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Relying on the electron energy loss spectrum (EELS) of metallic elements to obtain microstructure analy-
sis is an investigation method of the reaction mechanisms of transition metal oxides (TMOs) in catalysis,
energy storage and conversion. However, the low signal from K shell owing to insufficient electron beam
energy, and the complicated electronic structure in L shell of the metal element restrict the analysis of
the coordination environment of the TMOs. Herein, density functional theory (DFT) calculation, Fourier
transform (FT) and wavelet transform (WT) were employed to probe the relationship between the four
individual peaks in O K-edge spectra of iron oxides and the microstructure information (chemical bonds
and atomic coordination). The findings show that the peak amplitude ration is in a linear correlation with
the valence state of Fe element, and that the coordination number obtained by radial distribution func-
tion (RDF) is favorably linearly correlative with that from the standard coordination structure model. As a
result, the quantitative analysis on the change of valence state and atomic coordination in microstructure
can be realized by EELS O K-edge spectra. This study establishes EELS O K-edge spectrum as a promis-
ing pathway to quantitatively analyze the valence state and atomic coordination information of TMOs,
and offers an effective method to conduct microstructure analysis via the EELS spectra of the non-metal

element.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition metal oxides (TMOs) have been received widespread
attention as catalysts or electrode materials with the merits of var-
ious valance states and multiphase transition [1-4]. To explore the
reaction kinetics of a catalytic and electrode process, the analy-
sis on microstructural transformation of TMOs is absolutely essen-
tial [5,6]. In general, XRD and in-situ XRD are utilized to obtain
the phase transformation information. X-ray photoelectron spec-
troscopy (XPS) and X-ray absorption fine structure (XAFS) are em-
ployed to investigate the evolution of valence state and coordina-
tion environment for characteristic elements of TMOs. But these
approaches cannot satisfy the collection of the local structure sig-
nal of TMOs [7,8]. Electron energy-loss spectroscopy (EELS) based
on transmission electron microscope (TEM) platform could realize
the local acquisition of the chemical information on distribution,
valence state and coordination environment of characteristic ele-
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ments of TMOs with a high spatial resolution [9]. For instance,
the phase transformation behavior of V,05 under in-situ vacuum
heating and the strong metal-support interaction in Au/TiO, cata-
lysts have been studied by the EELS spectrum to reveal the pro-
cess mechanisms [10-12]. However, the combination of low signal
from K shell and complicated electron structure in L shell of the
metal element of TMOs restrict the analysis of coordination envi-
ronment via collecting the EELS spectra of metal element [13]. Fur-
ther, a limitation appears on the exploration of the microstructural
change of TMOs. Due to the strong bonding between the transition
metal atom and the O atom in TMOs, the O EELS spectrum can
be collected to realize a comprehensive investigation of the local
microstructure of TMOs.

Herein, based on O K near-edge structure, the O K-edge spectra
of iron oxides (FeO, Fe304, y-Fe,05, @-Fe;03) have been collected
as examples to model the reaction process at different stages. The
Fourier transform (FT) and wavelet transform (WT) methods have
also been used to analyze O K-edge extended energy-loss fine
structures (EXELFS), to construct the relationship between charac-
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Fig. 1. The O K-edge spectra (a) and Fe L-edge spectra (b) for iron oxides (FeO,
FE304, ]/—F6203, ot—Fe203).

teristic peaks and microstructure, which provides an effective route
to reveal the fine microstructure of TMOs via the EELS spectra of
the non-metal element.

