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Development of Electrochemical Techniques for
Defect Engineering on Advanced Energy Materials

Highly efficient energy storage/conversion devices such as fuel cells and

NAKAMURA Takashi

advanced batteries are expected as key technologies for carbon-neutral and

sustainable society by utilizing clean hydrogen. In energy functional materials

for above-mentioned applications, defects like oxygen vacancy play an impor-

tant role for their material functionalities. Therefore, understanding true proper-

ties of defect is essentially important for defect engineering. The author has

been working on the establishment of electrochemical techniques which enable

direct evaluation on defect functionality. Furthermore, we have been developing

defect control technologies. In this paper, some examples of defect engineering

on catalysts and battery materials are given.

Introduction

For the realization of carbon-neutral and sustainable soci-
ety, efficient utilization of renewable energy is essential.
For that, advancing energy conversion/storage technolo-
gies such as hydrogen production, rechargeable batteries,
electrolysis and fuel cells are important. Cation doping is
the most common and effective strategy to advance func-
tionalities of the component of above-mentioned energy
conversion/storage devices. However, cation doping is
becoming less effective since it has been widely examined
so far. For further development of energy functional
materials, we focus on the utilization of defects which
inherently exist in the materials and play an important
role for catalytic, electric and electrochemical properties.
It is important to understand decisive factors for the func-
tionalities and establish rational guidelines for defect

engineering based on fundamental sciences. Moreover,
developing defect control technology is also important
goal of our work to exceed the present limit of the mate-
rial exploration. For the first topic, we have been working
on the development of functional energy materials which
inherently contain electrochemically active point defects
such as oxygen vacancy (unoccupied oxygen site) and
interstitial oxygen (excess oxygen at cryptographically
vacant space), and for the second topic, we advanced the
electrochemical cell as a reactor which can flexibly con-
trol defect structure in the target material. Impacts and
future benefit of the applicant’s work is summarized in
Figure 1.

Readout  English Edition No.57 August 2023

25




F eature Article

Development of Electrochemical Techniques for Defect Engineering on Advanced Energy Materials

—| Impact of this work I—

O Establishing defect
control technology

(PBF,/Pb ) /pu 2
@ - o -
ABO &
PbC, /Ph
1:; @ -> o
(e, ]

0O Deep understanding of
defect functionality

@

Contributions to science — Contributions to industry
» Solid state ionics » Energy conversion
» Electrochemistry » Catalysis
» Solid state physics ... » Electronic devices ...

<&

Figure 1 Impacts and future benefits of the present work.

Formation of oxygen defects in layered
perovskite oxides (La,Sr):NiOy,s

Perovskite-related oxides are regarded as promising water
splitting catalysts and electrode materials for fuel cells."”
Their catalytic properties are strongly influenced by
oxygen defects such as oxygen vacancy and interstitial
oxygen, and therefore, understanding the mechanism of
oxygen defect formation is essentially important. Here, to
investigate oxygen defect formation in layered perovskite
oxides (La,Sr),NiO,.; (Figure 2-a), we applied two experi-
mental techniques. One was the thermogravimetry (TG)
which can evaluate oxygen content variation by detecting
the weight change due to oxygen defect formation, Aw;,
and the other was coulometric titration (CT) which can
evaluate oxygen content and equilibrium oxygen chemical
potential by using the electrochemical cell composed of
an oxide-ion conductor. For TG, very accurate symmetri-
cal balance is installed into glass/ceramics chamber where
temperature and atmospheric condition are controlled by
a heater and gas-mixtures (Figure 2-b). Variation of
oxygen content can be evaluated from the weight change by

g = Me B 0
MO Ws

where Ao, M, My, and w, are the relative variation of
oxygen nonstoichiometry, the formula weight of the
sample and oxygen atom, and the weight of the specimen,
respectively. Controllable P(O,) range by O,-Ar gas-mix-
tures is 10 to 1 bar. This is not enough to evaluate the
oxygen defect formation in (La,Sr),NiOy.s.

During the CT measurement, the amount of oxygen in
the specimen was controlled by the electric charge
passed through the cell. After a specified amount of
electric charge was passed, Ad was calculated by the
equation
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where C and F is the total amount of electric charge and
the Faraday constant, respectively. Equilibrium oxygen
partial pressure, P(O,)., corresponding to a certain oxygen
content was obtained from the electromotive force between
the inside and the outside of the cell, £, under the equilib-
rium state as

4FF
P(02)eq = P(OZ)REeXp( R ) €)

where P(O,)re, R, and T are the oxygen partial pressure at
the reference electrode, the gas constant and the tempera-
ture, respectively. The oxygen content was determined by
the weight change of the sample after reduction decompo-
sition under hydrogen atmosphere.

