Chin. Phys. B Vol. 25, No. 1 (2016) 017801

TOPICAL REVIEW — Fundamental physics research in lithium batteries
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Progress in electrochromic lithium ion batteries (LIBs) is reviewed, highlighting advances and possible research di-
rections. Methods for using the LIB electrode materials’ magnetic properties are also described, using several examples.
LisTisO1, (LTO) film is discussed as an electrochromic material and insertion compound. The opto-electrical proper-
ties of the LTO film have been characterized by electrical measurements and UV-Vis spectra. A prototype bi-functional
electrochromic LIB, incorporating LTO as both electrochromic layer and anode, has also been characterized by charge—
discharge measurements and UV-Vis transmittance. The results show that the bi-functional electrochromic LIB prototype
works well. Magnetic measurement has proven to be a powerful tool to evaluate the quality of electrode materials. We
introduce briefly the magnetism of solids in general, and then discuss the magnetic characteristics of layered oxides, spinel

oxides, olivine phosphate LiFePOy,, and Nasicon-type LizFe;(POy)s3.

We also discuss what kind of impurities can be

detected, which will guide us to fabricate high quality films and high performance devices.
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1. Introduction

Lithium ion batteries (LIBs) have attracted a great deal
of attention in recent decades due to their promise for hy-
brid vehicle applications, power supplies for portable equip-
ments, etc.!!! Much effort has been expended to improve LIB
performance dimensions such as long term stability and high
power/charge capability, which are both highly dependent on
the quality of the electrode and electrolyte materials. The
electrode material of an LIB is usually an insertion com-
pound, which provides pathways for shuttling lithium ions,
benefitting both fast ion transport and charge balance. In-
sertion electrode materials used for LIBs include layered ox-
ides with o-NaFeO,-type structure, spinel oxides, and olivine
phosphates.!?! Keep in mind, however, that insertion electrode
materials (which include electrochromic metal oxides), LIBs,
and conducting polymers>* are developed not only for en-
ergy storage applications, but also for electrochromic use.

Very recently, an exciting research report entitled “bi-
functional device for self-powered electrochromic window
and self-rechargeable transparent battery applications” was
published in Nature Communications;" it provides the possi-
bility of combining electrochromism and a secondary battery
to realize the dual functions of electrochromism and energy
storage on the same device. Although that work is in an early
stage, scientists are inspired to combine electrochromism and
LIBs through finding insertion electrode materials that change
color at an applied voltage/electric field. This kind of work is
likely to become a new research hotspot in the scientific com-
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munity in the near future.

The combination of electrochromism and LIBs requires
matching electrode materials. For example, both electrodes
must be insertion materials that can intercalate/de-intercalate
and store lithium, and at least one electrode exhibits elec-
trochromism; redox on both electrodes should be performed
at the same time in order to maintain charge balance in the
device and circuit; matching the electronic conductivity and
lithium ionic conductivity of the electrode materials is another
important issue.

The bi-functional devices combining electrochromism
and LIBs require high quality electrode materials to maxi-
mize their opto-electrical properties and lifetime. Magnetic
experiments are powerful tools to study the fundamental prop-
erties of lithium intercalation compounds and to assess their
quality,?! because impurities in electrode materials exert sig-
nificant influence on the magnetic properties. In addition,
observing the effects of temperature and stress on the mag-
netic properties reveals where the properties originate and how
the electrons are configured. Cherneva et al. demonstrated
how the use of magnetic properties can advance the struc-
ture, composition, and electrochemical performance of LIB
materials.[®! For instance, the magnetic properties are highly
sensitive to structural defects and impurities, often beyond
the sensitivity threshold of x-ray diffraction. In this review,
we introduce the mainstream of progress in researching bi-
functional devices that combine electrochromism and LIB en-
ergy storage, highlighting the advances and the possible re-
search directions. We also describe, using several examples,
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how to use the LIB electrode materials’ magnetic properties.

