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Chapter 1

Introduction

1.1. Background of this research
1.1.1. Li-ion batteries for advanced vehicles and grid-scale energy storage

Improvement of the efficiency for energy consumption is one of the effective ways to solve the
recent energy and environmental problem. In particular, development of advanced vehicles such as
hybrid vehicles (HEVs) and electric vehicles (EVs) have strongly been required for the transportation
section. In addition, renewable energies such as solar and wind energy have attracted much attention
from a viewpoint of diversification of an energy source. Therefore developments of the grid-scale
energy storage systems which contribute to the stable supplies of the renewable energies have also been
expected. In order to spread these techniques widely, development of high power, high energy, and
durable rechargeable batteries are essential.

There are various types of rechargeable batteries such as a lead-acid battery, a nickel-cadmium
battery, a Li-ion battery, a nickel hydride battery, and a sodium-sulfur battery, etc."?> Among them, a
Li-ion battery, which is applied for portable electric devises such as cellar phone and laptop, is
promising to application for the advanced vehicles and the grid-scale energy storage systems because it
shows high energy density.>*

Li-ion battery consists of a cathode, an anode, and an electrolyte. In case of charge reaction, Li~ and
electron move to the cathode from the anode through the electrolyte, and transforms electrical energy
into chemical energy, and stores in it. On the other hand, during discharge reaction, Li" and electron
move to the anode from the cathode through the electrolyte, and the electrical energy is released. For
the present Li-ion battery, transition metal oxides such as LiCOOz,S LiNi02,6 and LianO4,7 and carbon
materials®'® have been commonly used to the cathode and the anode materials, respectively, and the

organic solutions which dissolved Li salts have been commonly used to electrolytes.'' Figure 1 shows
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Figure 1. Schematic illustration of Li-ion battery which consists a LiCoO; as a cathode material and a

graphite as an anode material.



the schematic illustration of Li-ion battery which consists a LiCoO; as a cathode and a graphite as an

anode. Electrochemical ion insertion/extraction reactions in these materials during charge-discharge are

Li;.,Co0, + xLi" + xe” <> LiC00,, and

Li,Cg <> Cg +xLi" + xe".

There are various problems in Li-ion battery which should be solved to application to the advanced

vehicles and the grid-scale energy storage system. The following are mentioned as problems.

1) Enhancement the energy density (enhancement the charge-discharge capacity).
2) Achievement of a higher power (Achievement of a faster charge-discharge reaction).
3) Reduction of cost.

4) Improvement of durability.

In particular, 1) and 2) are essential for application to the advanced vehicles. In order to achieve the
higher charge-discharge capacity, it is essential to develop new families of electrode materials. For
examples, elemental sulfur and sulfide materials have widely been investigated because they show very
high theoretical capacity (1675 mAh/g, Sg + 16Li* + 166" — 8Li,S).”*™ It is essential to achieve the
faster charge-discharge reaction in order to achieve a higher power. Using the nanostructured electrode
materials is one of the effective ways to achieve the fast Li* transfer, because they possess the larger
surface area and shorter Li* diffusion length.*>'®

In addition, it is also important to analyze each charge transfer process for faster charge-discharge
reaction. Generally speaking, there are three charge transfer processes when the Li-ion batteries are
charged/discharged; Li" diffusion through the electrolyte solution, Li' transfer at the

electrode-electrolyte interface and Li-ion diffusion within the electrode material. Among them, Li"

transfer at the electrode-electrolyte interface has not been understood well, compared to the Li"



diffusion in the electrolyte or electrode. Therefore, analysis of the interfacial charge transfer for various
electrodes, ions or electrolytes is of particular importance for further comprehension.

1718 the Li" transfer at the electrode-electrolyte interface can be

According to the previous reports,
divided into two processes. One is the Li" transfer between the Outer Helmholtz Plane (OHP) and Inner
Helmholtz Plane (IHP), including the solvation/desolvation process. The other is the Li" transfer
between the IHP and electrode, including the ad-ion diffusion on the electrode surface. To observe two
processes separately, electrochemical impedance spectroscopy (EIS) is a powerful technique. The
Nyquist plot obtained by the EIS shows two semi-circle components corresponding to RC circuits (the
interfacial charge transfer resistance in parallel with the interfacial double layer capacitance) between
the OHP and IHP, and between the IHP and electrode, respectively.'”® Furthermore, by varying
temperature, the temperature dependence of each resistance can provide the activation energy for each
process, which sheds light on the microscopic understanding of the interfacial charge transfer.

On the other hand, 3) and 4) are necessary for application to the grid-scale energy storage system.

The cost reduction is the most serious problem in a Li-ion battery because Li metal is expensive.

Therefore, post Li-ion batteries which do not contain Li metal have been required.

1.1.2. Prussian blue analogs as a model electrode for the study on interfacial ion transfer

Prussian blue analogs (PBAs) are promising candidates for the new families of electrode materials
because PBAs (AM[M’(CN)¢]i,-0,nH,0, Aj; alkali metal, M, M’; transition metal, o; [M’(CN)s]
vacancy, hereafter denoted MM’-PBA) possess both the redox active sites and the mixed conductivity
within the cyanide-bridged porous structure. Therefore, PBAs can intercalated various ions, such as Li",
Na®, K, and NH,", in both organic*'* and aqueous electrolytes’>' by electrochemical methods
(Figure 2).

The first application of PBAs for the electrode materials of Li-ion battery was reported by N.
Imanishi et al.** FeFe-PBA showed the reversible charge-discharge capacity of 110 mAh/g at first

charge-discharge cycle, while 30 % of the capacity faded after 10 charge-discharge cycles. The
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Figure 2. Crystalline structure of PBA (a) AM[M’(CN)¢], and (b) AXM[M’(CN)g]1y-[ly-nH20. (C)

Charge-discharge curves of NiFe-PBA during various ion intercalation/extraction.



electrode performances of MFe-PBA (M =V, Mn, Co, Ni, and Cu) were also reported by same group,
and the largest charge-discharge capacity was shown in CuFe-PBA (140 mAh/g at the first cycle).
However, the cyclabilities of these PBAs were not declared.

Recently, M. Okubo et al. reported that MnFe-PBA has robust structure for Li*
intercalation/extraction and showed the excellent cyclability, although the charge-discharge capacity
was lower (60 mAh/g) than those for conventional electrode materials.?

In order to enhance the charge-discharge capacity of PBAs, it is essential to eliminate the vacancies
in PBASs ([1). D. Asakura et al. focused on K;Mn,(CN)s, which has few vacancies, and achieved the
high charge-discharge capacity of 200 mAh/g after electrochemical K* extraction, while the cyclability
was not good. However, the initial charge-discharge capacity of the PBA is comparable to those for
transition metal oxides.”

Very recently, C. D. Wessells et al. reported application of PBAs to the electrode materials in the
aqueous batterie, which pronounces the long cycle life, high power, good energy efficiency, safety and
low cost of the aqueous batteries with the PBA electrodes.”®>' For example, NiFe-PBA allowed 66 %
retention of the initial capacity at an extremely high (41.7 C) rate with Na" aqueous electrolyte. The
high-rate capability with aqueous electrolyte was much better than that with organic electrolyte.

The easy accessibility of various ions into PBAs provides a good model of the electrode-electrolyte
interface. In chapter 2, the EIS study on the Li* transfer at the MnFe-PBA electrode-electrolyte interface
was investigated. Furthermore, the Na" transfer at the MnFe-PBA electrode-electrolyte interface is also
reported in comparison with the case of Li".

The composite electrode, which contains PBA, acetylene black (AB) as conducting additive, and
poly(tetrafluoroethylene) as binder, was used for analysis of interfacial charge transfer described in
chapter 2. However, there exist many interfaces in the composite electrode except PBA-electrolyte
interface, such as current collector-AB, PBA-AB and PBA-PBA interfaces. Therefore, a thin film
electrode of NiFe-PBA was employed for the EIS study in chapter 3, to avoid the complexities caused

by various coexisting interfaces in the composite electrode. In chapter 3, the EIS study on the interfacial

10



Li* and Na® transfers with both organic and aqueous electrolyte was investigated. Furthermore,

interfacial Mg?* transfer is also reported.

1.1.3. Related work; nanostructured LiCoO; for high-power Li-ion batteries

As described above, using the nanostructured cathode materials is one of the effective ways for
achieving the fast Li" transfer, because they possess the larger surface area and shorter Li" diffusion
length. ***7°

To obtain the nanostructured cathode materials, various techniques such as a post-templating

142 3 spray-drying method,* a coprecipitation method* and hydrothermal

method,” sol-gel methods,
methods,***"**® have been reported to date. For examples, sol-gel methods enable us to obtain various
nano-sized materials from the precursor solutions containing various metal salts. The main advantage of
this method is that the chemical composition could be controlled more easily and precisely than the
solid-state sintering method due to the homogeneous mixing of the solutes in the liquid-phase. However,
when the heat treatment is conducted at high temperature for a long duration, the particle size generally
becomes large due to the crystal growth. In contrast, the wire-structure could suppress the crystal
growth even under the heating condition at high temperature due to the nonwoven fabric morphology.’’
Thus we have fabricated the highly crystalline wire-structured electrode materials by the heat treatment
of the wire-structured precursors, and succeeded in achieving the higher charge/discharge
rate-capability. However, the hydrothermal method used for the synthesis of the wire-structured
precursors in the previous studies is not scalable for the mass production from the viewpoint of the
practical application. Therefore, another process for the fabrication of the wire-structured electrode
materials has been strongly desired.

Chapter 6 described electrospinning-synthesis of the wire-structured materials. The electrospinning
method has attracted much attention recently, since this method can easily fabricate the wire-structure

only by applying the high-voltage to the precursor solution. By using this method, various

wire-structured metal carbon composites, and electrode materials like LiFePO4, have been synthesized

11



successfully.***! 1t

should be emphasized that the electrospinning method is highly scalable, which
could be applied for the mass production process. As the electrode material for Li-ion batteries, LiCoO;
was used in this study. LiCoQO; is one of the commercially used cathode materials with the high energy
density and excellent cyclability,”” thus the fabrication of nanostructured LiCoO, by the scalable
technique like the electrospinning method is of particular importance.

In chapter 6, the fabrication of wire-structured LiCoO, via the electrospinning method was

investigated and clarified the electrode properties of wire-structured LiCoO,.

1.2. New functionalities using the electrochemical property of the Prussian blue analogs

As described above, PBAs show unique electrochemical ion storage properties due to their
cyanide-bridged porous structures, and these properties can offer us a good model of the study on the
interfacial ion transfer. In chapter 4 and 5, the two new functionalities on PBAs by focusing on their

electrochemical ion storage properties were reported.

1.2.1. Electrochemical Mg** storage in Prussian blue analogs

From a viewpoint of cost, post Li-ion batteries which do not contain Li metal have been required as
described in 1.1.1. In particular, a Mg-ion battery has attracted much attention.>® The Mg-ion battery is
one of the promising post Li-ion batteries because Mg metal is inexpensive and has large reserve.
Furthermore, Mg-ion battery can show potentially high charge-discharge capacity and high energy
density because Mg?* is a divalent cation. However, there are few electrode materials which can
intercalate Mg®*>**® because the Coulombic repulsion between Mg?* and host material too large to
intercalate.® In addition, Mg metal is potentially passivated in various polar organic electrolytes, which
are commonly used for electrolytes of Li- and Na-ion batteries.>” D. Aurbach et al. reported the best
systems of Mg-ion battery, which consist of Chevrel compounds (MgxMosTs (T = S, Se)) as cathode

materials,*®®® THF solutions of Mg organohaloaluminate salts as electrolytes,®*®

and Mg metal as
anode, and these systems show excellent cyclabilities. However, new families of electrode material for

Mg-ion batteries have been required because Mo in the Chevrel compounds is expensive, and the
12



charge-discharge potential of these compounds are very low (1.2 V (vs. Mg/Mg?")). Furthermore, THF
solutions of Mg organohaloaluminate salts are very dangerous to handle. Therefore, the new systems
which are safe and inexpensive have been investigated.

In order to achieve Mg?" intercalation, using aqueous electrolyte would be effective way because ion
inserts into the host with hydrated state. Therefore, the hydrated shell around ion suppresses the large
Coulombic repulsion, and enables Mg?" insertion/extraction. EIS study described in chapter 3 provided
the possibility of Mg®* intercalation in PBA.

Chapter 4 described the detailed studies on Mg intercalation in CuFe-PBA with agueous

electrolyte.

1.2.2. Electrochemical control of the magnetism in Prussian blue analogs

Multifunctionality is an important concept in recent chemistry, because existence of multiple
functionalities in a single phase can produce novel cooperative phenomena such as multiferroics.®* In
particular, coordination polymers possess potentially controllable electronic and structural properties;
thus, they could provide a rational strategy achieving the novel multifunctionalities.®® For example, the
magnetic coordination polymers have been reported to show a wide variety of magnetic properties (e.g.,

67,68

). In addition, other

room temperature ferrimagnetism,?®  spin-crossover, Haldane gap
functionalities can also be introduced by designing the structure and electronic state. The coexistence of

magnetism with another functionality frequently results in magnetism controllable by the external

70-73 74,75

stimuli (e.g., photo-irradiation, guest insertion, and electric field application™), which can be
applied to electronic switch devices. Therefore, controllable magnetism of coordination polymers has
been investigated intensively.