The O K-edge and Fe L-edge spectra of iron oxides (FeO, Fe3Qy,
y-Fe,03, o-Fe;03) are shown in Fig. 1. There are two peaks in
L-edge spectra of iron oxides in Fig. 1b, which are located in
the ranges of 710—720eV and 725-735eV, respectively. This phe-
nomenon originates from Fe electrons transition from 2p;, and
2py, orbitals to unoccupied 3d states. With the increase of valence
state for Fe in iron oxides, the L, and L; peaks move toward higher
energy and the white-line ratio of Fe L, to Fe L3 also increase. In
the Fig. 1a, there is no distinct difference between the O K-edge
spectra of iron oxides with different valence states. There are four
individual peaks (a-d) in O K-edge spectra, the relative intensity
of peak a (prepeak), located in the range below 540eV, increases
significantly when iron oxide is changing from FeO to «-Fe;0s. It
corresponds to the transition from the O 1s core state to the un-
occupied state of O 2p hybridized with Fe 3d states. As reported
in the literature [14,15], the intensity of peak a is closely related to
the occupancy number of the Fe 3d orbital, the coordination geom-
etry around the O atom, and the bond length between O atom and
nearest neighbor Fe atom. The Peak b is emerged at around 543 eV,
generally speaking, resulted from the O 2p unoccupied state hy-
bridized with Fe 4s and 4p states. The relative weak peak c located
at around 550eV and the broad peak d centered at around 565 eV
can also be observed in Fig. 1a. However, there exists a remarkable
controversy on whether peak ¢ and peak d belong to EXELFS or
energy-loss near-edge structure (ELNES) [15,16]. There is one point
of view, peak d stems from the backscattering in the first shell of
Fe atoms and peak c is attributed to the backscattering in the sec-
ond shell of O atoms [15].

Due to random arranged oxygen vacancies, the accurate crystal
model of y-Fe,03 is hard to be set up. In consideration of simi-
lar crystal structure and electronic structure between y-Fe,05 and
Fe30y4, the O K-edge ELNES simulation of Fe304 can be substituted
for that of y-Fe,03. In order to explore the origin of these charac-
teristic peaks, the crystal models of FeO, Fe304 and a-Fe,03 have
been established, as shown in Figs. 2a-c. Based on these struc-
tures of common iron oxides, the O K-edge ELNES spectra for these
three iron oxides have been simulated through WIEN2K, as shown
in Figs. 2d-f. The electron configurations of the associated oxy-
gen polyhedral ligands are shown in Fig. S1 (Supporting informa-
tion) [17]. The FeO is an antiferromagnetic material with NaCl type
structure (Fig. 2a). There are three peaks centered at 532, 536 and
539eV in a simulation of FeO ELNES spectra (Fig. 2d), and the
peaks located at 532 and 539eV correspond to peak a and peak
b in O K-edge spectra (Fig. 1a). However, there is no peak in Fig.
1a corresponding to the peak at 536eV observed in the O K-edge
spectra in Fig. 2d. Moreover, the position of peak b from the sim-
ulation is lower than that from the experimental spectra. This is
due to the presence of cationic defect sites within FeO as a non-
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Fig. 2. The crystal structures and corresponding simulations of O K-edge ELNES
spectra for FeO (a, d), Fe304 (b, e) and «-Fe,03 (c, f).

stoichiometric compound, which leads to a slightly higher average
valence of Fe than 2+. The Fe304 is a typical ferrimagnetic mate-
rial with an inverse spinel structure, in which the oxygen ions form
a face-centered cubic lattice and the Fe atoms occupy tetrahedral
and octahedral sites. Two different sublattices are formed by these
Fe atoms in different oxygen polyhedral center sites, which are
coupled in antiferromagnetic forms (Fig. 2b). In the simulation of
Fe304, there are two peaks centered at 530eV and 540eV (Fig.
2e), corresponding to peak a and peak b in experimental spectra
of Fe3Qy4, respectively. The spin polarization effect on the spec-
tral structure is also shown in Fig. 2e. Compared to the spin-up
spectra, the peak a of spin-down spectra appears splitting, which
is similar to the feature of w-Fe,03 simulated spectra. Meanwhile,
the a-Fe,03 has a hexagonal structure with oxygen close stacking,
and exhibits antiferromagnetism and relatively high thermal stabil-
ity (Fig. 2c). Similar to the case of Fe304, the simulated spectrum
of «-Fe,03 also has two peaks centered at 530 and 540eV, cor-
responding to peak a and peak b. The difference is that the sim-
ulated peak a of «-Fe,03 appears splitting (Fig. 2f). Although this
phenomenon could not be observed in the experimental spectra
due to low energy resolution, it is feasible to observe split peak by
continuously improving the resolution.