2. Bi-functional devices based on electrochromic
LIBs

2.1. Background

Electrochromism (EC) is the reversible change of opti-
cal absorption bands in materials, perceived as a reversible
change in color, when a positive or negative bias is applied,
accompanied by ion-transfer and redox processes on positive
and/or negative electrodes. Thanks to Deb’s early work,!’]
electrochromism has already attracted a great deal of atten-
tion in the scientific community. Two of the most suit-
able inorganic EC materials, WO3 and NiO, have been stud-
ied extensively.[®*) Among organic EC materials, poly (3,
4-ethylenedioxythiophenes) (PEDOTs) are currently consid-
ered to be most suitable for applications on microfiber textile
substrates.!!] EC materials are used for fabricating large-area
smart windows, which were first proposed by Lampert and
Grangqyvist in the mid 1980s.[11:12]

A conventional electrochromic device (ECD) consists of
a sandwich configuration of electrodes, necessitating the use
of at least one optically transparent electrode, such as indium
tin oxide. This type of ECD, in its simplest configuration, is
made of three layers of electrochromic materials deposited in
the form of thin films on a glass or polymer substrate. The
middle layer is an ionic conductor (electrolyte): it loses ions
when an electric current flows through it at relatively low volt-
age (1-5 V). The electrolyte layer is positioned between two
other layers: an electrochromic film, which acts as the elec-
trode, and a layer for the accumulation of electrons (counter
electrode).

However, an electrochromic device usually consists of
five layers in order to obtain charge balance and long term
stability. The first one is a transparent electron conductor de-
posited on glass or plastic for the purpose of collecting or
providing electrons uniformly throughout a large area. The
second one is a layer of electrochromic materials, capable of
transferring electrons and ions simultaneously. The third one
is an ion conductor or electrolyte that conducts ions but not
electrons. The fourth layer is an ion storage layer, made of

insertion materials or even other EC materials in order to ac-
commodate ions from the third/second layers. The fifth layer
is a transparent electron conductor or metallic films for col-
lecting or providing electrons uniformly in a large area.

A particular class of electrochromic materials is metal ox-
ides and lithiated metal oxides; they have been used as elec-
trodes of lithium ion batteries. Electrochromic devices based
on the electrodes of lithium ion batteries and the five layer
structure described above must be charge balanced. That is,
every electron that enters the device from an external circuit
through an electrode must be compensated by one electron
leaving the other electrode. At the same time, the electrolyte
between them transfers ions fast but blocks electrons strongly.

2.2. Electrochromism based on spinel oxides

Li4TisOj; (LTO) is a “zero-strain” insertion material that
can be used as the electrochromic layer and/or the anode of a
lithium ion battery or a sodium ion battery.[!3-13] Recently,
electrochromism in LTO film was reported by Yu et al.!'f]
In that work, an LTO thin film electrode was deposited at
600 °C on fluorine-doped tin oxide glass. A three-electrode
cell was constructed using the LTO thin-film electrode as the
working electrode and lithium foils as the counter and refer-
ence electrodes, respectively. The electrolyte was 1 M LiPFg
dissolved in ethylene carbonate (EC) and dimethyl carbonate
with a volume ratio of 1:1 (Shanghai Topsol Ltd., H,O <10
ppm). It was found that the response times of LTO coloration
and bleaching, as shown in Fig. 1(a), are 3.74 s and 2.38 s,
respectively. From UV-Vis spectra of LTO film, one can con-
clude that its bleach state is weak absorption at wavelengths
from 400 nm to 1000 nm, whereas strong absorption of vis-
ible and near infrared light (Fig. 1(b)), an obvious coloration
state. The highest contrast between the bleached and the col-
ored states in the visible range is observed at a wavelength
of 705 nm, with a variation in transmittance of 45.8%. An
in situ experiment was carried out to characterize the trans-
mittance change of LTO film (see Fig. 1(c)). The response
times (700 nm) during the bleaching and coloring processes
are about 17 s and 14 s, respectively. The response time in
the colored state is slightly longer because the conductivity is
higher in the bleached state.!!”]
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Fig. 1. (a) Current density—time curves acquired by potential step measurement applied between 1.2 V and 3 V. The inset shows optical
images of the electrochromic effect in the LisTisO2/FTO electrode at bleached and colored states. (b) Transmittance spectra of the
LisTisO12/FTO electrode at (i) bleached and (ii) colored states. (c) In situ transmittance curves obtained during switched pulse potential
cycling tests with wavelengths of 850 nm, 700 nm, 600 nm, 500 nm, and 400 nm. 1o
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From Fig. 1, one can conclude that LTO is a promis-
ing electrochromic material because of the transition between
transparent bleaching with Li deintercalation and dark blue
coloration with Li intercalation. This means LIBs based on
LTO films change color from transparent to dark blue when
charging, and turn back to transparent when discharging. Nev-
ertheless, in Xu’s work, LTO was used as the working elec-
trode and Li foils were used as the counter and reference elec-
trodes, which means that it is still necessary to select a trans-
parent cathode material incorporating LTO to develop a bi-
functional device further, realizing the dual functions of elec-
trochromism and LIB energy storage.