PBA is one of the best studied magnetic coordination polymers.”” The cyanide-bridged
perovskite-type structure of PBA possesses intriguing magnetism due to the strong o and =«
donation/back-donation ability of the bridging cyanide ligand. Furthermore, the open porous structure

of PBA permits the penetration of small guests, which could realize H, adsorption,”® proton

13



conduction,” ion exchange,® and ion storage.?**2

Recently, the coexistence of magnetism and ion storage ability in PBA has been focused, and
magnetism switching was achieved by electrochemical ion insertion/extraction. Bimetallic CuFe-PBA
was switched reversibly between a ferromagnet and a paramagnet by galvanostatic solid state redox of
the paramagnetic Fe**/diamagnetic Fe** couple.?® Sato et al. also reported the electrochemical

modification of magnetism of CrCr-? FeFe-?

and NiFe-PBAs using a potentiostatic method.®®
However, these previous studies did not achieve precise control of the magnetism due to the difficulty
in the quantitative ion/electron titration. To manipulate the electronic state and magnetism of PBA more
quantitatively, an advanced electrochemical titration technique is required.

Chapter 5 described the precise electrochemical control of ferromagnetism of a bimetallic NiFe-PBA

through use of a quantitative Li* titration technique, i.e., the galvanostatic intermittent titration

technique (GITT).
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Chapter 2

Impedance Spectroscopic Study on Interfacial Ion Transfers in Cyanide-Bridged

Coordination Polymer Electrode with Organic Electrolyte

2.1. Introduction

Higher power Li-ion batteries have attracted much attention for their use in advanced transportation
systems, such as hybrid electric vehicles (HEVs) and electric vehicles (EVs), thus faster Li™ transfer in
the battery is essentially required.'™

In order to achieve the faster charge transfer, it is important to analyze each charge transfer process.
Generally speaking, there are three charge transfer processes when the Li-ion batteries are
charged/discharged; Li" diffusion through the electrolyte solution, Li" transfer at the
electrode-electrolyte interface and Li" diffusion within the electrode material. Among them, Li" transfer
at the electrode-electrolyte interface has not been understood well, compared to the Li" diffusion in the
electrolyte or electrode. Therefore, analysis of the interfacial charge transfer for various electrodes, ions
or electrolytes is of particular importance for further comprehension.

Prussian blue analogues (PBAs) are promising candidates for the electrode materials.”” PBAs have a
cyanide-bridged perovskite-type framework with a generalized formula of A,M[M’(CN)s];.,-[,-nH,O
(A: Alkali metal, M, M’: transition metal), in which [J denotes the [M’(CN)g] vacancy. The
electrochemical ion insertion/extraction in PBAs has been investigated intensively for decades, and
PBAs have been revealed to accommodate various ions such as Li", Na*, K™ and NH," 3% In particular,
PBA with M = Mn and M’ = Fe (hereafter called MnFe-PBA) showed the highly stable Li"
insertion/extraction reaction. The easy accessibility of various ions into PBAs offers us a good model of
the electrode-electrolyte interface, because the contribution from the respective interfacial components
can be evaluated by changing the ion and electrolyte. However, detailed analysis of the interfacial

charge transfer between the PBA electrode and electrolyte has not been carried out to data.
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Scheme 1 shows the schematic illustration of the Li" transfer at the PBA electrode-electrolyte

112 the Li" transfer at the electrode-electrolyte interface

interface. According to the previous reports,
can be divided into two processes. One is the Li" transfer between the Outer Helmholtz Plane (OHP)
and Inner Helmholtz Plane (IHP), including the solvation/desolvation process. The other is the Li"
transfer between the IHP and electrode, including the ad-ion diffusion on the electrode surface. To
observe two processes separately, electrochemical impedance spectroscopy (EIS) is a powerful
technique. The Nyquist plot obtained by the EIS shows two semi-circle components corresponding to
RC circuits (the interfacial charge transfer resistance in parallel with the interfacial double layer
capacitance) between the OHP and IHP, and between the IHP and electrode, respectively.'>'
Furthermore, by varying temperature, the temperature dependence of each resistance can provide the
activation energy for each process, which sheds light on the microscopic understanding of the
interfacial charge transfer.

Here, the EIS study on the Li" transfer at the MnFe-PBA electrode-electrolyte interface was reported.

Furthermore, the Na' transfer at the MnFe-PBA electrode-electrolyte interface is also reported in

comparison with the case of Li".
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Scheme 1. Schematic illustration of the Li" transfer at the PBA electrode-electrolyte interface.
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2.2. Experimental Methods

MnFe-PBA was prepared by a precipitation method. An aqueous solution of 0.15 M MnCl,-4H,0
was added dropwise to an aqueous solution of 0.1 M K3Fe(CN)s. The composition was determined by
the standard micro-analytical method for C, H and N elements. Calcd. for Ko ;Mn[Fe(CN)g]o.73.6H,O:
C, 18.54; H, 2.67; and N, 21.62. Found: C, 18.43; H, 2.56; and N, 21.19.

Powder X-ray diffraction (XRD) measurement was carried out on a Bruker D8 Advance using Cu Ka
radiation in steps of 0.01° over the 26 range of 5 — 80°. The unit cell parameters were calculated by the
least square fitting with peak top values. SEM measurement was carried out on a LEO GEMINISUPRA
35.

For the electrochemical measurements, three electrode glass cells were used. MnFe-PBA was ground
with 20 wt % acetylene black and 5 wt % poly(tetrafluoroethylene) into a paste and used as working
electrode. For the counter and reference electrode, Li or Na metal was used. For the electrolyte, 1 M
LiClOy4/ethylene carbonate-diethyl carbonate (EC-DEC, 1:1 V/V %), 1 M LiClO4/propylene carbonate
(PC) (Lithium battery grade, Kishida Chemical) or 1 M NaClO4/PC (Magnesium battery grade, Kishida
Chemical) was used. For the alkali-ion insertion/extraction, a galvanostat (SD-8, Hokuto Denko) was
used, and the cut-off voltages were 2.0 V and 4.3 V (vs. Li/Li") for Li" insertion/extraction, and 1.7 V
and 4.0 V (vs. Na/Na"). The open-circuit voltages (OCVs) were measured by repeats of flowing
galvanostatic current (current density; 18 mA/g) for 10 minutes and the potential relaxation for 30
minutes under an open-circuit state. The electrochemical impedance spectra were recorded with a
frequency response analyzer (SI 1250, Solatron) at the frequency ranging from 5 mHz to 50 kHz with

an amplitude of 10 mV.

2.3. Results and Discussion
The PBA electrode material, MnFe-PBA, was synthesized by a precipitation method. The powder

XRD pattern showed formation of a cubic PBA framework (¢ = 10.4996 A, V = 1157.4 A®) without

impurity (Figure 1). The calculated unit cell parameters are consistent to the previously reported values
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(a=10.489 A, V'=1154.1 A*).>® SEM images showed a mean particle size of about 1.8 um (inset in
Figure 1).

Before starting the EIS analysis, the open-circuit voltage (OCV) was measured as a function of the
amount of alkali-ion in MnFe-PBA. Figure 2(a) shows the OCVs during the Li" insertion/extraction
using 1 M LiCl04/PC, and during Na" insertion/extraction using 1 M NaClO,/PC. The electrochemical

reaction is described as,

xA" +xe¢ + MnFe-PBA & A MnFe-PBA (A =Li, Na).

As for Li" insertion/extraction, almost one Li" per formula was inserted/extracted reversibly (0 < x <
0.7, LiMnFe-PBA)) at around 3.2 V (vs. Li/Li") corresponding to Fe?'/Fe*" redox couple. The same
result was obtained for Li" insertion/extraction using 1 M LiCIO4/EC-DEC.’

As for Na" insertion/extraction, almost 0.8 Na" per formula was inserted, then 0.86 Na" per formula
was extracted. These values exceed the amount of redox-active Fe site. Thus, in addition to Na"
insertion/extraction, another contribution should be taken into account. When we started charging the
cell to 4.0 V (vs. Na/Na") before the initial discharge process, MnFe-PBA showed a small charge
capacity maybe due to the K* extraction accompanied by the Mn redox. The extra capacity due to the
Mn redox can explain the excess amount of Na' insertion/extraction. The K" extraction may also cause
the formation of insoluble KClOy at the electrode surface, which could behave as the insulating layer
against the charge transfer. However, the amount of K™ in MnFe-PBA was small, thus the effect of K

will be ignored in the following discussion for simplicity.
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Figure 1. XRD pattern of MnFe-PBA. Inset: SEM image of MnFe-PBA. The scale bar is 1 um.
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Figure 2(b) shows the change in the lattice constant during the Li" or Na' insertion/extraction with
the PC electrolyte. Both electrochemical reactions proceeded via solid solution state. Li" insertion into
the PBA framework resulted in a slight shrinkage of the lattice constant from 10.4496 A to 10.417 A. In
contrast, the lattice constant was almost constant during the Na" insertion/extraction. This could be
explained by the difference in the ionic radius of Li" and Na". The large Na' (1.16 A) penetration into
the framework may prevent the lattice shrinkage. It should also be emphasized that, according to the
previous reports,' the electrochemical Na* insertion/extraction in the Fe**4[Fe’ (CN)¢]; film electrode
do not occur reversibly in an aqueous electrolyte (0.1 M NaCl), because Na" in aqueous electrolyte is
strongly hydrated, and too large (= 1.83 A) to be inserted in the host framework.'® On the other hand, in
the organic electrolyte, the solvated Na' can easily be desolvated, thus Na' insertion/extraction in
MnFe-PBA could occur.

To investigate Li” or Na" insertion/extraction mechanism at the electrode-electrolyte interface, the
EIS measurements at various compositions of A, (MnFe-PBA) (A = Li or Na, x = 0.1, 0.3, 0.4 and 0.6)
were carried out. x in A (MnFe-PBA) was varied by galvanic intermittent titration technique (GITT),
and the electrochemical cell was rested for 3 h to reach the equilibrium state before each measurement.

Figure 3(a) shows a typical Nyquist plot for Li,(MnFe-PBA) (x = 0.1, 1 M LiClO4/PC, 298 K). Two
semicircles corresponding to RC circuits (the interfacial charge transfer resistance in parallel with the
interfacial double layer capacitance) were observed in high (from 1 Hz to 6 kHz) and low (from 10
mHz to 1 Hz) frequency ranges, respectively.

To evaluate each resistance quantitatively, nonlinear least-squares fitting was carried out. The
equivalent circuit for the two-step ion insertion/extraction process (inset in Figure 3(a)) was used to

analyze the spectra.'""

The model was established as simple as possible to minimize the number of
parameters. In the equivalent circuit, R, R; and R, are the series resistance, interfacial charge transfer
resistance at high frequency range and interfacial charge transfer resistance at low frequency range,

respectively. CPE; and CPE, represent the constant phase element (CPE, Zcpg = {Tcpp(j)”}, Tepe, o

empirical parameters, w: angular frequency) at high and low frequencies, respectively. The CPE is
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commonly used to describe the depressed semicircle due to roughness of the electrode surface.' In this
equivalent circuit, CPEs were used instead of capacitors because the composite electrode used in our
study has a rough surface to show some porous-electrode features, as shown in the SEM image (Inset in
Figure 1). In fact, the equivalent circuit with the capacitors (red broken line in Figure 3(a)) could hardly
reproduce the experimental result. For the Warburg impedance, the MnFe-PBA electrode (pasted film)
was regarded as the thin film electrode for simplicity, and Z,, was used corresponding to the ionic bulk
diffusion in a thin film electrode material with an impermeable boundary condition and distributed
relaxation time (Zw = {Rweoth(iTww)’} (iTww)”, Ry: diffusion resistance, Ty: characteristic diffusion
time, f: an empirical parameter).'” The result of the curve-fitting is also shown in Figure 3(a), and fits
well with the experimental data. The used parameters were Ry = 10.92 Q, R, = 838.2 Q, Tcpp; = 17.5 pF,
aceer = 0.909, Ry = 607 Q, Teppa = 1.79 mF, acpr2 = 0.653, Rw = 5.41 pQ, Tw = 2.211x10™"" s, f =
0.31118. This result suggests that the electrochemical system is well represented by the used equivalent
circuit.

As mentioned in the introduction and Scheme 1, Bruce et al. proposed that the ad-ion model could
describe the Li" insertion mechanism of Li, TiS,, in which two semicircles appear in the impedance

11,12
spectra.