In the Fig. S1, the diagrams of molecular orbital for octahedral
ligands of (FeOg)'0~, (FeO4)°~ and (FeOg)°~ are shown. Combined
with this figure and density of states calculations, the influence of
electronic structure on the O K-edge spectra can be further under-
stood. The spin-up states of spin-up polarized Fe atoms and spin-
down states of spin-down polarized Fe atoms are both under Fermi
energy, it is in accord with the character of high-spin electronic
configurations. In other words, the suborbitals of d electron are oc-
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cupied by at least one electron in iron oxides. The O atoms around
iron atom not only split d electron orbital into eg and t,g states,
but also hybridize with partial energy-level (3d, 4s and 4p states)
of Fe atom. The energy states of lone-pair electrons in O atoms
are denoted as o. In the oxygen octahedral ligands ((FeOg)!?~ and
(FeOg)?-), six undifferentiated o states are hybridized with the eg,
4s and 4p states of Fe atom, to form bonding orbital a;g, tyy, eg,
and antibonding orbital a;¢*, t;,*, €g*. Without hybridization, Fe
tyg state forms a non-bonding orbital. As for oxygen tetrahedral lig-
and ((FeO4)*~), four undifferentiated o states are hybridized with
the 4s and 4p states of Fe atom, to form bonding orbital ajg, tqy,
and antibonding orbital a;¢*, t;,*. Meanwhile, Fe t;; and eg states
form two non-bonding orbital without hybridization. From these
diagrams, the different ligand structures of iron oxides can result
in different unoccupied energy state distribution. As shown in Fig.
S2 (Supporting information), the O 2p orbitals and Fe 3d orbitals of
FeO, Fe304 and o-Fe,03 with different spin directions are clearly
presented. By analyzing the electronic structures of these three
iron oxides, it can be found that unoccupied states of O 2p elec-
tron, which hybridized with Fe 3d electron, are mainly distributed
above the Fermi energy 0—5 eV. This indicates that the K-shell ion-
ization edge from threshold energy 0—5 eV (peak a structure) could
be caused by electron transferring from 1s orbital to the antibond-
ing orbital formed by Fe and O hybridization. It is confirmed that
peak a structure in oxygen ELNES is related to the Fe-O bond.

In FeO, Fe atoms have four electrons in the tyg orbital, which
means that electron numbers of dyy dy, dx., orbital are not equal,
causing the tg orbital to be split (known as the Jahn-Teller effect).
This can be seen in Fig. S2a, the spin-up Fe atoms (red line) have
two relatively sharp peaks in spin-down states, which appear at
occupied states (near Fermi energy) and unoccupied states (about
1.2 eV), respectively. These two peaks both belong to tp, orbital.
Some suborbitals, which could be fully occupied, are pulled down
in energy until they are near the Fermi energy. Others increase in
energy and lead to a decrease in the splitting energy between eg*
and tg orbitals. With only three electrons in tpg orbit, there is
no Jahn-Teller effect in «-Fe,03. Therefore, the phenomenon that
two relatively sharp peaks appear above Fermi energy can be ob-
served in Fig. S2¢, corresponding to eg* and t,, orbits, respectively.
The structure of Fe30,4 is relatively complex, including not only
two kinds of oxygen octahedral ligand structures (FeO type and «-
Fe,03 type), but also oxygen tetrahedral ligand structure. In Fig.
S2b, we can observe that the unoccupied energy state of spin-up
Fe atom (located at the center of octahedral ligand) has both the
features of a-Fe,03 and FeO. The partial t,, states reduce energy
and form occupied states (FeO feature), t; and eg states are dis-
crete and easy to identify («-Fe,03 feature). In the spin-down Fe
atom (located at the center of tetrahedral ligand), the tyg orbital
energy is higher than eg orbital energy, however, the splitting en-
ergy is smaller than that in octahedral ligand. Therefore, the split-
ting degree of peak a for Fe;04 is between the two cases of FeO
and «-Fe,03 due to the overlapping electron structures from these
different ligands.