Very recently, Nagai et al. developed a bi-functional de-

vice with an LTO thin film anode (90 nm in thickness) and
a transparent thin film LisFe,(POy4)3 (LFP) cathode.!'®) Both
thin-film electrodes were fabricated on fluorine-doped tin ox-
ide (FTO). The assembled sandwich-type LIB incorporated a
solution containing LiPFg as its electrolyte. The assembled
LIB was repeatedly charged/discharged successfully at a con-
stant current of 10 nA, and the curve of the voltage is shown
in Fig. 2(a). When the current was applied at an interval of
20 s, a maximum voltage of 3.6 V was recorded. The large
polarization of the cell was generally caused by the electrical
conductivity of LTO. One possible way to improve the electri-

cal conductivity of LTO is hybridization. "]
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Fig. 2. (a) Repeated charge/discharge test of the battery. The charge at the constant current of 10 pA and spontaneous discharge was
repeated at 20 s intervals. (b) The colorless battery before charge and after discharge (top) and blue-gray battery after charge (bottom).
(c) UV=Vis spectra of the battery before charge (solid line), after charge, and after discharge (dash line).!'$]

When the battery was charged from an external source,
the colorless battery drastically changed color to blue-gray, as
shown in Fig. 2(b). More importantly, the color change could
be repeated synchronously with the charge and discharge oper-
ation, so this device is an electrochromic LIB bi-functional de-
vice. The transmittance spectra of the charged and discharged
battery are shown in Fig. 2(c). It is clear that the charged,
colored battery became colorless again after spontaneous dis-
charge.

The electrochromic LIB developed by Nagai et al. is a
significant bi-functional prototype device. Nevertheless, the
use of a liquid electrolyte would hinder applications of the
electrochromic LIB as a large-area smart window and/or thin
film microdevice because of possible leaks and because of
electrolyte instability under UV illumination. To overcome the
problem, it is necessary to use a solid state electrolyte instead
in electrochromic LIBs, even though the ionic conductivity of
liquid electrolytes is about two orders of magnitude greater
than that of the conventional solid state electrolytes. With the
development of research on solid state electrolytes, this differ-
ence is being changed. The solid state electrolytes developed
recently, such as LizS—PzS5,[20722] Li1_07A10.69Ti].46(PO4)3,
and Li; 5Aly 5Ge; 5(PO4)3, have high ionic conductivity close
to that of liquid electrolytes, so they are suitable electrolytes

for solid state LIBs.
have a wide electrochemical window, exceeding 5 V, which

More importantly, some electrolytes

is very suitable to combine with high voltage cathodes such
as LiNig sMn; 5042 and anodes made of LTO, leading to an
output of 3 V from an electrochromic LIB system. Therefore,
all-solid state electrochromic LIBs will be a research direction
in the immediate future.

3. Magnetic properties of the electrode materi-
als for lithium ion batteries

3.1. Background

Magnetism in solid materials stems mainly from electron
motion, because the magnetic moment of electrons is much
greater than that of their nuclei. When a solid material is
put in a magnetic field with the intensity H, the magnetiza-
tion M is defined as the magnetic moment per unit volume,
and the magnetic susceptibility per unit volume is defined as
X =0dM/JH; it can be simplified to y =M /H in the case of
a linear M(H). Quite frequently, the susceptibility is defined

[24] Molar sus-

referred to unit mass or to a mole of substance.
ceptibility is written as ). Materials may be classified into
five categories with regard to yp, i.e., diamagnetic, param-

agnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic.
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If ym is positive, the material is called paramagnetic, and a
magnetic field is strengthened by the presence of the material.
If xm is negative, the material is diamagnetic; accordingly, a
magnetic field is weakened by the presence of such materials.
If a spontaneous magnetic moment exists even in zero applied
magnetic field, this suggests that electron spins and magnetic
moments are arranged in a regular manner. In an antiferromag-

net, the spins are ordered in an antiparallel arrangement with
zero net moment at temperatures below the ordering or Neel
temperature. The susceptibility of an antiferromagnet is not
infinite at 7 = Ty but exhibits a weak cusp. Figure 3 displays
the temperature dependence of the magnetic susceptibility of

paramagnetic, ferromagnetic, and antiferromagnetic solids. !
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Fig. 3. Temperature dependence of the magnetic susceptibility of paramagnetic, ferromagnetic, and antiferromagnetic solids. !