The equivalent circuit based on this model (an exactly same circuit shown in the inset of
Figure 3(a)) has been also employed for Li,La;3NbOs and LiMn,0O4 electrodes by Nakayama et al. and
Kobayashi et al., respectively, and well explained the experimental results.>'* A straightforward
adaptation of this model to the MnFe-PBA electrode provides the interpretation where R; at the low
frequency is attributed to the charge-transfer process between OHP and IHP including the
solvation/desolvation process, while R, at the high frequency is attributed to that between IHP and
MnFe-PBA including the ad-ion diffusion on the electrode surface. However, there exist other
interfaces in the PBA electrode, namely between the current collector — conducting carbon additive

(acetylene black, AB), PBA — AB, PBA — PBA. Thus, in order to clarify the dependence of R; and R,

on the Li" concentration in the electrolyte was measured.
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Figure 3. (a) Typical Nyquist plot (open circles) and fitted curve for Liy(MnFe-PBA) (x = 0.1, 1 M
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Nyquist plots for Li(MnFe-PBA) (x =0.14, 1 M LiClO4/PC) at 298 K, 303 K and 313 K.



Figure 4 shows R, and R,! against the Li" concentration in the electrolyte, ¢ [mol/L]. In this
measurement, LiClO4 concentration in PC was varied from 0.1 to 1 M. With increasing ¢, R 1'1 Increases
drastically while R, increases quite slightly. As shown in Scheme 1, the Li" transfer process at the
outer electric double layer should be most sensitive to ¢, thus R; may be attributed to the Li" transfer
resistance between OHP and THP (Rcr™™"™). On the other hand, concerning R», a possibility of the
fast interfacial electron transfer processes (i.e. PBA — AB) could be excluded, because the semicircle
for R, is observed at the lower frequency region than the semicircle for R;. Thus, the possible interfacial
Li" transfer resistances are those between PBA — PBA involving grain boundary diffusion, and THP —
PBA involving surface diffusion. However, Figure 4 showed the slight dependence of R, on c.
Therefore, it may be more appropriate to regard R, as the interfacial Li" transfer resistance between IHP
and PBA (RCTIHP/ PBA) rather than the solid-solid interfacial Li" transfer between PBA — PBA.

In order to clarify the mechanism in each interfacial charge transfer, the EIS spectra for
A,(MnFe-PBA) were measured at various temperatures. Figure 3(b) shows the Nyquist plots for
Liy(MnFe-PBA) (x = 0.1, 1 M LiCIlO4/PC) at 298 K, 303 K and 313 K. By using the nonlinear least
squares fitting, R, and R, were obtained at each temperature. Figure 5(a) and (b) show the temperature
dependence of R; and R, for A,(MnFe-PBA) (A = Li or Na, x = 0.3) in the temperature range from 293
Kto313K.

With increasing temperature, both R, and R, decrease for all electrolytes. Furthermore, the plots of
InR;™" and InR," against 1000/7 showed linear relationship obeying the Arrhenius equation. This result
suggests that R; and R, can be described as the thermal activation processes with the activation energies
E, and E,, respectively (Figure 5). Please note that the absolute values of R, and R, depend on the
various factors in each cell such as the sample weight of the PBA composite electrode, thus only the
activation energy has a physical meaning.

As discussed above, R and R can be attributed to the charge transfer resistance between the OHP

and IHP, and between the IHP and electrode, respectively. Therefore, E; should be the activation
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energy for Li" migration between the OHP and THP, including the solvation/desolvation processes. On
the other hand, £, should be the activation energy for ad-ion diffusion on the electrode surface.

Figure 6(a) show the £} and E; as a function of x for Li,(MnFe-PBA) in 1 M LiClO4/PC. To confirm
the reproducibility of the experiments, the results for two electrochemical cells were plotted. Two cells
provided the comparable values for both £, and E,, which clearly validates our results. As shown in the
figure, E; was almost constant (6 ~ 10 kJ/mol) regardless of x. This result indicates that the charge
transfer process between the OHP and IHP is not largely affected by x. On the other hand, £, showed a
strong dependency on x. With increasing x from 0.1 to 0.4, E, decreases from 60 to 20 kJ/mol. Then,
further increase in x results in the increase in E,. This result suggests that, as deduced above, R, and E,
correlate with ad-ion diffusion process on MnFe-PBA.

Figure 6(b) shows E; and E, as a function of x for Liy(MnFe-PBA) in 1 M LiCIO4/EC-DEC. E;
shows the almost constant value regardless of x. The averaged value of £, for ECDEC (8 kJ/mol) is
almost same as that for PC (9 kJ/mol). Since E; includes the solvation/desolvation process, this result
indicates that solvation energy with EC-DEC molecules is comparable to that by PC molecules. This
result does not agree with the previous study on the liquid electrolyte/graphite interface, where the PC
molecules solvate more strongly to Li" than the EC-DEC molecules.'® However, according to the
previous density functional theory (DFT) calculation,'”” EC molecule has a dipole moment (5.34 D)
similar to that of PC (5.52 D), which results in the comparable binding energy (EC: 0.29 eV, PC: 0.31
eV). This DFT calculation supports the similar £ observed in our experiments.

Regarding E, for EC-DEC, it varies with x largely. E, decreases from 50 to 10 kJ/mol as x increases
from 0.1 to 0.4, then increases to 35 kJ/mol (x = 0.6). The averaged value for EC-DEC (26 kJ/mol) is
slightly lower than that for PC (31 kJ/mol), but comparable within an experimental error. Since E»
corresponds to the ad-ion diffusion process, the solvent molecules may not affect E», resulting in similar
E, for both EC-DEC and PC. These results are schematically summarized in Figure 7(a).

Figure 6(c) shows E| and E; as a function of x for Na,(MnFe-PBA) in 1 M NaClO4/PC. E; shows the

almost constant value except for x = 0.6. The origin for the deviation at x = 0.6 is unclear. But if the
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exceptionally high value at x = 0.6 is ignored, the averaged value of E; for Na" (5 kJ/mol) is smaller
than that for Li" (9 kJ/mol). This indicates that the solvation/desolvation of Na" occurs more easily than
that of Li". It is well known that less-polarizing Na' can solvate/desolvate more easily than
more-polarizing Li". In fact, the lower £, for Na” was reported previously,”’ which well agrees with our
results.

In contrast to E, for Li", E, for Na" does not depend largely on x. E; for Na' increases from 10 to 20
kJ/mol as x increases. The averaged value of E, for Na™ (15 kJ/mol) is much smaller than that for Li"
(31 kJ/mol). As mentioned above, E; includes the ad-ion diffusion on the electrode surface. Therefore,
less-polarizing Na" may diffuse on the PBA surface more easily than more-polarizing Li". This is

consistent with the fact that Na™ in the bulk solid diffuses much faster than Li" 2"

These results are
schematically summarized in Figure 7(b).

Compared to the typical cathode materials, MnFe-PBA showed smaller activation energies for the
interfacial charge transfer processes. For example, the activation energy in 1M LiClO4/PC was reported
as 46 kJ/mol for c-axis-oriented LiCoO, thin ﬁlm,24 and 47 kJ/mol for MgO-modified LiCoO, thin
film.> Although these values were obtained from the equivalent circuit with a single RC circuit, they
are generally higher than £, and E, for the MnFe-PBA electrode. Furthermore, both £, and E; for
LiMn,04 in 1 M LiClO4/PC (E; = 19kJ/mol and E, = 54 kJ/mol based on the same equivalent circuit in
our study) were higher than those for MnFe-PBA in 1 M LiClO4/PC."* The faster charge transfer
kinetic at the interface could contribute to the higher power application.

The activation energy for Na' transfer at the electrode-electrolyte interface for other electrode
materials has not been reported. However, the activation energy (obtained from the equivalent circuit
with a single RC circuit) at the solid electrolyte-liquid electrolyte interfaces was determined as 35
kJ/mol between NazZr; g5Y.12S1,PO1, (NASICON) and 0.05 M NaCF;SO5/PC, and 52 kJ/mol between
Na-B-alumina and 0.05 M NaCF3;SO3/PC.>**" These values are higher than E, and E, for MnFe-PBA.

Therefore, it is speculated that the interfacial Na" transfer processes for MnFe-PBA has lower potential

barrier than that on the solid electrolyte surface.
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Finally, the effect of the interfacial charge transfer resistance on the high-rate charge/discharge
capability was investigated. To compare the rate capability, charge-discharge measurements were
carried out at the various current densities from 50 mA/g to 1 A/g. In general, the rate performance is
influenced not only by the interfacial charge transfer and Li" diffusion in the electrode, but also by
various other factors such as the electrode surface area, ionic activity, ionic conductivity of the
electrolyte, electronic conductivity of the electrode, etc. Nevertheless, in the following discussion, the
influence of E| and E, on the rate capability was considered. Figure 8(a) shows the charge-discharge
curves at various current densities. In case of Li™ insertion/extraction, the charge-discharge capacity
with 1 M LiClIO4/EC-DEC showed a decrease from 62 mAh/g at 50 mA/g to 42 mAh/g at 1 A/g (31 %
decrease), while that with 1 M LiClO4/PC showed a decrease from 63 mAh/g at 50 mA/g to 36 mAh/g
at 1 A/g (42 % decrease). The rate capability as a function of current density for each electrolyte in
Figure 8(b) clearly shows that the rate capability for EC-DEC electrolyte is better than that for the PC
electrolyte. The Li" bulk diffusion in the MnFe-PBA electrode must be same for both electrolytes.
Furthermore, as discussed in the above section, both PC and EC-DEC electrolytes showed comparable
E; and E, values. Therefore, the better rate capability for EC-DEC may be ascribed to the higher Li"
conductivity in EC-DEC (Li-ion conductivity in 1 M LiCIO4/EC-DEC: 6.4x10” S/cm,” PC: 6.0x107
S/cm™).

In case of Na', the charge/discharge capacity showed a decrease from 80 mAh/g at 50 mA/g to 63
mAh/g at 1 A/g (21 % decrease) (Figure 8(a)). The rate capability for Na" in Figure 8(b) is considerably
better than that for Li". It is well known that the Na" diffusion in the bulk solid is much faster than the
Li". Therefore, the better rate capability for Na™ could be explained by the faster bulk diffusion in the
solid. However, Na' showed lower E; and E, than Li". Thus, the lower potential barrier at the [HP/PBA

interface may also contribute to the faster Na" transfer, and the better rate capability.
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2.4. Conclusions

Alkali-ion (Li" or Na") transfer at the MnFe-PBA electrode-electrolyte interface was investigated by
EIS. Alkali-ion transfer at the MnFe-PBA electrode-electrolyte interface was suggested to involve two
processes. It was interpreted that one was ion transfer between the OHP and IHP, including the
solvation/desolvation process, the other was ion transfer between the IHP and electrode, including the
ad-ion diffusion on the electrode surface. In case of Li" transfer in the PC electrolyte, £ was almost
constant within the whole composition range of 0.1 < x < 0.6 in Li,MnFe-PBA, while £, depended
largely on x regardless of the electrolyte. Both £} and £, in 1 M LiClO4/PC were comparable to those in
1 M LiCIO4/EC-DEC, which is consistent to the DFT calculation in the previous report.

In contrast to Li" transfer, the significant dependence of £, on x was not observed for Na' transfer.
However, the averaged value of E, for Na” was much lower than that for Li". This may be one of the
origins for the excellent rate capability of Na’. The high charge/discharge rate experiments for the

MnFe-PBA clearly demonstrated the effect of the charge transfer processes.
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Chapter 3

Hydration Effect on Activation Energy for Electrode-Electrolyte Interfacial

Charge Transfer

3.1. Introduction

High power, durable and low cost batteries have attracted much attention because of strong industrial
demands for their application to grid-scale energy storage.* Although a Li-ion rechargeable battery
powers most consumer electronics, the used non-aqueous electrolyte is too expensive. In contrast,
aqueous batteries such as an aqueous Li-ion battery or agqueous Na-ion battery are promising, because
the aqueous electrolyte is inexpensive and some intercalation electrodes can show both durability and
high power with the aqueous electrolytes.

It is well known that Li* and Na® in both organic®’ and aqueous electrolytes®® can be
electrochemically  intercalated into  Prussian  blue analogs (PBAs), because PBAs
(AKM[M’(CN)gl1y-0y'nH20, A; alkali metal, M, M’; transition metal, o; [M’(CN)s] vacancy, hereafter
denoted MM’-PBA) possess both the redox active sites and the mixed conductivity within the
cyanide-bridged porous structure. Very recently, Wessells et al. reported application of PBASs to the

electrode materials in the aqueous batteries,*™*

which pronounces the long cycle life, high power, good
energy efficiency, safety and low cost of the aqueous batteries with the PBA electrodes. For example,
NiFe-PBA allowed 66 % retention of the initial capacity at an extremely high (41.7 C) rate with Na*
aqueous electrolyte. The high-rate capability with aqueous electrolyte was much better than that with
organic electrolyte.® However, the origin for the high power of the PBA electrodes with aqueous
electrolyte has not been clarified to date.

The electrode-electrolyte interfacial charge transfer is a fundamental step in the charge/discharge
process, and higher power output requires faster interfacial charge transfer with lower activation
energy.’ In this study, the activation energy for the interfacial charge transfer was estimated for the

PBA electrode with both organic and aqueous electrolytes by the electrochemical impedance
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spectroscopy (EIS). The temperature dependence of the interfacial charge transfer resistance could
provide the activation energy, which sheds light on the microscopic understanding of the interfacial
charge transfer, and furthermore clarifies the origin for the high power of the aqueous batteries with the

PBA electrodes.