Figure 2-b, 2-c and 2-d shows the oxygen content varia-
tion of La,;NiOy,s, La; §Sro,NiO4s and La,; 6Sro4NiOy.s as a
function of equilibrium oxygen partial pressure.”” Since
both TG and CT were applied complementary in this
work, oxygen defect formation under wide P(O,) range
was successfully evaluated. La, Sro,NiO,-; showed repre-
sentative oxygen content variation behavior of a layered
perovskite oxide. In high P(O,) atmosphere, La;Sry,NiOy.s
showed oxygen-excess composition by accepting interstitial
oxygen in the rock-salt structure, while it showed oxygen-
deficient composition by oxygen vacancy formation in
low P(O,) atmosphere. Plateau-like behavior of the oxygen
content against P(O,) was reasonably observed near the
stoichiometric oxygen composition (4+J ~ 4.00) which is
consistent with thermodynamic estimation.”’ Such oxygen
defect formation also depends on the acceptor concentra-
tion, Sr content in this system. As Sr concentration
increases, the oxygen vacancy formation proceeds easier,
while the formation of interstitial oxygen needs stronger
driving force.

The observed oxygen defect formation mechanism was
investigated by defect chemical and thermodynamic anal-
yses. The defect equilibrium model was established from
the site conservation, defect equilibrium reactions and
charge neutrality under the rigid band approximation with
p-type degenerated electronic state
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where [07], [Vi*], [h*], 4Gy, AG¢, K¢, a, and Dyg are the molar
concentration of interstitial oxygen, that of vacant interstitial
site, that of hole, the Gibbs free energy change of interstitial
oxygen formation, that of oxygen Frenkel formation, the
equilibrium constant of oxygen Frenkel defect formation, the
regular solution parameter and the density of state of the
valence band. The derivation of the above defect equilibrium
model is summarized in our work.”) The calculated 6-T-
P(O,) relation is added in Figures 2-b, 2-c and 2-d. As
illustrated, the defect equilibrium model can explain oxygen
composition variation with 7" and P(O,) very well, meaning
that the defect structure under certain 7 and P(O,) can be
estimated precisely by this model. Such fundamental knowl-

Lattice oxygen stability in lithium-ion battery
cathode materials Li(Ni,Co,Mn)O,

Transition metal oxides are key components of second-

ary batteries such as alkali metal-ion and anion batter-
ies, sufficient stability of which is thus vitally
important for ensuring high energy density and safety.
However, problems attributed to the lattice oxygen
instability in transition metal oxide cathodes have been
widely reported, such as capacity degradation, gas gen-
eration and catastrophic thermal runaway.®” These
highlights the importance of insight into decisive fac-
tors for lattice oxygen stability. In this section, our
recent works on the evaluation of lattice oxygen stabil-
ity in layered rock-salt Li(Ni,Co,Mn)O, are summarized.

edge about oxygen defect formation is essentially important
to design defect structures and maximize the functionalities

of oxygen defects.

We succeeded to evaluate the oxygen release behavior
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Figure 2 (a) Crystal structure of (La,Sr).NiO,,s. Oxygen content variation (oxygen nonstoichiometry) of (b) La,NiO4.s,
(c) LaygSro2NiO4,s and (d) LaseSre4NiO4.s as a function of equilibrium oxygen partial pressure. Closed and
open symbols were measured by thermogravimetry and by coulometric titration, respectively. Calculated &-T-
P(O.) relation by the defect equilibrium model (Eq. 4) are shown as solid lines.
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of lithium-ion battery cathode by applying the high-
temperature solid-state-ionic techniques shown in the
previous section, namely TG and CT. Oxygen release
behavior and relevant changes in crystal and electronic
structures were investigated and analyzed based on

defect chemistry and thermodynamics.™”