Paramagnetic materials attract and repel like normal mag-
nets in response to an applied magnetic field. There are three
types of paramagnetism: Van Vleck paramagnetism, Pauli
paramagnetism, and Langevin paramagnetism. The first two
are temperature independent. Pauli paramagnetism is suitable
to describe the magnetism of metals. Van Vleck paramag-
netism occurs when the energy difference between the excited
state and the ground state with no magnetic moment signifi-
cantly exceeds the thermal energy. Langevin paramagnetism,
however, is temperature dependent, described by the Curie
law y =C/T and the Curie-Weiss law y = C/(T +6), and
found in compounds containing unpaired electrons, such as
those of iron group ions and trivalent lanthanide group ions. >4
Here C is the Curie constant, and the Weiss constant 6, typ-
ically accounts for magnetic ordering of the electronic mo-
ments below the Curie or Neel temperature for uncorrelated
spins. For a paramagnet having an effective moment g,
the molar Curie constant is written as Cpo1=(Na /,Lesz) /(3kp) =
(NApgﬁ) /(3kpup), where Np is the Avogadro number, kg is
the Boltzmann constant, up is the Bohr magneton, and pegs is

the effective momentum, which is determined by experiment.

When the orbital angular momentum is quenched (L =0,
J =S), which commonly occurs for transition metal ions from
1/2

the iron group, the theoretical pegr = 2[S(S+ 1)]'/=, where S

refers to the electronic spin quantum number.

When the Curie constant is determined experimentally by

fitting the linear ¥, ! (T) curve in the paramagnetic region, one

can calculate the experimental p.g from the formula

exXp __

eff _(

Comparing the theoretical and experimental p.g values, one

3kp
Naug

1/2
Cmol) =V 8Cmol-

can deduce the electronic configuration of the magnetic ions
of the iron group.

For magnetic ordering materials, including iron, nickel,
cobalt, and manganese, the Curie-Weiss law y =C/(T + 6,)
is used to distinguish ferromagnetic versus antiferromagnetic
through 6,, which contains information on the strength and
type of interactions between the magnetic moments, known as
magnetic exchange. If the magnetic moments are well sep-
arated spatially and cannot interact, then 6, = 0 K, and the
Curie-Weiss law is simplified to the Curie law. Negative 6,
indicates a ferromagnetic exchange, which tends to align the
magnetic moments in parallel. Positive 6, indicates an antifer-
romagnetic exchange. However, Julien et al. reported that 6,
in antiferromagnetic materials can be either positive or nega-
tive, depending on the type of antiferromagnetic interaction.

Although the absolute value of 6, is called the paramag-
netic Curie temperature, it should be emphasize that 6, is not
the Neel temperature (7y) above which antiferromagnetism
becomes paramagnetism. One can obtain Ty from the cusp
of the ¥(T) curve. On the other hand, 6, is obtained from
the x~!(T) curve by linearly extrapolating the paramagnetic
component to 1/ = 0, yielding an intercept —C/xo on the T
axis, where Y is T-independent and consists of a diamagnetic
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(Xdia) contribution and an orbital (¥o) contribution. >3 For-
tunately, one can alternatively obtain 7y from the cusp of the
2~ 1(T) curve.

The conventional measurement of magnetism includes
the temperature and magnetic field dependencies of the mag-
netization. Temperature dependence reveals the transition
points of magnetism, such as the Curie point and the Neel
temperature, and it determines where magnetic ordering oc-
curs. Temperature dependence may be observed through a
superconducting quantum interference device (SQUID) mag-
netometer in magnetic fields. The magnetic field dependence
can show the net magnetic moment formation upon ordering.
Considering temperature and magnetic field dependences to-
gether, one can obtain the temperature dependence of field
cooled (FC) and zero-field cooled (ZFC) curves under 100 Oe
by employing a vibration sample magnetometer (VSM) to find
more detail on the nature of the magnetic transitions.