3.2. Experimental Methods

NiFe-PBA thin film was fabricated on an Indium Tin oxide (ITO) substrate (hereafter denoted
NiFe-PBA/ITO) by using a sequential deposition method.** Typically, an ITO substrate was immersed
for 1 min. in an aqueous solution of 12 mM NiCl,-:6H,0, and then rinsed with distilled water. The
rinsed ITO substrate was immersed for 1 min. in an aqueous solution of 8 mM K3Fe(CN)s, and rinsed
with distilled water. After repeating 40 cycles of these processes, the ITO substrate was dried in vacuo
for 12 h. For comparison, a powder sample of NiFe-PBA was synthesized by a precipitation method, in
which an aqueous solution of 0.15 M NiCl,-6H,0 was added dropwise to an aqueous solution of 0.1 M
KsFe(CN)g. The precipitate was centrifuged, washed with distilled water, and then dried in vacuo for 24
h.

Powder X-ray diffraction (XRD) measurement was carried out on a Bruker D8 Advance using Cu Ka
radiation in steps of 0.01° over the 26 range of 10 — 60°. SEM measurement was carried out on a Carl
Zeiss Supra 35.

For the electrochemical measurements, three-electrode glass cell was used. NiFe-PBA/ITO was used
for the working electrode. For Li* or Na" intercalation/extraction in organic electrolytes, Li or Na metal
was used for the counter and reference electrodes, and 1 M LiClO4/propylene carbonate (PC) or 1 M
NaClO4/PC was used for the electrolyte. Mg metal is potentially passivated in polar organic electrolyte.
Therefore, for Mg?* intercalation/extraction in organic electrolyte, the reference electrode was an Ag
wire immersed in 0.01 M AgCIO,4 and 0.1 M tetrabutylammonium perchlorate (TBAP)/PC, while the
counter electrode was a Pt mesh. For the electrolyte, 1 M Mg(CIO,4),/PC was used. The reference

electrode was calibrated in 1 M Mg(ClO,)./PC containing 1 M ferrocene and 0.1 M TBAP.
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For Li", Na" and Mg®" intercalation/extraction in an aqueous electrolyte, an Ag/AgCl in 3 M NaCl
was used for the reference electrode. An excess amount of the discharged NiFe-PBA electrode was
used as a counter electrode according to the literature.'” An aqueous solution of 1 M LiNO;, 1 M
NaNO; or 1 M Mg(NOs), was used as an aqueous electrolyte. The cut-off voltages were 2.0 V and 4.3
V (vs. Li/Li") for Li" intercalation/extraction in 1 M LiClIO4/PC, 2.0 V and 4.0 V (vs. Na/Na") for Na"
intercalation/extraction in 1 M NaClO4/PC and 0 V and 1 V (vs. Ag/AgCl) for Li", Na" or Mg*"
intercalation/extraction in the aqueous solutions. The electrochemical impedance spectra were recorded
with a frequency analyzer (SI 1250, Solatron) at the frequency ranging from 5 mHz to 50 kHz with an

amplitude of 10 mV.

3.3. Results and Discussion

A thin film electrode of NiFe-PBA (NiFe-PBA/ITO) was employed for the EIS study, rather than the
composite electrode, to avoid the complexities caused by various coexisting interfaces in the composite
electrode. NiFe-PBA/ITO was fabricated by a sequential deposition method.'* Figure 1 shows the
X-ray diffraction (XRD) pattern for NiFe-PBA/ITO. The weak peak at 20 = 17.3° corresponds to the
(200) reflection of NiFe-PBA by comparison with that for the NiFe-PBA powder. Therefore,
NiFe-PBA thin film was successfully deposited on the ITO substrate. The cross-section SEM image
confirmed the deposited NiFe-PBA thin film on the ITO substrate, and revealed the mean thickness of
about 200 nm (Figure 2).

Before the EIS measurements, electrochemical ion intercalation/extraction for NiFe-PBA/ITO was
examined with both organic and aqueous electrolytes. Figure 3(a) shows the cyclic voltammetry (CV)
for NiFe-PBA/ITO with 1 M LiClO4/PC (black solid line), 1 M NaClO4/PC (blue solid line) and 1 M
Mg(C104)/PC (red solid line) at the scan rate of 1 mV/s. Although Li/Li", Na/Na", and Ag/Ag" were
respectively used as the reference electrode for the Li”, Na” and Mg®" organic electrolytes, the potential
in Figure 3(a) is normalized to the value against normal hydrogen electrode (NHE) for clarity (Li/Li" =

-3.0 V vs. NHE, Na/Na’ =-2.7 V vs. NHE, and Ag/Ag" =+1.0 V vs. NHE). In the Li" organic
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Figure 1. XRD patterns for power sample of NiFe-PBA and NiFe-PBA/ITO. *: Bragg peaks of ITO.

45



NiFe-PBA

Figure 2. Cross-section SEM image for NiFe-PBA/ITO.
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electrolyte, NiFe-PBA/ITO showed a cathodic peak at 0.13 V vs. NHE and an anodic peak at 0.27 V vs.
NHE, while that in the Na" organic electrolyte showed a cathodic peak at 0.49 V vs. NHE and an
anodic peak at 0.57 V vs. NHE. These peaks should be ascribed to the Li* or Na’
intercalation/extraction reaction, which agrees with the previous reports.®” The peak separation AE, of
140 mV for Li* is larger than that for Na* (80 mV). Since AE, depends on the diffusion coefficient in
the bulk PBA and the rate constant at PBA-electrolyte interface, large AE, for Li* suggests that Li*
diffusion or interfacial Li* transfer is slower than that of Na*. In contrast, NiFe-PBA/ITO showed no
peak in the Mg?" organic electrolyte, which suggests that Mg?* in PC can hardly be inserted into
NiFe-PBA.

Figure 3(b) shows the CVs for NiFe-PBA/ITO in aqueous solutions of 1 M LiNOs (black solid line),
1 M NaNO; (blue solid line) and 1 M Mg(NO3), (red solid line), respectively. Although Ag/Ag" was
used as the reference electrode for all the aqueous electrolytes, the potential in Figure 3(b) is normalized
to the value against NHE for clarity (Ag/Ag" = +0.2 V vs. NHE). With the Li" aqueous electrolyte,
NiFe-PBA/ITO showed a cathodic peak at 0.36 V vs. NHE and an anodic peak at 0.44 V vs. NHE,
while that with the Na" aqueous electrolyte showed a cathodic peak at 0.56 V vs. NHE and an anodic
peak at 0.56 V vs. NHE. Furthermore, NiFe-PBA/ITO showed a cathodic peak at 0.52 V vs. NHE and
an anodic peak at 0.62 V vs. NHE in the Mg”" aqueous electrolyte. According to the previous reports,
these peaks should also be ascribed to the Li, Na® or Mg®" intercalation/extraction in
NiFe-PBA/ITO.*">">"" AE, for Li* is 80 mV, which is smaller than that for Li" in PC (140 mV). This
result suggests that the aqueous electrolyte accelerates the Li" diffusion or interfacial Li" transfer. The
acceleration of reaction kinetics is also observed for Na', in which AE, decreases from 80 mV (PC) to 0
mV (the aqueous electrolyte). AE, of 0 mV is explained by the uniform Na" concentration within the
PBA film (fast Na" diffusion) and reversible interfacial reaction (fast interfacial Na' transfer), and is
frequently observed for the thin film electrode with fast kinetics. This result also supports the

acceleration effect of the aqueous electrolyte.
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Figure 3. (a) Cyclic voltammograms for NiFe-PBA/ITO in 1 M LiClO4/PC (black solid line), 1 M
NaClO4/PC (blue solid line) and 1 M Mg(ClO4),/PC (red solid line). The potential is normalized to the
value vs. NHE (Li/Li" = -3.0 V vs. NHE, Na/Na" = -2.7 V vs. NHE and Ag/AgClO4 = +1.0 V vs. NHE).
The scan rate is 1 mV/s. (b) Cyclic voltammograms for NiFe-PBA/ITO in aqueous solutions of 1 M
LiNO; (black solid line), 1 M NaNOj (blue solid line) and 1 M Mg(NOs); (red solid line). The potential

is normalized to the value vs. NHE (Ag/AgCl =+0.2 V vs. NHE).The scan rate is | mV/s.
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To investigate the interfacial charge transfer more quantitatively, the EIS measurements were carried
out. Before the EIS measurement, the electrochemical cell was held at a certain potential (£;) for 2h to
reach the equilibrium state. Figure 4 shows the typical Nyquist plot for NiFe-PBA/ITO with an aqueous
solution of 1 M LiNOs (E; = 0.5 V vs. NHE, 293 K). One semicircle corresponding to a RC circuit (the
interfacial charge transfer resistance in parallel with the interfacial double layer capacitance) was
observed in the frequency range from 15 Hz to 50 kHz. To evaluate the Nyquist plot quantitatively,
nonlinear least-squares fitting was carried out. The equivalent circuit for the typical ion
intercalation/extraction process (inset in Figure 4) was used to analyze the spectra. In the equivalent
circuit, R and Rcr are the series resistance and interfacial charge transfer resistance, respectively. CPE
represents the constant phase element (CPE, Zcpr = {1 cpE(]'a))“}'l, Tcpe, a: empirical parameters, :
angular frequency). The CPE is commonly used to describe the depressed semicircle due to roughness
of the electrode surface.'® In this equivalent circuit, CPE was used instead of capacitor because the
NiFe-PBA thin film in our study has a rough surface as shown in the SEM image for the surface of
NiFe-PBA/ITO (Figure 5). For the Warburg impedance, Zw was used corresponding to the ionic bulk
diffusion in a thin film electrode material with an impermeable boundary condition and distributed
relaxation time (Zw = {Rwcoth(iT Wco)g} (iTr Ww)'ﬁ , Rw: diffusion resistance, Tw: characteristic diffusion
time, f: an empirical parameter).'’ The result of curve-fitting is also shown in Figure 4, and fits well
with the experimental data. The used parameters were Ry = 70.82 Q, Rcr = 69.49 Q, Tepp = 12.7 YF,
ocpe = 0.939, Rw = 1.51 Q, Tw = 8.12 x 10* s and f = 0.349. The good fit suggests that the
electrochemical system is well represented by the used equivalent circuit.

In order to clarify the mechanism in interfacial charge transfer, the EIS spectra for NiFe-PBA/ITO
were measured at various temperatures. Figure 4(a), (b) and (c) shows the typical Nyquist plots for
NiFe-PBA/ITO with various electrolytes (1 M LiCIO4/PC, aqueous solution of 1 M LiNO3 and aqueous
solution of 1 M Mg(NOs),). The temperature dependent EIS spectra for the other systems are shown in
Figure 6(d) and (e). As shown in the figures, the radius of the semicircle decreases with increasing the

temperature for all systems. Rcr at each temperature was estimated from the nonlinear least squares
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Figure 4. Typical Nyquist plot (opened circles) and fitted curve (solid line) for NiFe-PBA/ITO with
aqueous solution of 1 M LINO;3 (Ej = 0.5 V vs. NHE). Inset: equivalent circuit used in the fitting. Rs:
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Figure 5. SEM image for the surface of NiFe-PBA/ITO.
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fitting.

Figure 7 shows the temperature dependence of Rct for NiFe-PBA/ITO in 1 M LiCIO4/PC (Ej=0.2 V
vs. NHE, black opened circles), 1 M NaClO4/PC (E; = 0.4 V vs. NHE, blue opened circles), aqueous
solution of 1 M LINO3 (Ej = 0.5 V vs. NHE, black closed circles), 1 M NaNOs (E; = 0.6 V vs. NHE,
blue closed circles) and 1 M Mg(NOs), (Ei = 0.5 V vs. NHE, red closed circles) in the temperature
range from 293 to 313 K. With increasing temperature, Rct decreased for all systems. The plot of InRcr
"L vs. 1000/T showed linear relationship obeying the Arrhenius equation. This result suggests that Rt
can be described as the thermal activation process with the activation energy E, for interfacial charge
transfer. Table 1 summarizes E, for various electrolytes.

As shown in Table 1, E;, for Li* (60.8 kd/mol) is larger than that for Na* (43 kJ/mol) in PC. Because
the intercell bottleneck radius in the hard sphere model of PBA is about 1.6 A, PC molecule is too large
to be co-intercalated in PBA. Thus, all the solvated PC should be desolvated completely during the
interfacial charge transfer, and bare Na* or Li" is inserted/extracted in PBA. Most likely, less-polarizing
bare Na* can be transferred at the interface more easily than more-polarizing Li*, which results in larger
E, for Li*.'*?*?! Faster interfacial Na" transfer agrees with the smaller AE, in the CV. Nevertheless,
both E, values for the Li* and Na" organic electrolytes are considerably high.