The near edge fine structure simulation results of iron oxides
do not reveal the origin of peaks b, ¢, and d, suggesting that these
peaks may belong to extended edge fine structure. This part of
the spectral structures originates from interference between the
ejected electron of the excited atom and the backscattered electron
from the neighbor atom. It is beneficial to analyze the extended
edge fine structure for revealing the coordination of neighboring
atoms around oxygen atoms. In order to show the coordination
of oxygen atom, the radial distribution function (RDF) obtained
by Fourier transform (FT) is used to describe the distribution of
neighbor atoms. Firstly, the oscillating part of EXELFS x (k) is ob-
tained by the piecewise spline function fitting method with 5% or-
der [13,18]. Then, before Fourier transform, x (k) is reduced noise,
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Fig. 3. The radial distribution function (a), wavelet analysis contour (b) and oscil-
lating part of EXELFS (c) of O atoms in «-Fe;0s3.

and the de-noising effect is shown in Fig. S3 (Supporting informa-
tion). As the backscattering amplitude factor presents a strong de-
pendence on the atomic number Z, different atomic backscatters
from the heavy atom and light atom are localized in the different
k-space. Therefore, the type of atoms can be distinguished by R~k
two-dimensional relationship diagram of k"-weighted EXELFS [19-
21]. To achieve this purpose, wavelet transform (WT) is applied for
obtaining of R~k two-dimensional relationship diagram.

The Fourier transform (FT) and WT analysis results of «-Fe;05
are displayed in Fig. 3, and corresponding results for FeO, Fe304
and y-Fe,03 are presented in Figs. S4-S6 (Supporting information),
respectively. Taking «-Fe,O5 as an example, the RDF (Fig. 3a) could
be obtained by the oscillation signal which is (k) spectrum mul-
tiplied by window function W(k) and amplitude modulation factor
k (Fig. 3c). Although the distance of neighbor atoms can be deter-
mined by the peaks in RDF, some fake peaks derived from the data
truncation, would appear in the curve. Therefore, the wavelet anal-
ysis diagram that representing the relation between interatomic
distance R and wave vector k, would be helpful in identifying the
actual neighboring atoms. In the wavelet analysis results (Fig. 3b),
a lobe is localized in the Ak ~(0-6.5) A~! and R ~(15-3.5) A
range. By changing window function W(k) range, wavelet analysis
results of two regions (with or without b, ¢, and d structure) were
obtained. In the region including b, ¢, and d structure (Fig. S7b
in Supporting information), a lobe centered on R=2.5A could be
found in the wavelet analysis contour. The result does not suggest
that there are some neighbor atoms at 2.5A from the central O
atom. In fact, this situation is due to the common effect of neigh-
bor atoms backscattering at 2A and 3 A. However, the broadening
effect due to the extreme small range, would cause an overlap of
two lobes overlapping. In the region without b, ¢, and d struc-
ture (Fig. S7c in Supporting information), only a lobe centered on
R=2A could be found in the wavelet analysis contour. This indi-
cates that lobe in Fig. 3b is made of the overlapping of two small
lobes. By comparing with the center of two lobes, peaks located
at 2A and 3A can be determined that they are corresponding to
the nearest neighbor Fe atom and O atom, respectively. The simi-
lar results could also be obtained in the cases of FeO, Fe30,4 and
y-Fe,03, as shown in Figs. S4-S6. Overall, the O K edge extended
fine structure is mainly caused by the backscattering of the near-
est Fe atom. In addition, the b, c and d peaks are affected by the
backscattering of the second neighbor O atoms.

Based on the analysis above, an effective method could be pro-
posed in order to analyze oxides microstructure quantitatively. It is
easy to obtain the valence state from near edge structure, which
reflects the electronic structure of the material. The basic edge
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Fig. 4. The fitting diagram of O K-edge structures (a) and radial distribution func-
tion (b) in «a-Fe,03 nanorods. The coordination structures of oxygen atom in FeO
(c), Fe304 (d) and «-Fe,03 (e).