The magnetism of electrode materials for LIBs is re-
lated to metallic ions and to the crystal lattice in which
the ions are arranged. The structures of electrode mate-
rials are classified into three main types: layered oxides,
e.g., LMO, (M = Co, Ni, Mn) with the a-NaFeO; struc-
ture; spinel oxides, e.g., LisTisOj», LiNigs5Mn;sO4; and
olivine-phosphates, e.g., LiFePO,. In addition, the magnetism
of Nasicon-type LizFe;(PO4); was studied in many research
groups.

3.2. Layered oxides

Magnetic properties of many layered oxides with the -
NaFeO»-type structure, such as LiCoO, and LiNiO,, have
been studied. The structure—magnetism relationships of
sodium and lithium ferrites have been investigated to evalu-
ate detectable ferromagnetic impurities and defects.?6271 Tn
the case of LiNiO,, the difficulty of obtaining stoichiometric
LiNiO; is well known. In order to estimate the excess Ni in
the Li plane of LiNiO, Sugiyama et al. investigated the sus-
ceptibility measured below 400 K under an H < 10 kOe field
with a SQUID (MPMS, Quantum Design),lzg] and determined
the Weiss temperature and the effective magnetic moment to
be 6, = —0.y = —40.8 £ 0.5 K and pegy = 2.144+0.01 ug,
respectively, by fitting to the Curie—Weiss law. Since the mag-
netic properties are extremely sensitive to the Ni2* contribu-
tion, their use is recommended to evaluate the stoichiomet-
ric deviation in Li;_,Nij4,0,. The characterization of mag-
netic properties for Li;_,Nij1,O, is a powerful tool to evalu-
ate the quality of electrode materials for electrochromic LIBs,
although the types of magnetism at play in this electrode ma-

terial are controversial. 2936

3.3. Spinel oxides

The magnetic properties of AB,O4 spinel oxides depend
strongly on the cation distribution between A and B sites.

When both sites contain spin-bearing cations, ferrimagnetism
is often observed arising from antiferromagnetic interactions
between the A and B sublattices.[*”] When the A site con-
tains diamagnetic cations alone, the spinel structure gives rise
to magnetic frustration, since the B sublattice has the “py-
rochlore network™ topology with cations occupying the apices

(381 In LisMns_,Ti, O, systems

of corner-sharing tetrahedra.
the A site contains diamagnetic lithium alone (4—5-12 system)
or a small fraction of transition metal. The composition of
the B site, however, is rather complex, since it contains spin-
bearing cations such as Mn** and Ni?*, partially diluted by
diamagnetic cations Li* and Ti**. This dilution is even more
prominent in the 4-5-12 system, because of the presence of
lithium on the B site.

The temperature dependence of the inverse molar suscep-
tibility Ym of LisMns_,Ti,O1, samples is shown in Fig. 4.1391
Above about 150 K, these data can be fitted to the Curie—
Weiss formula, yielding C and 6 (= —6,), as shown in Table 1.
Agreement between experimental and theoretical spin-only
values improves with increasing x value. All compounds show
evidence of dominant ferromagnetic interactions because of
positive . The Curie—Weiss constant 0 tends to decrease with
increasing Ti content. The low temperature susceptibility mea-
surements (ZFC and FC) confirm the presence of competing
ferro- and antiferromagnetic interactions.

Table 1. Magnetic parameters of Ti/Mn substituted spinel.>]

Z(Ti) TCW/Ka) Ctheor Cexp 9exp/K
(1) Lig(Mn; _,Ti,)501, series
0 150-280 9.375 6.29 +26
1 200-280 7.50 5.55 +13
2 150-280 5.62 5.22 +9.5
3 150-280 3.88 3.76 +1.5
4 150-280 1.87 1.69 +15

) Temperature range used for Curie-Weiss fit.
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Fig. 4. Temperature dependence of the inverse magnetic susceptibility
of members of the LiyMns_,Ti, O series in a magnetic field of 100 Oe
(all data per 4—5—12 formula unit). ]
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Amdouni et al. reported the magnetic properties in
LiNip sMn; sO4 (LNMO) spinel prepared by wet chemical
methods.*?! Figure 5 shows the temperature dependence of
reciprocal molar magnetization normalized by magnetic fields
(H /M) under an applied field H = 10 kOe for LINMO spinel.
A ferromagnetic ordering is clearly shown at the Curie tem-
perature 6 = 129 K for Ni-doped spinel. From the field de-
pendence of magnetization in LNMO at different fixed tem-
peratures, Amdouni et al. found (instead of a strong extrinsic
magnetic frustration in the structure) the intrinsic ferromag-
netic properties of pure LNMO without extrinsic ferrimagnetic
impurities such as NiO and Li,Ni;__,O, impurities which are
induced by the competing ferro- and antiferromagnetic inter-
actions and which lead toward ferrimagnetic ordering. [4!=44]
High quality LNMO with only infrequent impurities is
a crucial component of bi-functional electrochromic LIBs.
Measurement of saturation magnetization at very low tem-
perature is a better way to detect the amount of impurities in