In contrast, E, for the Li* aqueous electrolyte (25.7 kJ/mol) is much smaller than that for the Li*
organic electrolyte (60.8 kJ/mol). Since the PBA electrode with the aqueous electrolyte is well known
to show intercalation/extraction of hydrated ions,?* the significant change in E, suggests that bare Li* is
not the mobile ion with the aqueous electrolyte. Hydrated Li* (2.37 A) is too large to be intercalated,
thus it is presumed that partial dehydration occurs during the interfacial charge transfer in order to
decrease the radius of the mobile charge, and then the partially hydrated Li* may be inserted into PBA.
The Coulombic repulsion during the interfacial charge transfer should be reduced largely by the

screening effect of the hydration, which explains small E, well.

52



@) 20a0° o— 0 .0
o
Y -120
[ ]
15 ° o
) ° -100
o
o 804 @
S -1.0 ¢ S
N N
_60_
-40
05
® :293K
02Hz ® 303K -20
® :313K
0.0 T 0 T T T T T T
0.0 05 1.0 15 2.0x10" 60 80 100 120 140 160 180 200
Z'(Q) Z'(Q)
(©)
120+
Y 4Hz
-100
_80_
e
N -60
-40
A 293K
-20 A 303K
A 313K
0+ T T T
20 40 60 80 100 120 140

Z(©Q)
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Table 1. Activation energy E, for interfacial charge transfer between NiFe-PBA/ITO and various

electrolytes.
electrolyte Ea (kJ/mol)
1 M LiCIO4/PC 60.8(4)
organic 1 M NaClO4/PC 43(3)
1 M Mg(CIO4),/PC No charge transfer
1 M LiNOs(aq) 25.7(8)
aqueous 1 M NaNOs(aq) 5.2(5)
1 M Mg(NOs)2(aq) 27(1)
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The hydration effect on the interfacial charge transfer is more significant for Na*. E, for the Na*
aqueous electrolyte (5.2 kJ/mol) is negligibly small compared to that for the Na* organic electrolyte (43
kJ/mol). The radius of hydrated Na* (1.83 A) is almost same as the intercell bottleneck radius of PBA.
Therefore, the interfacial charge transfer may not involve the dehydration process, and almost fully
hydrated Na" may be transferred. The full hydration of Na* should largely suppress the Coulombic
repulsion, thus E, for the interfacial charge transfer. The negligibly small E, at the electrode-electrolyte
interface can contribute to the fast interfacial Na* transfer. Furthermore, the hydration of Na" can also
suppress the Coulombic repulsion during bulk diffusion within the PBA framework, which results in
fast Na" diffusion. The fast reaction kinetics due to the hydration well explains AE, of 0 mV in the CV.
Therefore, although various other factors such as ionic conductivity of the electrolyte or electronic
conductivity of the composite electrode affect the rate capability of the batteries, fast Na*
diffusion/interfacial transfer with the aqueous electrolytes should be one of the origins for the high
power output of the aqueous batteries with the PBA electrodes.

The hydration effect is also observed for Mg%. PBA/ITO with the Mg2+ organic electrolyte was a
blocking electrode. As discussed above, PC molecule is too large to be co-intercalated in PBA, thus all
the solvated PC should be desolvated completely during the interfacial charge transfer. However, bare
Mg”" should have large Coulombic repulsion at the interface, which results in the blocking behavior.
On the other hand, PBA/ITO with the Mg®* aqueous electrolyte showed clear intercalation/extraction of
Mg*". E, for the Mg*" aqueous electrolyte (27 kJ/mol) is comparable to that for the Li" electrolyte.
Hydrated Mg”™ (2.1 A) may be dehydrated partially during the interfacial charge transfer. The
Coulombic repulsion at the interface should be decreased by the partial hydration of Mg**, which

enables the intercalation in PBA.

57



3.4. Conclusions

The hydration effect on the activation energy for the NiFe-PBA thin film electrode-electrolyte
interfacial charge transfer was clarified by the temperature dependent EIS. E, for the interfacial Li"
transfer is decreased from 60.8 kJ/mol (PC) to 25.7 kJ/mol (H,0O), because the screening effect of
hydration may suppress the Coulombic repulsion at the interface. The hydration effect was more
significant for Na'. E, for the interfacial Na" transfer was largely decreased from 43 kJ/mol (PC) to 5.2
kJ/mol (H,0). The negligibly small £, with the aqueous Na" electrolyte should be one of the origins for
the high power output of the aqueous batteries with the PBA electrodes. Furthermore, the hydration

effect enabled the Mg®" intercalation in PBA.
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Chapter 4

Magnesium Ion Intercalation in Cyanide-Coordinated Porous Polymer

4.1. Introduction

Rechargeable batteries have been focused on their contribution to the energy saving because they can
be applied to portable electric devises, advanced vehicles, and grid-scale energy storage.* In order to
realize the rechargeable batteries, the ion intercalation reactions in the insertion compounds are the
fundamental issues because they enable the compounds to apply to electrode materials for rechargeable
batteries. In particular, Li" intercalation in the compound has been investigated widely for application to
Li-ion battery because it shows high energy density.*”

On the other hand, alternative rechargeable batteries which can substitute the Li-ion battery have
been required according to reserve exhaustion and high cost of lithium. Among them, Mg-ion battery is
the one of most promising batteries because magnesium has larger reserves and lower cost than
lithium.®™ In addition, the ionic radius of Mg®* (0.65 A) is similar to that of Li* (0.60 A), thus Mg**
intercalation in the insertion compound could be able to achieve. However, the Mg?" intercalation has
hardly been reported because Mg®* is a divalent ion, thus the large repulsion between Mg and the
compound suffer the Mg?* intercalation. Therefore, it is necessary to suppress the large repulsion for
achieving the Mg?* intercalation.

In order to achieve Mg?* intercalation, using aqueous electrolyte would be effective way because ion
intercalates into the compound with hydrated state. Therefore, the hydrated shell around ion suppresses
the repulsion, and enables Mg** insertion/extraction.

Prussian blue analog, AM[M’(CN)s]i,,-[l,,nH,O (A: alkali metal, M, M’: transition metal, [
[M’(CN)s] defect, hereafter denoted MM’-PBA), has both electronic- and ionic-conductivities due to
cyanide-bridged porous structure, and transition metal redox-active site. Therefore PBA can be
inserted/extracted various ions such as alkali-metal ions with both organic and aqueous electrolyte.'*?

In particular, PBA shows faster ionic diffusion with aqueous electrolyte than that with organic
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electrolyte due to the hydrated structure. Therefore, Mg®* could insert/extract into PBA with aqueous

electrolyte. In this report, the Mg”" intercalation in PBA was investigated with aqueous electrolyte.

4.2. Experimental Methods

CuFe-PBA was prepared by a precipitation method. An aqueous solution of 0.15 M CuSO4-5H,O
was added dropwise to an aqueous solution of 0.1 M K;3;Fe(CN)s. The precipitate was centrifuged,
washed with distilled water, and then dried in vacuo for 24 h. The obtained product was stored under an
inert atmosphere in the dark at 5 °C to prevent decomposition.

The composition was determined by the standard micro-analytical method for C, H and N elements
and the coupled plasma mass spectroscopy for K, Fe and Ni elements. Calcd. for
Ko1Cu[Fe(CN)sJo73.6H20: K, 1.39; Cu, 22.6; Fe, 13.9; C, 17.97; N, 20.96 and H, 2.59. Found: K,
1.48; Cu, 21.9; Fe, 13.4; C, 18.20; N, 19.86 and H, 2.62.

Powder X-ray diffraction (XRD) measurement was carried out on a Bruker D8 Advance using Cu Ko
radiation in steps of 0.01° over the 26 range of 5 — 80°. The unit cell parameters were calculated by the
least square fitting with peak top values. SEM measurement was carried out on a Carl Zeiss Supra 35.

For the electrochemical measurements, three electrode glass cells were used. CuFe-PBA was mixed
homogeneously with 20 wt % acetylene black and 10 wt % polyvinylidene fluoride (PVdF) in
N-methyl-2-pyrrolidone (NMP) by using a sono-horn. The resulting slurry was cast on a carbon paper
and dried in vacuo for 12 h. For the reference electrode, an Ag/AgCl in 3 M NaCl was used. For the
electrolyte, aqueous solutions of 1 M Mg(NOs), were used. For the counter electrode, the pretreated
CuFe-PBA clectrode was used. First, in order to extract the small amount of K ion, the PBA electrode
was charged to the 1.0 V by galvanostatic intermittent titration technique (GITT), and then the electrode
was discharged to the half-discharge potential by GITT to insert small amount of Mg ion in flesh cell.
For the Mg-ion insertion/extraction, we used a galvanostat (SD-8, Hokuto Denko), and the cut-off
voltages were 0.1 V and 1.0 V (vs. Ag/AgCl). The cyclic voltammogram was recorded on VersaSTAT.

The open-circuit voltages (OCVs) were measured by repeats of flowing galvanostatic current (current
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density; 18 mA/g) for 10 minutes and the potential relaxation for 30 minutes under an open-circuit

state.

4.3. Results and Discussion

CuFe-PBA was synthesized by a precipitation method. Figure 1 shows the powder X-ray diffraction
pattern for CuFe-PBA. The XRD pattern indicated a single cubic phase without crystalline impurity.
The estimated unit cell parameters were a = 10.1274(5) A and ¥ = 1038.7(1) A°. These values are well
consistent to the previous reported values. The mean particle size for CuFe-PBA estimated from SEM
image was about 50 nm (figure 1(b)).

Electrochemical Mg?* intercalation reaction was carried out for CuFe-PBA in the aqueous solution of
1 M Mg(NOgs),. An Ag/AgCI electrode was used as the reference electrode, and the CuFe-PBA
containing small amount of Mg?" was used as the counter electrode. Figure 2(a) shows the cyclic
voltammogram (CV) at the scan rate of 5 mV-s™ (solid line). CuFe-PBA showed a strong cathodic at
0.57 V and an anodic peaks at 0.65 V. According to the previous reports, these peaks could be ascribed
to the solid-state redox of [Fe**(CN)e]/[Fe**(CN)s] couple in CuFe-PBA.?* In addition, two weak redox
peaks were observed at around 0.25 V and 0.85 V. It was reported that the further one would correspond
to the Cu**/Cu* redox couple in CuFe-PBA.2* However, the nature of the later one has not been
understood yet. The CV measurement for the electrode which did not contain CuFe-PBA (only
contained AB and PVdF) was also carried out, and that did not show any faradaic reaction (dotted line).
Therefore, the later one might correspond to some kind of side reaction of CuFe-PBA.

Figure 2(b) shows the open-circuit voltages (OCVs) for CuFe-PBA. CuFe-PBA showed the
reversible discharge-charge capacities of 60 mAh/g at the potential ranging from 0.9 and 0.2 V. The

observed potential well agreed with the redox peaks recorded in the CV.
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In order to confirm the structural change during charge-discharge reaction, the ex-situ XRD
measurement for CuFe-PBA was carried out (Figure 3). During charge-discharge, all of the peaks
shifted gradually without emergence of an additional peak, suggesting that the Mg”"
intercalation/extraction proceeded via a solid solution process. The change in the lattice constant during
charge-discharge reaction is plotted in Figure 6 (closed triangles). CuFe-PBA framework resulted in a
slight shrinkage of the lattice constant from 10.104 A (as-prepared) to 9.998 A (full-discharged state)
during discharge reaction and a slight expansion of that from 9.998 A (full-discharged state) to 10.077
A (full-charged state) during charge reaction.

The reversible charge-discharge capacities and the slight shrinkage/expansion of CuFe-PBA during
charge-discharge reaction indicate that CuFe-PBA would intercalate/extract Mg?*. In order to confirm
whether Mg** was intercalated/extracted into CuFe-PBA, the inductively coupled plasma mass
spectroscopy (ICP-MS) for Mg was carried out during charge-discharge reaction. Closed circles in
Figure 6 show the amount of intercalated/extracted Mg?* x. CuFe-PBA can intercalate 0.21 Mg** and
extract 0.25 Mg®*. These results indicated that the CuFe-PBA can intercalated/extracted Mg>".

In order to clarify the change in the electronic structure, °’Fe Mdssbauer spectra were recorded for
CuFe-PBA during Mg®* intercalation/extraction (Figure 4). The black dots in Figure 3b are
experimental data and broken lines are fitted curves. All of the spectra could be fitted successfully using
a combination of a low-spin Fe** doublet and a low-spin Fe®* singlet (Figure 4 and Table 1). Before
discharge reaction, all of Fe in CuFe-PBA could be characterized as the low-spin Fe**. At the
full-discharged state, 69 % of Fe** was reduced to Fe**, while Fe?* was completely oxidized to Fe** at
the full-charged state. The change in the Fe®" fraction for CuFe-PBA during charge-discharge reaction is
also plotted in Figure 6 (opened circles).