shapes of the O K spectrum are saw tooth, and with additional fine
structures. Since the peak a reflects the chemical bonding between
oxygen and transition metal, if more d electrons of transition met-
als are involved in bonding, more antibonding orbitals will be pro-
duced accordingly. In short, the intensity of peak a relative to the
ionization edge main structure is positively correlated with the va-
lence state of transition metal. For convenience of use, instead of
using the hydrogenic model or Hartree-Slater method to calculate
the basic shape of O K-edge, it can be used to estimate valence
state by simply measuring the peak amplitude ratio of peak a to
peak b. Although, the peak b is affected by the electronic struc-
tures of oxide, the body is mainly influenced by the inelastic scat-
tering of incident electrons. The relative amplitude between peak a
and peak b has been measured by Gaussian fitting method, shown
in Table S1 (Supporting information). In Fig. 4a, the fitting diagram
of a-Fe, 03 is displayed. The analytic result indicates that there is a
linear correlation between the relative amplitude and the valence
state of Fe, and that the relative amplitude can be considered as
the calibration for a valence state. The extended edge structure re-
flects the coordination information of atoms around oxygen atom,
consequently, the ratio of the nearest neighbor atoms to the sec-
ond nearest neighbor atoms around the oxygen atom can be ob-
tained via Gaussian fitting (Fig. 4b), the analysis result is listed in
Table S2 (Supporting information). Fig. 4b shows the fitting dia-
gram of the radial distribution function in «-Fe;05. The coordina-
tion structure models of oxygen in different iron oxides have been
established, as shown in Figs. 4c-e, to investigate the relationship
between the result and oxygen coordination. Therefore, the atoms
near oxygen atoms from these iron oxides are focused on dur-
ing the research process. The coordination structure of FeO with 6
nearest neighbor iron atoms and 12 second nearest neighbor oxy-
gen atoms distributed around the central oxygen atom is presented
in Fig. 4c, and the valence state of all iron atoms is +2. Fig. 4d
shows the coordination structure of Fe;Q4, in which the central
oxygen atom is surrounded with 4 nearest neighbor iron atoms
and 12 second nearest neighbor oxygen atoms. The distances from
four iron atoms to the central oxygen atom are different, one iron
atom is farther away from the central oxygen atom than the other
three iron atoms. This iron atom is in the center of the tetrahedral
ligand and the other three iron atoms are in the center of the octa-
hedral ligand. As for the coordination structure of «-Fe;03, which
has 4 nearest neighbor iron atoms and 12 second nearest neighbor
oxygen atoms surrounded the central oxygen atom, the distances

4378

Chinese Chemical Letters 33 (2022) 4375-4379

between four iron atoms to the central oxygen atoms are identical.
Considering that FeO as a nonstoichiometric compound, its actual
structure can be expressed as Fegg30~Feqg50 due to a large num-
ber of cation defects. So this means that the ratio of coordination
number needs to be corrected to 1.349~1.544 for FeO model. Al-
though the ratio of coordination number obtained by RDF function
is not equal to that from the coordination structure model, there
exists a linear correlation between them. When these experimental
values multiplied by about 1.176, it is that these experimental val-
ues are in good agreement with the values in the model. Although
the nature of the coefficient 1.176 is not yet clear, however, the
value of the coordination number can be accurately determined
by using standard samples in the process of practical application,
thus avoiding the determination of this coefficient. Therefore, the
quantitative analysis on the change of atomic coordination in mi-
crostructure can be realized by extended edge fine structure. In or-
der to reveal the coordination structure of oxygen atoms more ac-
curately, the future research and investigation would be required.

In summary, an approach of resolving EELS spectra to analyze
fine microstructures of TMOs by the O-K than Fe-L was proposed.
Relied on the corporation of DFT calculation, Fourier transform (FT)
and wavelet transform (WT), the relationship between electron en-
ergy loss O K spectra and microstructures for iron oxides was in-
vestigated in detail. The origins of four individual peaks in O K-
edge spectra have been interpreted by the comparison between ex-
perimental spectra and simulated spectra, and the contrasts among
wavelet analysis contours of O atoms with different wave vector
ranges. Consequently, the quantitative analysis on the change of
valence state and atomic coordination in microstructure can be re-
alized by the near edge structure and extended edge fine structure,
respectively. This analytical method based on EELS O K-edge spec-
tra could obtain valuable structural information for TMOs, which
encourages the quantitative structure-activity relationship building.
Furthermore, this method via EELS spectra of non-metal element
can expand the research on the microstructures of TMOs.
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