The molar ratio of oxygen over transition metal, O/TM,
against P(O,) in LiNi;;5Co;3Mn;;30, (NCM111) is sum-
marized in Figure 3-a. In the figure, O/TM = 2 repre-
sents the stoichiometric oxygen composition and O/TM
< 2 represents the oxygen deficient composition. The
oxygen content of the pristine NCM111 was determined
by iodometric titration. The oxygen content decreased
along with lower equilibrium P(O,) in the gaseous
phase. With totally 4.8 mol% oxygen deficiency intro-
duced in the lattice, NCM111 remained its original lay-
ered rock-salt structure without phase transformation
or reduction decomposition as confirmed by XRD
(Figure 3-b). All XRD profiles of the oxygen-deficient
NCMI11 were indexed by R3m, and no impurity peak
was observed by oxygen release. However, gradual
broadening of diffraction peaks was observed with
increasing oxygen deficiency. This indicated the deteri-
oration of crystallinity with oxygen deficiency, despite
changes of grain size and morphology was not signifi-
cant. Diffraction peaks shifted to lower angle with
oxygen release, indicating the expansion of the crystal
lattice. In addition, the intensity ratio the 003 and 004,
Loos/I104, declined from 1.36 in the pristine to 0.80 in the
4.8 mol% oxygen-deficient NCM111, indicating disor-
der of the layered structure by anti-site defect forma-
tion (exchange of Li and Ni) as reported in earlier

works. '

To investigate the charge compensation
mechanism due to oxygen release, oxygen-deficient
NCMI11 (0.5 mol%, 2.0 mol%, 3.5 mol% and 4.8
mol%) were characterized by X-ray absorption spec-
troscopy (XAS), and transition metal L-edge spectra
are summarized in Figure 3-c, 3-d and 3-e. Probing
depth of the fluorescence X-ray mode is typically hun-
dreds nanometers which is close to the size of as-syn-
thesized primary particles, therefore obtained data
reflect the bulk information. In Ni L-edge spectra, the
intensity of the peak around 855 eV (L edge) decreases
slightly from the pristine to the samples with 0.5 mol%
and 2.0 mol% oxygen deficiency, and keep invariant
with further oxygen release. These spectral changes
suggest that high-valent Ni was reduced to Ni*" until 2.0
mol% oxygen release, and was invariant by further
oxygen release. The reduction behavior observed for Ni
suggests the existence of small quantity of Ni*" in the
pristine sample, which can be explained by negative
defects such as cation vacancy or excess Li at the tran-

sition metal site ( Liry; ). In Co L-edge spectra, there
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was no observable spectral variation until 0.5 mol%
oxygen deficiency, while the shoulder peaks around 778
eV in Ly; edge appeared with 2.0 mol% oxygen release,
indicating that Co was reduced from ca. 0.5 mol% of
oxygen loss. The increase of shoulder peaks with
oxygen loss suggest that Co acted as the main reduction
species when the amount of oxygen loss exceeded 0.5
mol%. The absorption spectra of Mn showed no signifi-
cant change from the pristine to 4.8 mol% oxygen
release, meaning that the contribution of Mn*" reduc-
tion is negligibly small in NCM111. From the spectral
changes at Ni, Co and Mn L-edge, the charge compen-
sation mechanism due to oxygen release in NCMI111
can be explained as follows. In the initial stage of
oxygen release only high-valent Ni is selectively
reduced followed by the selective reduction of Co’
species, while the reduction of Mn*" is negligible.

As discussed, the charge neutrality was balanced by
selective reduction of high-valent Ni in the initial stage
of oxygen release in NCMI111. This strongly indicates
that the presence of high-valence Ni significantly destabi-
lizes lattice oxygen and facilitates oxygen release. To
confirm this hypothesis, oxygen release from high Ni
concentration NCM series, LiNipsC0q.Mng;0, (NCM
523) and LiNisC00,Mn,,0, (NCM622), were investi-
gated in a similar manner. Because nominal oxidation
state of Ni in NCM111, NCM523 and NCM622 is 2, 2.4
and 2.667, respectively, oxygen release easily proceeds
in high Ni NCM. As summarized in Figure 3-f, the ¢
vs. P(O,) curve of NCM622 appears in higher P(O,)
region than that of NCMI1I11, while NCM523 shows
similar oxygen release behavior to NCM622 except 2-0
< 1.93. These results indicate that lattice oxygen is less
stable with increasing Ni valence state and support our
hypothesis that high-valent Ni destabilizes lattice
oxygen. For more quantitative discussion, partial molar
enthalpy of oxygen, (ho-h3), was calculated from 5-T-
P(O,) relation which represents necessary energy for
oxygen release. Figure 3-g shows -(ho-hQ) as functions
of the amount of released oxygen & and reduction spe-
cies during oxygen release; circular symbols show Ni
reduction and square symbols show Co reduction. As can
be clearly confirmed, -(/o- hQ), in other words necessary
energy for oxygen release, essentially depends on reduc-
tion transition metal. Oxygen release with Ni reduction
needs less than 0.5 ¢V, while that with Co reduction needs
more than 2.0 eV. It can be concluded that the presence of
high valent Ni significantly degrades lattice oxygen stabil-
ity. As demonstrated in this work, thermodynamic evalu-
ation can pave the way for quantitative and direct
discussion on lattice oxygen stability of battery materials.
Undoubtedly, transition metal oxides play an important
role in the next-generation batteries, including not only
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advanced lithium-ion batteries but also multivalent metal-
ion batteries and alkali metal-ion batteries. Oxygen
release and issues induced by lattice oxygen activity are
inevitable problems. We expect the methodology demon-
strated in this work will establish guidelines of designing
and tailoring advanced energy materials for robust and
high-energy-density batteries.