In addition, the Cu K-edge XANES spectra during Mg®* intercalation/extraction (Figure 5) was
carried out. After discharge reaction, a small peak at around 8982 eV appeared in the spectrum at the
full-discharged state. On the other hand, this peak completely disappeared in the spectrum at the

full-charged state. According to the literature, this peak is characteristic for Cu®, thus Cu?* in CuFe-PBA
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Table 1. °'Fe Mossbauer parameters for CuFe-PBA during Mg-ion insertion/extraction.

sample state IS (mm/s) QS (mm/s) Fraction(%)

Fe** (S=1/2) -0.15 0.39 52

as prepared 3+
Fe”" (S=1/2) -0.16 0.63 48
Fe** (S=0 -0.06 0 69

full discharged (; ( )

Fe** (S=1/2) -0.17 0.97 31
full charged Fe** (S=1/2) -0.18 0.94 100
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may be reduced to Cu” during discharge reaction, and Cu" may be oxidized to Cu®" during charge
reaction.”” These spectral changes agree well with the redox peak of Cu®**/Cu” in the CV (Figure
2(a)).The electrode property of CuFe-PBA was tested at the constant current densities of 50 and 200
mA/g, respectively. Figure 7(a) shows the charge-discharge curves at 1st cycle. CuFe-PBA shows
reversible charge-discharge capacities at both current densities of 50 (66 mAh/g) and 200 mAh/g (64
mAh/g).

Figure 7(b) shows the cyclabilities for CuFe-PBA at the current densities of 50 (black opened
triangles) and 200 (red opened triangles) mAh/g. After 100 charge/discharge cycles, the discharge
capacity decreases from 66 to 33 mAh/g (50 % loss) at 50 mA/g, while that decreases from 64 to 38
mAh/g (41 % loss) at 200 mA/g.

To confirm the capacity fading, the ex-situ XRD patterns before and after 100 charge/discharge
cycles (Figure. 7). After 100 charge/discharge cycles, the cubic phase maintains, and there is no other
Bragg reflections indexed as other phase. Therefore, cyanide-bridged structure of CuFe-PBA does not
broken during Mg®* intercalation/extraction. However, after the charge-discharge measurement, the
electrolyte turns yellow during repeating Mg®* intercalation/extraction. Similar behavior reported in
case of Li" intercalation/extraction into CuFe-PBA and NiFe-PBA with the aqueous solutions. This
result would indicate that the Mg?* intercalated CuFe-PBA dissolute into the electrolyte.

Figure 8 showed the charge-discharge curves for CuFe-PBA at the various current densities from 50
mA/g (0.75 C rate) to 5 A/g (75 C rate) (solid lines). The discharge capacity decreases from 59 mAh/g
at 50 mA/g to 29 mAh/g at 5 A/g (51 % loss) (opened triangles). On the other hand, it was reported that
the discharge capacity decreases from 60 mAh/g at 50 mA/g to 40 mAh/g at 5 A/g (33 % loss) in case
of Li" intercalation/extraction and that from 61 mAh/g at 50 mA/g to 50 mAh/g at 5 A/g (18 % loss) in
case of Na" intercalation/extraction, thus the rate-capabilities of these ions are better than that of Mg,
Although various other factors such as ionic diffusion in the bulk electrode, ionic conductivity of the
electrolyte or electronic conductivity of the composite electrode affect the rate capability of the batteries,

small activation energy for interfacial ion transfer E, should be one of the origins for the high
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rate-capabilities. In chapter 3, interfacial ion transfer between NiFe-PBA thin film electrode and
aqueous electrolytes was investigated, and reported that E, for Mg>™ (27 kJ/mol) transfer is higher than
these for Li" (25.7 kJ/mol) and Na™ (5.2 kJ/mol).” Therefore, the lower rate-capabilities for Mg*" would

correspond to higher E,.
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4.4. Conclusions

Mg”" intercalation/extraction reaction of CuFe-PBA was investigated with aqueous electrolyte.
CuFe-PBA showed reversible charge-discharge capacities and slight shrinkage/expansion correspond to
Mg*" intercalation/extraction reaction. The *’Fe Mossbauer and Cu K-edge XANES spectra showed
reversible solid state redox of [Fe*'(CN)s]*/[Fe*"(CN)s]* and Cu®'/Cu’ reduction/oxidation during
Mg”" intercalation/extraction. In charge-discharge measurement, CuFe-PBA showed capacity fading
during long cycle due to the dissolution. The rate-capability for Mg*" was lower than these for Li" and

Na' due to large E,.
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Chapter 5

Precise Electrochemical Control of Ferromagnetism in a Cyanide-Bridged

Bimetallic Coordination Polymer

5.1. Introduction

Multifunctionality is an important concept in recent chemistry, because existence of multiple
functionalities in a single phase can produce novel cooperative phenomena such as multiferroics.! In
particular, coordination polymers possess potentially controllable electronic and structural properties;
thus, they could provide a rational strategy achieving the novel multifunctionalities.? For example, the
magnetic coordination polymers have been reported to show a wide variety of magnetic properties (e.g.,
room temperature ferrimagnetism,® spin-crossover,** Haldane gap®). In addition, other functionalities
can also be introduced by designing the structure and electronic state. The coexistence of magnetism
with another functionality frequently results in magnetism controllable by the external stimuli (e.g.,

112 and electric field application®®), which can be applied to

photo-irradiation,”™® guest insertion,
electronic switch devices. Therefore, controllable magnetism of coordination polymers has been
investigated intensively.

Prussian blue analog (PBA) is one of the best studied magnetic coordination polymers.** The
cyanide-bridged  perovskite-type  structure of PBA, generally is formulated as
A1xM[M’(CN)gl1yLly-nH20 (A: alkali metal, M, M’: transition metal, [1: [M’(CN)g] vacancy, hereafter
denoted as MM’-PBA), and possesses intriguing magnetism due to the strong ¢ and =«
donation/back-donation ability of the bridging cyanide ligand. Furthermore, the open porous structure
of PBA permits the penetration of small guests, which could realize H, adsorption,*® proton
conduction,*® ion exchange,*’ and ion storage.'®*

Recently, | and my co-workers have focused on the coexistence of magnetism and ion storage ability
in PBA, and magnetism switching was achieved by electrochemical ion insertion/extraction. Bimetallic

CuFe-PBA was switched reversibly between a ferromagnet and a paramagnet by galvanostatic solid
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state redox of the paramagnetic Fe**/diamagnetic Fe** couple.?* Sato et al. also reported the
electrochemical modification of magnetism of CrCr-,% FeFe-,%° and NiFe-PBAs using a potentiostatic
method.?” However, these previous studies did not achieve precise control of the magnetism due to the
difficulty in the quantitative ion/electron titration. To manipulate the electronic state and magnetism of
PBA more quantitatively, an advanced electrochemical titration technique is required.

Here, the precise electrochemical control of ferromagnetism of a bimetallic NiFe-PBA was
investigated through use of a quantitative Li* titration technique, i.e., the galvanostatic intermittent

titration technique (GITT). (Scheme 1)
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Scheme 1. Schematic illustration of Li*/spin distributions in the coordination polymer. The Li* (green
balls) are distributed in the porous space of the framework, while the magnetic low-spin Fe’" (cyan
balls) and diamagnetic low-spin Fe*" (gray balls) are distributed on the host framework with the fixed

magnetic Ni*" (red balls).
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5.2. Experimental Methods

NiFe-PBA was synthesized by a precipitation method. An aqueous solution of 0.15 M NiCl,-6H,0
was added dropwise to an aqueous solution of 0.1 M KzFe(CN)s. The precipitate was centrifuged,
washed with distilled water, and then dried in vacuo for 24 h. The obtained products were stored under
an inert atmosphere in the dark at 5 °C to prevent decomposition.

The composition was determined by the standard micro-analytical method for C, H and N elements
and the coupled plasma mass spectroscopy for K, Fe and Ni elements. Calcd. for
Ko2Ni[Fe(CN)glo-4.7H,0: K, 2.61; Ni, 19.6; Fe, 13.1; C, 16.84; N, 19.64 and H, 3.16. Found: K, 2.16;
Ni, 20.1; Fe, 13.3; C, 16.60; N, 18.96 and H, 3.04.

Powder X-ray diffraction (XRD) measurement was carried out on a Bruker D8 Advance using Cu K«
radiation in steps of 0.01° over the 26 range of 5 — 80°. The unit cell parameters were calculated by the
least square fitting with peak top values.

For the electrochemical Li* insertion/extraction, three electrode glass cells were used. NiFe-PBA was
ground with 20 wt % acetylene black and 5 wt % poly(tetrafluoroethylene) into a paste and used as the
working electrode. For the counter and reference electrode, Li metal was used. For the electrolyte, 1 M
LiClOy4/ethylene carbonate-diethyl carbonate (EC-DEC, 1:1 V/V %) was used. The cut-off voltages
were 2.0 V and 4.3 V (vs. Li/Li").

The direct current (DC) magnetic susceptibility was measured on a Quantum Design MPMS5S
SQUID susceptometer. The magnetic susceptibility was corrected for core diamagnetism estimated
from the Pascal’s constants and Pauli paramagnetism because of the used acetylene black and icosane.
For °’Fe Méssbauer spectroscopy, >'Co in Rh was used as Mdssbauer source. The spectra were

calibrated by using six lines of a-Fe, the center of which was taken as zero isomer shifts.

5.3. Results and Discussion
NiFe-PBA was synthesized by a precipitation method. Figure 1 shows the powder X-ray diffraction

pattern for NiFe-PBA. The XRD pattern indicated a single cubic phase without crystalline impurity.
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The estimated unit cell parameters were a = 10.204(3) A and V = 1062(1) A3 These values are well
consistent to the previous reported values (a = 10.229(5) A).? The precise composition was determined
as KoNi[Fe?*(CN)glo.1[Fe* (CN)eJos-003-4.7H,0 based on the standard micro-analytical method (C, H,
and N), and the coupled plasma mass spectroscopy (K, Fe, and Ni). The existence of [Fe**(CN)g] in
NiFe-PBA was clearly suggested by the *’Fe Méssbauer spectrum, and the amount of [Fe?*(CN)g] was
confirmed from the amount of electrochemically inserted Li* (see below).

Electrochemical Li* insertion/extraction reaction was conducted for NiFe-PBA. Figure 2 shows the
cyclic voltammogram (CV) at a scan rate of 0.1 mV:s™. A cathodic peak was observed at 3.22 \, while
an anodic peak was observed at 3.43 V. According to previous reports, these peaks could be ascribed to
the Li* insertion and extraction, respectively, accompanied by the solid-state redox of
[Fe**(CN)e]/[Fe?*(CN)s] couple in NiFe-PBA.*?* The electrochemical reaction of NiFe-PBA can be

described as:

XLi* + x& + NiFe**-PBA < Li,(NiFe,Fe**1,-PBA)

However, controlled potential methods such as CV could not determine the true equilibrium potential
of the material, and performing the quantitative Li" titration into NiFe-PBA was also difficult. Therefore,
an advanced electrochemical characterization, i.e., the galvanostatic intermittent titration technique
(GITT),® was performed. In the GITT experiment, a low-density constant current (current density; 18
mA/g) was repeatedly applied for 10 minutes, followed by interruption for 30 minutes to obtain the
open circuit voltage (OCV) at each equilibrium state (Figure 3a). The open triangles in Figure 3b show
the OCVs as a function of x in Liy(NiFe-PBA). The amount of inserted/extracted Li* x was calculated
based on Faraday’s law.*® The OCVs showed that 0.6 Li ion could be inserted/extracted reversibly (0 <
x < 0.6 for Li,(NiFe-PBA)) at the potential range between 3.4 and 3.2 V vs. Li/Li*. The observed

potential plateaus agreed well with the redox peaks recorded in the CV.
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The ex-situ XRD patterns were measured for Lix(NiFe-PBA) (0 < x < 0.6) to clarify structural
changes occurring during the quantitative Li* insertion/extraction (Figure 4). During Li"
insertion/extraction, all of the peaks shifted gradually without emergence of an additional peak,
suggesting that the Li* insertion proceeded via a solid solution process. The lattice constant is plotted as
a function of x in Figure 6 (closed triangles). Li* insertion/extraction of the NiFe-PBA framework
resulted in a slight shrinkage of the lattice constant from 10.25 A (x = 0) to 10.199 A (x = 0.6) and a
slight expansion of that from 10.199 A (x = 0.6) to 10.24 A (x = 0). This result confirms the reversible
lattice shrinkage/expansion during Li* insertion/extraction. Furthermore, the lattice constant changed
linearly during Li" insertion/extraction, which is consistent with Vegard’s law commonly observed for
binary alloys.®® Therefore, these results confirm the solid solution state of the entire composition
Lix(NiFe-PBA) (0 < x <0.6).

