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X-ray spectroscopic study on transition metal oxide-based catalysts and

battery materials
Z. Hu* and L.H. Tjeng™*

Using in-situ/in-operando and ex-situ x-ray absorption spectroscopy (XAS), we have investigated transition
metal oxide-based catalysts for water splitting and CQO, reduction, as well as transition metal oxide battery
materials for energy storage. These studies aim to the development of promising solutions for mitigating

global warming and reducing environmental pollution.

Over the past three years, we have intensified our ef-
forts to investigate transition metal oxide-based cata-
lysts and battery materials using synchrotron radiation-
based spectroscopies. Our primary objective is to un-
derstand the electronic states of transition metal ions
during various operational processes. Leveraging our
long-standing expertise in soft X-ray absorption spec-
troscopy (soft-XAS), we ensure not only the reliable
and precise acquisition of experimental data but also
the detailed and nuanced analysis of the resulting spec-
tra. These efforts are further supported by our extensive
database of energy-calibrated reference spectra, accu-
mulated over the past 30 years

We analyzed the spectra using configuration-interaction
(CI) calculations that include full atomic-multiplet the-
ory. Clis essential for accurately capturing covalency in
these strongly correlated systems, as covalency reflects
the presence of ligand hole states, which play a pivotal
role in catalytic processes and the charging-discharging
cycles of batteries. Incorporating full atomic-multiplet
theory is crucial not only for accurately representing the
energy structure of the soft-XAS final states but also for
deriving the correct total energy level diagram for the
ground and initial state configurations.

We collaborated closely with partners specializing in
catalyst and battery research, focusing on systems that
align with our expertise in soft-XAS and transition
metal compounds. In most cases, we successfully ex-
tracted detailed information about the charge, orbital,
and spin states of the ions. Our work in this field has
led to over 130 publications during the 2021-2024 cen-
sus period, marking a significant increase compared to
the 2018-2021 period. This growth reflects the rising
interest within the scientific community in leveraging
our expertise. Notably, 29 of these 130 publications ap-
peared in journals with an impact factor greater than 20,
including 14 in Nature Communications [1-43].

Protective coating of LiNiO, for all-solid-state-
lithium-battery applications [2]

To illustrate our achievements, we highlighted in the
main report our spectroscopic study of LiNiO, as cat-

alyst for oxygen evolution reaction (OER) [35]. Here,
we present our other study on LiNiO,, this time as a ma-
terial in an all-solid-state lithium battery (ASSLB) [2].
LiNiO, has not yet achieved commercial success in
conventional lithium-ion batteries due to its severe ther-
mal instability when paired with flammable liquid elec-
trolytes. This significant drawback can lead to thermal
runaway, particularly in the charged (delithiated) state.
In contrast, ASSLBs use solid electrolytes and elimi-
nate the need for volatile, flammable solvents, offering
superior safety features. As a result, ASSLBs may en-
able the adoption of high-energy LiNiO, cathodes for
commercial applications.

Among the various types of solid electrolytes, sul-
fide solid electrolytes are the most suitable for use in
all-solid-state batteries for electromobility, where both
high energy and high power densities are required.
Unfortunately, the most promising sulfide solid elec-
trolytes have a narrow electrochemical stability win-
dow, which limits their compatibility with high-voltage
cathodes. A promising approach to overcoming this
challenge is coating high-voltage cathodes with chem-
ically compatible, stable buffering layers that have
high ionic conductivity but low electronic conductiv-
ity. However, the most commonly used coating layers
in high-performance ASSLBs often rely on expensive
elements (e.g., Nb, Ta, La, and Zr) to achieve the nec-
essary ionic conductivity. In this study, our collabo-
rators investigated the low-cost ultrathin LixAlxZn,O
(LAZO) protective layer as a coating material for the
LiNiO, cathode. We analyzed the chemical stability
of the system using soft X-ray absorption spectroscopy
(soft-XAS).

The purple curve in Fig.la shows the NiL;3 XAS
spectrum of pristine LiNiO,, which is nearly identi-
cal to the Ni** spectrum (primarily 3d®L character)
of LiNiO, observed in the OER experiment [35], as
shown by the black curve in Fig. 1c. The purple curve
in Fig. 1b displays the spectrum of LiNiO; protected by
LAZO. Although it appears similar to the pristine case
at first glance, the ratio of peak A to peak B has in-
creased slightly. Since the NiO spectrum has its main
peak only 0.29eV below peak A (see blue curve in
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Fig. 1: Ni L 3 soft x-ray absorption (XAS) spectra of (a) unprotected LiNiO, and (b) LiyAl,Zn,0 s (LAZO)-coated
LiNiO; under various conditions (see text). Panel (c) displays the spectra of LiNiO, in an OER set-up and of NiO

as a Ni** reference material.