Development of electrochemical reactors for
anion defect engineering

Since conventional cation doping strategy is becoming
less effective due to wide variety of attempts so far, anion
doping gains attention as a new strategy for further
advancement of energy functional materials. For efficient
utilization of functionalities of anion defects, electrochemical

reactors for the control of anion defect species have been
developing by the authors’ research team. The schematic
picture of the reactor and superiorities are summarized in
Figure 4. The reactor has some great advantages com-

pared with conventional synthesis techniques such as
high-pressure synthesis, mechanical milling, topochemi-
cal reaction."*" First, the driving force of the anion
defect doping can be controlled by the external voltage
according to the Nernst equation. When A™ is controlled
by the electrochemical reactor, the chemical potential of
the neutral A at the target material u, is expressed by the
Nernst equation by

Ha = Hacg + nFE )
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Figure 3 (a) Oxygen release behavior of NCM111 and (b) XRD patterns of oxygen-deficient NCM111. XAS spectra of
oxygen-deficient NCM111 at (c) Ni L-, (d) Co L- and (e) Mn L-edge. Oxygen release behavior of NCM111,
NCM532 and NCM622 measured at 873 K. (f) -(ho-h3) as a function of §. Circular symbols show -(ho-h3) by
Ni reduction and square symbols show that by Co reduction.
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where E and uacr are the electrode potential and the
chemical potential of A at the counter electrode, respec-
tively. This means that the reactor can create extremely
high activity condition (even impossible condition by con-
ventional techniques) just by applying external voltage.
Second, wide variety of anionic defects are controllable
by changing the electrolyte. Third, the amount of doped
anionic species can be quantitatively controlled by the
charge passing through the cell. Considering these advan-
tages, our electrochemical reactor can pave the way to
extend the possibility of defect engineering and mixed-
anion compounds.

Conclusions

As a new strategy for further development of energy con-
version/storage technologies, we take notice of the utiliza-
tion of defects in energy functional materials. To achieve
this, it is necessary to establish basic sciences regarding
defect formation and their functionalities, and to develop
a new technology for flexible and easy control of defect
species in the target material. As a case study of the first
purpose, oxygen defect formation in a layered perovskite
oxide (La,Sr), NiO,.; is summarized, since oxygen defects
such as oxygen vacancy and interstitial oxygen play an
important role for catalytic activity and electrochemical
properties in this material. Oxygen defect formation
behavior was investigated, and a defect equilibrium model
based on defect chemistry and thermodynamics was pro-
posed. The proposed model agrees very well with
observed oxygen content variation with 7" and P(O,).
Moreover, these experimental and analytical techniques
are applied to understand the mechanism of oxygen
release from lithium-ion battery cathodes. Although this
is an unprecedented challenge in a battery research field,
we, for the first time, report fruitful fundamental knowl-
edge of oxygen release. For instance, our work revealed
that reduction species (transition metal being reduced
during oxygen release) essentially determine the lattice
oxygen stability. For the second purpose, we are develop-
ing electrochemical reactors composed of an anion con-
ductor which can flexibly, easily and quantitatively control
anion defect species in the target material. While the concept
of the reactor and schematic illustrations are shown in this
paper, some promising results will be shown soon.
Complementary advancement of both the establishment of
fundamental sciences on defects and the development of
defect control techniques is going to contribute to technologi-
cal innovation of energy functional materials based on defect
engineering, and consequently, contribute to the realization
of carbon-neutral and sustainable society.
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Figure 4 Schematic illustration of the electrochemical reactor for anion
defect control.
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