To clarify the change in the electronic structure, >’Fe Mossbauer spectra were recorded during Li*
insertion/extraction (Figure 5). The black dots in Figure 4b are experimental data and broken lines are
fitted curves. All of the spectra could be fitted successfully using a combination of a low-spin Fe**
doublet and a low-spin Fe®* singlet (Figure 5 and Table 1). Before Li* insertion, the spectrum for
NiFe-PBA was fitted with a main doublet of Fe** low-spin and a small singlet of Fe** low-spin. This
result supports the existence of [Fe?*(CN)g] in as-prepared NiFe-PBA. During Li* insertion, Fe** in
Li,(NiFe-PBA) was continuously reduced to Fe®*. Almost a half of Fe** was reduced to Fe** for
Lios(NiFe-PBA), then Fe** was completely reduced to Fe®* for Ligg(NiFe-PBA). Fe** was gradually
oxidized to Fe** during Li* extraction. In case of Ligs(NiFe-PBA) during Li-ion extraction, 40 % of
Fe?* was oxidized to Fe**, while Fe?* was almost completely oxidized (89.4 %) to Fe** for
Lio(NiFe-PBA) after Li* extraction. These results confirmed that the reversible Fe®'/Fe®*
reduction/oxidation occurred during Li* insertion/extraction. The Fe** fraction in Li(NiFe-PBA) during
Li* insertion/extraction changed linearly as a function of x (opened circles in Figure 6). Therefore, the

precise and quantitative titration of the Li ion and electron pair was achieved by GITT.
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Table 1. *'Fe Méssbauer parameters of Li,(NiFe-PBA).

sample site IS [mm/s] QS [mm/s] % Fe structure
=0 1 -0.164(2) 0.512(5) 94.7 [Fe*(CN)e]*
2 -0.06(3) 0 5.3 [Fe**(CN)e]*
x=0.3 1 -0.149(3) 0.545(7) 40.3 [Fe*(CN)e]*
(insertion) 2 -0.082(2) 0 59.7 [Fe**(CN)e]*
x=0.6 1 -0.1011(4) 0 100 [Fe**(CN)¢]*
x=0.3 1 -0.170(3) 0.558(7) 40.0 [Fe** (CN)¢]*
(extraction) 2 -0.105(2) 0 60.0 [Fe**(CN)g]*
x=0 1 -0.169(2) 0.585(3) 89.4 [Fe*(CN)e]*
(extraction) 2 -0.066(8) 0 10.6 [Fe**(CN)g]*
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In general, when the guest Li* are distributed in the host, the free energy of the system can be
described by the lattice-gas model.*® In particular, as long as the nearest neighboring Li*-Li* interaction
Jui is assumed to be weak, the system can be treated by the mean field approximation.*® Based on this

approximation, the OCV curve for Liy(NiFe-PBA) is given as;

2y x
F Xo

E(X) = Eo + e

Here, Eo is the formal potential, z is the number of the nearest neighbor Li* sites, and xo is the
maximum of x. The blue line in Figure 3b is the fitted results with Eq = 3.39 V and J;; = -12 meV/mol.
The expression reproduced the experimental OCV, which indicates that the model is appropriate for
description of the Li* distribution in NiFe-PBA. The small negative J.; suggests weak repulsion
between the neighboring Li* due to Coulombic interaction.

The above results demonstrated the quantitative Li* titration in NiFe-PBA, in which the valence state
of Fe was quantitatively controlled between the paramagnetic [Fe’ (CN)¢]> and diamagnetic
[Fez+(CN)6]4'. Therefore, the magnetic measurements were conducted for Li(NiFe-PBA) during Li-ion
insertion/extraction to clarify the magnetic properties.

Lig(NiFe-PBA) had a 47 value of 2.01 emu-K'mol™ at room temperature, which is greater than the
spin-only value (1.23 emu-K-mol™). This difference can be ascribed partly to contribution from the
orbital angular momentum of low-spin Fe’" ions. Furthermore, although the XRD pattern for
NiFe-PBA indicated a single cubic phase without crystalline impurity, the amorphous magnetic
impurities, which cannot be detected in the XRD experiments, could also contribute to the large y7
value. With decreasing temperature 7, y7T increased monotonically with a Weiss constant 8 of 23.7 K
(Figure 7a). This result indicates ferromagnetic interaction between Fe’" and Ni*". The black open
triangles in Figure 8a are the field-cooled magnetization Mpc of Lig(NiFe-PBA) under 10 Oe. The

zero-field and remnant magnetizations are showed in Figure 9a. The drastic increase in Mgc below 27 K

suggests a dMpc/dT plots (black closed triangles in Figure 8a) is 22.4 K, which is similar to the
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reported value (23.6 K).8

Upon insertion of Li*, yT at room temperature decreased continuously from 2.01 (x = 0) to 1.18
emu-K-mol™ (x = 0.6). The 4T value for Lios(NiFe-PBA) did not show temperature dependence (Figure
7a), suggesting the disappearance of the ferromagnetic interaction between Fe®* and Ni?*. The open
triangles in Figure 8a are Mgc of Lix(NiFe-PBA) (x = 0.18, 0.37, 0.47, 0.58 and 0.6) under 10 Oe. The
onset temperature exhibiting a drastic increase in Mgc was reduced continuously with increasing x. The
Tc value estimated from the dMec/dT plot (closed triangles in Figure 8a) decreased from 22.4 K (x = 0)
to 0 K (x = 0.6). In fact, Lips(NiFe-PBA) showed no clear peak in the dMgc/dT plot. These results
suggest that the ferromagnetic transition was completely suppressed by 0.6 Li* insertion, because the
reduction of paramagnetic Fe** to diamagnetic Fe?* eliminated the ferromagnetic interaction between
the nearest neighboring spins.

In contrast, when Li* was extracted from Liog(NiFe-PBA), 4T at room temperature increased
continuously from 1.18 (x = 0.6) to 2.24 emu-K-mol™ (x = 0 after Li-ion extraction). The Weiss constant
of Lig(NiFe-PBA) after Li* extraction is 20.6 K. This value suggests a recovered ferromagnetic
interaction between Fe** and Ni?* during reversible Li* insertion/extraction. The onset temperature
exhibiting a drastic increase in Mgc increased continuously with decreasing x, and T¢ estimated from
the dMgc/dT plot increased from 0 K (x = 0.6) to 20.8 K (x = 0 after Li-ion extraction) (Figure 8b).
Although Tc for Lig(NiFe-PBA) after Li* extraction was slightly lower than that for NiFe-PBA before
Li* insertion due to the slight increment of diamagnetic Fe**, the ferromagnetic transition was nearly
recovered after Li* extraction.

The Mgc vs. T plot showed the systematic control of T¢ by x. In general, if the electron is distributed
randomly on the Fe ions of the NiFe-PBA lattice, the free energy of the magnetic system can again be
described by the mean-field approximation (so-called the molecular field approximation for the

magnetic system).** The Hamiltonian for Li(NiFe-PBA) without external field can be described by:
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H=- 22Fe~]spin<SFe>ZSNi - 22Ni~]spin<SNi>ZSFe )

where z; is the number of the nearest neighboring spin i (zee = 6(0.6 - X) and zni = 6), Jspin IS the
superexchange constant between Fe** and Ni*, <S;> is the averaged value of the spin i. This can
provide the temperature dependence of the spontaneous magnetization and T¢ for various x. The open
circles in Figure 8a depict the numerically calculated temperature dependence of the spontaneous
magnetization M for various x. Note that Jsin Was assumed to be constant (5.9 K) regardless of x. The
calculated M vs. T plots for various x showed that the increase in x reduced both the onset temperature
of M and the M value at low temperatures. The calculated plots reproduced the temperature dependence
of experimental Mgc.

To further validate the molecular-field model, the x-T phase diagram for Lix(NiFe-PBA) was plotted
(Figure 10). The open triangles are T¢ estimated from the dM/dT plots for Lix(NiFe-PBA) during Li-ion
insertion (\/)/extraction (A\), respectively. The molecular-field approximation provides the
x-dependence of T¢ for Lix(NiFe-PBA) as T¢(x) = \/WOG) Tc(x=0), which is shown as a broken
blue line in Figure 5b. The estimated T¢ values were almost consistent with the theoretical plot, which

confirmed the random distribution of the inserted spin.
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5.4. Conclusions

The precise control of ferromagnetism of NiFe-PBA was achieved by electrochemical quantitative
Li*/spin titration. 0.6 Li* could insert/extract into NiFe-PBA reversibly (0 < x < 0.6). The reversible
lattice shrinkage/expansion in NiFe-PBA during Li* insertion/extraction suggested the solid solution
process for the entire composition. The >’Fe Mdssbauer spectra showed the reversible solid state redox
of the paramagnetic Fe**/diamagnetic Fe?* couple. Therefore, when Li* inserted quantitatively, Tc of
NiFe-PBA decreased gradually, and the ferromagnetic transition is completely suppressed for x = 0.6.
On the other hand, T¢ increased gradually as Li* is extracted. Thus, the ferromagnetism of NiFe-PBA
was manipulated quantitatively by an advanced electrochemical titration technique. Furthermore, both
the inserted Li* and spins were distributed randomly in NiFe-PBA, which was confirmed by fitting the
experimental results to the corresponding thermodynamic functions based on the mean-field

approximation.
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Chapter 6

Electrospinning-Synthesis of Wire-Structured LiCoQO, for Electrode Materials of

High Power Li-Ion Batteries

6.1. Introduction

Higher performance Li-ion batteries have attracted much attention for their use in advanced
transportation systems, such as hybrid electric vehicles (HEVs) and electric vehicles (EVs). For the
higher charge/discharge rate-capability of Li-ion batteries, faster Li* transfer in the cathode is
essentially required. Using the nanostructured cathode materials is one of the effective ways to achieve
the fast Li* transfer, because they possess the larger surface area and shorter Li* diffusion length. '™

To obtain the nanostructured cathode materials, various techniques such as a post-templating

10113 spray-drying method,'? a coprecipitation method" and hydrothermal

method,9 sol-gel methods,
methods,”*'*!” have been reported to date. For examples, sol-gel methods enable us to obtain various
nano-sized materials from the precursor solutions containing various metal salts. The main advantage of
this method is that the chemical composition could be controlled more easily and precisely than the
solid-state sintering method due to the homogeneous mixing of the solutes in the liquid-phase. However,
when the heat treatment is conducted at high temperature for a long duration, the particle size generally
becomes large due to the crystal growth. In contrast, the wire-structure could suppress the crystal
growth even under the heating condition at high temperature due to the nonwoven fabric morphology.°
Thus, the highly crystalline wire-structured electrode materials have been fabricated by the heat
treatment of the wire-structured precursors, and succeeded in achieving the higher charge/discharge
rate-capability. However, the hydrothermal method used for the synthesis of the wire-structured
precursors in the previous studies is not scalable for the mass production from the viewpoint of the

practical application. Therefore, another process for the fabrication of the wire-structured electrode

matrials has been strongly desired.
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In this study, among various techniques for the synthesis of the wire-structured materials, an
electrospinning method was used. The electrospinning method has attracted much attention recently,
since this method can easily fabricate the wire-structure only by applying the high-voltage to the
precursor solution. By using this method, various wire-structured metal carbon composites, and

71921 1t should be emphasized that

electrode materials like LiFePOy, have been synthesized successfully.
the electrospinning method is highly scalable, which could be applied for the mass production process.
As the electrode material for Li-ion batteries, LiCoO, was used in this study. LiCoO; is one of the
commercially used cathode materials with the high energy density and excellent cyclability,* thus the
fabrication of nanostructured LiCoO; by the scalable technique like the electrospinning method is of
particular importance.

Here, the fabrication of wire-structured LiCoO; via the electrospinning method was investigated

clarified the electrode properties of wire-structured LiCoO..

6.2. Experimental Methods

Reagents were of commercial grade and used without purification. Wire-structured LiCoO, was
synthesized by the electrospinning method. Typically, Li(CH;COO)2H,O (0.165 M),
Co(CH3CO0),:4H,0 (0.15 M), 1.5 g of poly (vinyl alcohol) (PVA) and 50 mg of polyoxyethylene
octyl phenyl ether were dissolved into a mixed solution of 15 ml of H,O, 1 ml of CH;COOH and 4 ml
of C;HsOH. The precursor solution was obtained by aging the solution at 90 °C for 1 h. In case of the
precursor solution including VGCF, 0.4 g of VGCF was ultrasonically dispersed into the precursor
solution by a sono-horn. The resultant precursor solution was poured into a syringe equipped with a
metal needle, and 20 kV of direct current electric field was applied between the needle and Al foil
target. The as-spun materials were dried in vacuo at 100 °C for 1 h, and then the dried as-spun materials
were separated from the Al foil. The resultant dried as-spun materials were heat-treated at 800 °C for 5

h under air flow.
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The powder X-ray diffraction (XRD) measurement was carried out on a Bruker D8 Advance using
Cu Ka radiation in steps of 0.01° over the 26 range of 5 — 80°. The unit cell parameters were calculated
by the least square fitting with peak top values. The scanning electron microscopy (SEM) and bright
field transmission electron microscopy (bright field TEM) were carried out on a Carl Zeiss Supra 35
and JEOL JEM-2010F (200kV accelerating voltage), respectively. The Raman spectra were recorded
from NIHON BUNKO Ventuno spectrometer (NSR-1000DT).

For the electrochemical measurements, a three-electrode-type glass cell was used. The electrode
material was ground with 45 wt % acetylene black and 5 wt % poly(tetrafluoroethylene) into a paste.
Generally speaking, normal electrodes in commercial Li-ion batteries contain only 5 % of conductive
materials. However, our scope of this paper was focused on the estimation of the high-rate Li-ion
intercalation/extraction in wire-structured LiCoO,. From this viewpoint, 45 % of the conductive
material was used for all samples. The high electronic conductivity suppressed some unfavorable
problems in the high-rate experiment like an IR drop. Note that the electric double layer capacity of the
acetylene black is below 1 mAh/g between the cut-off voltages, thus it can be ignored compared to the
intercalation capacity of LiCoO,. For the electrolyte, 1 M LiClO4/ethylene carbonate-diethyl carbonate
(EC-DEC, 1:1 V/V %) was used. The charge/discharge measurements were carried out with a
galvanostat (SD-8, Hokuto Denko), and the cut-off voltages were 3.0 V and 4.2 V [vs. Li/Li'].

