier transform of EXAFS spectra of Mn3Oa.
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4. Conclusion

Thus, this work demonstrates the use of X-ray absorption spectroscopy in determining the oxidation state,
fraction of each oxidation state, coordination number, and bond-distance in different oxide materials. In
the case of LiNiO,, the value of main edge is higher than that of NiO showing the oxidation state of Ni
higher than 2+. Mn K-edge XAS study shows that the main edge varies almost linearly with Mn oxidation
state. In the case of Mn3O4, Mn oxidation is almost 2.6+. Further, linear combination fitting shows that
the atomic fraction of 2+ oxidation state is almost 35%. Simulation of EXAFS spectra show that Ni ions
are surrounded by 6 equidistant oxygen ions in LiNiO,, however, the case is different for Mn3;O4. Though
Mn ions are surrounded by 6 oxygen ions but they are not placed at the same distance.
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