Fig. 1¢), we attribute the increase in peak A to the for-
mation of Ni?* ions, suggesting that the deposition of
the LAZO overlayer caused a chemical reaction with
the LiNiO,. Upon assembling the ASSLB device, peak
A further increases for both the unprotected LiNiO,
(Fig. 1a) and the LAZO-coated LiNiO, (Fig. 1b), indi-
cating further chemical reactions that additionally con-
vert Ni** to Ni** in the cathode material.

Charging the devices to 4.3 V brings the LAZO-coated
LiNiO; to the same chemical state as the LiNiO, af-
ter the OER experiment, while the uncoated LiNiO,
shows a slight change in valence state due to side
chemical/electrochemical reactions with the solid elec-
trolytes. This can be seen by comparing the green
curves in Fig. 1a and 1b with the black dotted curve in
Fig. Ic. The spectrum consists of roughly 75% Ni*
(3d8L?%) and 25% Ni** (3d8L) species in the cathode
material [35]. Discharging the device returns the cath-
ode material to its Ni** state, as shown by the yellow
curves in Fig. 1a and 1b. However, the amount of Ni**
species strongly depends on whether the cathode ma-
terial is unprotected or covered by LAZO. After 200
cycles of charging and discharging, the effect of the
LAZO overlayer becomes clear: the LiNiO, cathode
material remains in the same chemical state as it was
in the pristine condition, while the unprotected LiNiO,
cathode shows a significant amount of Ni** species, in-
dicating permanent damage to the device. This study
demonstrates that LAZO is a promising low-cost pro-
tective layer that can make LiNiO,-based ASSLBs suit-
able for commercial applications.
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Evolution of defect-rich Co3;0,4 cathode material un-
der OER conditions [44]

Another example of how our long-standing expertise in
soft-XAS can aid in analyzing changes in the chemi-
cal state of a catalyst material under in-operando con-
ditions is our study on defect-rich Co304 (D-Co0304)
nanosheets for OER applications [44]. D-Co304 has
been widely reported as an advanced OER electrocata-
lyst; however, the role of the defects has not yet been
fully understood. In this study, we investigated the evo-
lution of the material by performing an in-operando
soft-XAS experiment, which is challenging because it
requires designing and operating an instrument capable
of separating the liquid from the ultrahigh vacuum.

Stoichiometric Co3O4 bulk spinel has an average Co va-
lence of 2.67+, with two Co>* ions octahedrally coor-
dinated by oxygen ions and one Co”* ion tetrahedrally
coordinated. In contrast, D-Co304 nanosheets under
in-operando conditions exhibit a significantly different
charge state. This is already evident at open-circuit po-
tential (OCP). Figure 2a shows the Co L2, 3 XAS spec-
trum of the material, alongside the (weighted) spec-
tra of CoO, YBaCo3zAlO; [45], and Li,Coy04 [46].
Here, CoO represents an octahedrally coordinated high-
spin Co®* system, YBaCo3AlO; represents a tetrahe-
dral high-spin Co?* system, and Li,Co0,0, represents
an octahedral low-spin Co** system. Under open-
circuit potential, the spectrum of D-Co3zO4 can be re-
produced with about 15%, 35%, and 48% respective
contributions, yielding an average Co valence of 2.44+.
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Fig. 2: Co Ly 3 soft x-ray absorption (XAS) spectra of
defect-rich Co304 nanosheets in-operando: (left panel)
under open-circuit-potential (OCP) and (right panel)
at 1.70V potential. Spectra of CoO, YBaCo3AlO7,
LiyCo,0y4, and BaCoOj5 are included as reference.

Under OER conditions, i.e., at a 1.70 V potential vs.
RHE, the D-Co30,4 nanosheet spectrum undergoes sig-
nificant changes, as shown in Fig.2b. To analyze the
data, we include the spectrum of BaCoOs3 as a refer-
ence for an octahedrally coordinated low-spin Co** sys-
tem [47]. The weights of the reference spectra in the
simulation that reproduces the spectrum are approxi-
mately 3%, 5%, 69%, and 23%, respectively. The av-
erage Co valence in the D-Co304 nanosheet material
under OER conditions is about 3.15+. Furthermore, the
simulation indicates that the tetrahedrally coordinated
Co ions have almost disappeared, and that thus the ma-
terial has undergone an irreversible change during the
OER process.
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