LNMO, even beyond the detection limit of XRD. 4]
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Fig. 5. Temperature dependence of reciprocal molar magnetization nor-
malized by magnetic fields (H /M) under an applied field H = 10 kOe
for LiNig sMn; 504 spinel grown by the wet-chemical route. Ferromag-
netic ordering is clearly shown at the Curie temperature 6 = 129 K for
the Ni-doped spinel.[4"]

3.4. Olivine and Nasicon types of materials

Olivine-type LiFePO4 and Nasicon-type LizFey(POq4)3
have been proposed as novel electrode materials for
LIBs.*~#7 In order to know the macroscopic magnetic prop-
erties of LiFePOy, its susceptibility was measured below
400 K under an H < 10 kOe field with a SQUID (MPMS,
Quantum Design),*® as shown in Fig. 6. The Weiss tem-
perature and the efficient magnetic moment can be deter-
mined from the x~!(T) curve by fitting to the Curie—Weiss
law. As a result, one can obtain 6, = —0., = —92.1 &
0.7 K and pesr = 5.58 £0.01 ug, respectively. These val-
ues are comparable to those for polycrystalline samples in the
literature>4°-3!1 and are consistent with the average values
along the three directions for a single-crystal sample.>? This

means LiFePO4 undergoes an antiferromagnetic transition at

the Neel temperature. [/
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Fig. 6. Temperature dependence of inverse susceptibility (1/yx) for
LiFePO4. The yx data were obtained in field cooling (FC) mode with
H =10 kOe. A solid line represents a linear fit in the temperature range
between 100 K and 400 K using the Curie-Weiss formula. [*3]

Nasicon-type LizFey(POy4)3, compared with LiFePOu,
has a relatively high electric conductivity, resulting from the
disorder of lithium ions in the structure. It has been sug-
gested that Nasicon-type crystals such as LisFe,(PO4)3 can
be used as electrolytes. It should be noted that the valences of
iron ions in Li3Fe>(PO4); and LiFePOy are Fe’* and Fe’™,
respectively.[>3] Therefore, the magnetic properties of these
two materials are expected to differ. Figure 7 shows the
temperature-dependence ZFC and FC magnetization curves
of LizFe;(PO4)3 from 4.2 K to 295 K with an applied field
of 100 Oe.’* The ZFC remains constant with increasing
temperature up to the splitting temperature of the sub-lattice
(T, = 11 K). Below the Neel temperature (Ty = 29.5 K),[>!

the ZFC and FC curves show ferromagnetic behaviors.
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Fig. 7. Temperature dependence of magnetization under 100 Oe between
4.2 K and 295 K.154
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4. Conclusion and outlook

In this paper, progress on two of the most exciting and
promising research topics in the field of LIB electrode mate-
rials electrochromism and magnetism has been reviewed. As
we move forward in the design of devices, electrochromic ma-
terials and LIB electrode materials must both be insertion ma-
terials. Electrochromic LIBs must consist of five layers for
the purpose of charge balance. The possibility of bi-functional
devices that use LTO as the EC layer has already been demon-
strated. A prototype bi-functional electrochromic LIB based
on a liquid electrolyte has been demonstrated. Thanks to the
progress of solid state electrolyte research, high ionic conduc-
tors can be obtained; therefore it may be expected that suc-
cessful all-solid state bi-functional electrochromic LIBs will

be fabricated in the near future. The opto-electrical prop-

erties and long term stability of bi-functional electrochromic
devices depend heavily on the quality of both electrode film
materials and solid state electrolytes. Measuring changes in
the magnetic parameters of LIB electrode materials is ef-
fective in detecting impurities and structural changes in lay-
ered oxides, spinel oxides, olivine phosphates, or Nasicon-
type LisFey(POy4)s3. For these reasons, we feel confident that
with the ongoing improvement of magnetic properties in elec-
trode materials, the quality of films also improves, carrying
high performance bi-functional electrochromic devices toward
widespread application.
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