The electrochemical impedance spectra (EIS) were recorded with a frequency response analyzer (SI

1250, Solatron) at the frequency ranging from 5 mHz to 50 kHz with an amplitude of 10 mV.

6.3. Results and Discussion

The as-spun fibers were prepared by an electrospinning method. The precursor aqueous solution of
Li, Co, PVA and polyoxyethylene octyl phenyl ether was electrospun to fabricate the as-spun fiber.
Furthermore, the precursor solution with dispersed VGCF was also electrospun to control the diameter
of the fiber, because the addition of carbon nanotubes in the precursor solution has been reported to

23-26

reduce the diameter of the as-spun fibers. The SEM images of the as-spun fibers, which were
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obtained without/with VGCF, are shown in Figure la, b, and Figure lc, d, respectively. The low
magnification images (Figure 1a and Ic) indicate that the nonwoven fabric morphology is successfully
formed by electrospinning each precursor solution.

Based on the high magnification images (Figure 1b and 1d), the averaged diameter of the as-spun
fibers from the precursor solution with/without VGCF are estimated to be 0.5 ym and 1.2 pm,
respectively. Thus, the diameter of the as-spun fiber from the precursor solution with VGCF is thinner
than that of the as-spun fiber from the precursor solution without VGCF. This result well agrees with
the previous report.”” In this literature, the origin for the effect of the VGCF addition was ascribed to
the electronic conductivity of VGCF. However, it is well known that non-electrolytes in an aqueous
solution generally decrease the surface tension of water.® Thus, one possible explanation for the effect
of the VGCF addition is the reduction of the surface tension by dispersing of VGCF in the precursor
solution. Since the reduced surface tension requires the decrease in the diameter of the fiber for the
surface equilibrium, the as-spun fiber from the solution with VGCF gave the as-spun fiber with a
thinner diameter.

The as-spun fibers were heated at 800 °C for 5 h in air. Figure 2 shows XRD patterns of heat-treated
samples obtained from the precursor solutions without/with VGCF, respectively. Hereafter, the former
is denoted as 1, while the latter is denoted as 2. Both 1 and 2 showed sharp peaks indexed in LiCoO,
without any impurity. However, it is well known that LiCoO, can be indexed into two space groups

depending on the degree of the cation mixing between Co- and Li-ions, namely a high temperature

phase (HT-LiCoO», a layered structure, R3m) and a low temperature phase (LT-LiCoO,, a spinel

structure, Fd3m). Although the diffraction patterns for two space groups are similar, these structures

can be distinguished by comparing the c/a ratio. The c/a ratio of HT-LiCoO, and LT-LiCoO, has been
reported to be about 5.00 and 4.90, respectively.”’ The calculated unit cell parameters for the

heat-treated samples are a = 2.8158(5) A, ¢ = 14.054(4) A for 1 (¢/a=4.99), and a =2.8162(8) A, c =
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100pm EHT = 10.00 kV Signal A = InLens Date :1 Aug 2011 2um EHT =10.00 kv Signal A = InLens Date :1 Aug 2011
WD= 8mm Photo No. = 3657 Time :19:20:44 H WD= 8mm Photo No. = 3658 Time :19:21:23
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Figure 1. SEM images for the as-spun fibers obtained from the precursor solutions. (a), (b): without

VGCEF, and (¢), (d): with VGCF.
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14.070(7) A for 2 (c/a = 5.00), respectively. These values are consistent with the previously reported
values (¢ = 2.8166 A, ¢ = 14.052 A and ¢/a = 4.99)*, and the c/a ratio clearly implies that both are a
HT-LiCoO; phase. In addition, there are no peaks indexed as VGCF in the XRD pattern of 2,” thus the
VGCF would be decomposed completely during heat treatment.

The SEM and bright field TEM images are shown in Figure 3a, ¢ for 1 and Figure 3b, d for 2,
respectively. Although both samples show the plate-like shaped particles, the particle size of 1 is much
larger than that of 2. The averaged particle size is about 1.5 um for 1, and 400 nm for 2, respectively.
This result suggests that the existence of VGCF in the as-spun fiber suppresses the crystal growth of
LiCoQO; particles. From the TG-DTA measurement of the as-spun fibers without VGCF (Figure 4a), the
abrupt weight loss occurs at 400 °C. This weight loss could be attributed to the thermal decomposition
of PVA. On the other hand, as for the as-spun fiber from the solution with VGCF, the weight loss
gradually occurred from 400 to 550 °C, and the abrupt thermal decomposition of PVA at 400 °C was
not observed (Figure 4b). The gradual weight loss is attributed to decomposition of PVA and VGCF. It
is assumed that the existence of VGCF suppresses the decomposition of PVA. Thus, the residual
organic compounds such as carbon by slow decomposition of PVA and VGCF may prevent the crystal
growth of LiCoO, because similar phenomenon is reported in other materials such as ZnO and
hydroxyapatite.'

In order to confirm the degree of the cation mixing in 1 and 2, the Raman spectroscopy was carried
out. According to the previous reports, two Raman bands (A, and E, modes) were observed for the

HT-LiCoO, phase, while four Raman bands were observed for the LT-LiCoO, phase.29’33’34

Figure 5
shows the Raman spectra for 1 and 2. Both showed two intense Raman bands. This result confirms that
both are the HT-LiCoO,, as suggested by the XRD result. However, the peak positions of the A and
E; modes for 2 show the red-shift compared to those of 1. Furthermore, the full width at half
maximum(FWHM) of these two Raman bands for 2 (10.1 cm™ for A, band and 4.37 cm™ for E,, band)
is slightly larger than that for 1 (8.6 cm™ for Ajg band and 3.92 cm™ for Ei; band). Since the red shift

and larger FWHM of the Raman bands for LiCoO, have been reported to suggest the smaller crystallite
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Figure 2. XRD patterns for the heat-treated samples fabricated from the precursor solutions without

VGCEF (1) and that with VGCF (2).
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Figure 3. (a) SEM image for 1, (b) SEM image for 2, Inset: high magnification image, (c) bright field

TEM image for 1 and (d) TEM image for 2.
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334 this result suggests that the crystallite size of 2 is smaller than that of 1. The above SEM and

size,
bright field TEM results can be easily agreed from Raman spectra.

The electrode performance of 1 and 2 was tested by the charge/discharge experiments at the constant
current density of 50 mA/g (0.37 C rate). Figure 6a shows the charge/discharge curves for 1 and 2 at the
Ist and 2nd cycles. The attainable capacity at the 1st charge/discharge processes is almost same (~ 140
mAh/g) for 1 and 2, which is consistent with the theoretical capacity for LiCoO; (137 mAh/g, 0.5 <x <
1 in Li,Co0O,). In general, the LT-LiCoO, phase exhibits a small charge/discharge potential plateau at
3.7 V due to the redox potential of the Co" in the Li* layer.’**® However, the charge/discharge plateau
for 1 and 2 was observed only at 3.9 V, thus there is no cation mixing between Co®* and Li* in both
samples.

Figure 6b shows the Coulombic efficiency and cyclabilities for 1 and 2. In case of 1, the Coulomic
efficiency at the Ist cycle is 105 %. The irreversible capacity for 1 at the 1st cycle may be ascribed to
the existence of some impurities on the large surface of the wire-structure. However, as the cycle
number increases, the Coulombic efficiency approaches 100 %, which suggests the reversible Li-ion
intercalation/extraction in the wire-structured LiCoO,. The Coulombic efficiency for 2 showed a cycle
number dependence similar to that of 1, indicating a small amount of surface impurities and the
reversible Li* intercalation/extraction in the wire-structured LiCoO,. However, the irreversible capacity
for 2 at the 1st cycle (the Coulombic efficiency: 107 %) is slightly larger than that for 1. Presumably,
the slow thermal decomposition of PVA and VGCF suggested by the TG-DTA may result in some
residual carbons on the surface, which should contribute to the initial irreversible electrochemical
reaction.

Concerning the cyclability, the discharge capacity for 1 gradually decreases from 135 to 108 mAh/g
after 30 cycles (20 % loss), while the discharge capacity for 2 decreases from 137 to 89 mAh/g after 30
cycles (35 % loss). Since nano-sized LiCoO, has been reported to show the poor cyclability,™” the

poorer cyclability of 2 may relate to the smaller particle size of 2 than that of 1.
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Figure 4. TG-DTA curves of as-spun fibers obtained by the precursor solutions (a) without VGCF and

(b) with VGCF. Solid lines: TG and broken lines: DTA.
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To clarify the mechanism of the electrochemical reaction in wire-structured LiCoO,, the
electrochemical impedance spectroscopy (EIS) was carried out for the three-electrode electrochemical
cells before the 1st charge cycle, after 10, 20 and 30 charge/discharge cycles, respectively. The open
circles in Figure 7a shows the typical Nyquist plot for the cell of 1 before the 1st cycle. One semicircle
corresponding to a RC circuit (the interfacial charge transfer resistance in parallel with the interfacial
double layer capacitance) was observed in the frequency range from 40 Hz to 3 kHz, while a linear
slope due to the Warburg impedance (the ionic bulk diffusion in LiCoO,) was observed in the lower
frequency region.

To evaluate each resistance quantitatively, nonlinear least-squares fitting was carried out. The
equivalent circuit for the typical charge/discharge process (inset in Figure 7a) was used to analyze the
spectra. The model was established as simple as possible to minimize the number of parameters. In the
equivalent circuit, Ry and R; are the series resistance and interfacial charge-transfer resistance,
respectively. CPE represents the constant phase element (CPE, Zepg = {Tcpe(jw)™} ", Tepe, a: empirical
parameters, w: angular frequency). The CPE is commonly used to describe the depressed semicircle
due to roughness of the electrode surface.*® In this study, wire-structured LiCoO, has the porous surface,
thus the CPE instead of a capacitor was used for the fitting. Z,, is the Warburg impedance which
corresponds to the ionic bulk diffusion in a electrode material with an impermeable boundary condition
and distributed relaxation time (Zw = {Rwcoth(iTww)'}(T: Wa))'ﬂ , Rw: diffusion resistance, Tw:
characteristic diffusion time, f: an empirical parameter).” The result of the curve-fitting is also shown
as the solid line in Figure 7a, and fits well with the experimental data. The used parameters are Ry =
45.17 Q, Ry =22.72 Q, Tepg = 54.7 UF, acpe = 0.954, Ry = 22 mQ, Ty = 1.94x107 s, = 0.457. This
result suggests that the electrochemical system is well represented by the used equivalent circuit. All the
EIS spectra were fitted by this equivalent circuit.

Figure 7b shows the charge-transfer resistance (R;) for 1 and 2 as a function of the cycle number. R,
for 1 increases from 22.72 Q to 55.64 Q after 30 charge/discharge cycles (145 % increase), whereas R,

for 2 increases from 24.54 Q to 65.22 Q after 30 charge/discharge cycles (166 % increase). It should be
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emphasized that R, for both 1 and 2 drastically increases during the initial 10 cycles. As mentioned
above, the Coulombic efficiency at the 1st cycle for both 1 and 2 deviated from 100 % maybe due to the
surface impurities.”” Thus it is presumed that the products of the irreversible electrochemical reaction at
the surface may behave as a surface resistive layer to prevent the electrode-electrolyte interfacial Li-ion
transfer. In consequence, R; increases with increasing the cycle number, and the charge/discharge
capacity of 1 fades gradually. Furthermore, since the irreversible capacity of 2 at the 1st cycle is larger
than that of 1, the amount of the resistive products at the surface for 2 should be more significant.
Therefore, the charge/discharge capacity of 2 fades more rapidly than that of 1.

Finally, the high charge/discharge rate-capability for 1 and 2 was investigated. Figure 8a shows the
charge/discharge curves at C/4 (34 mA/g), 1 C (137 mA/g), 5 C (685 mA/g) and 10 C (1.37 A/g) rates,
respectively. The discharge capacity for 1 decreases from 127 mAh/g at C/4 rate to 108 mAh/g at 10 C
rate (15 % loss), while that for 2 decreases from 129 mAh/g at C/4 rate to 103 mAh/g at 10 C rate
(20 % loss). Assuming the bulk Li* diffusion in the LiCoO, is the rate-determining step, the high
charge/discharge rate-capability should be achieved by nanosizing.>*' However, the rate capability as a
function of the current density in Figure 8b clearly shows that the rate capability for 2 is slightly lower
than that for 1, although the particle size of 2 is much smaller than that of 1. This result indicates that
the Li-ion diffusion in LiCoO; is not a rate-determining step in this system at least up to 10 C rate. As
mentions above, the EIS results suggested that the interfacial charge-transfer resistance increases after
the charge/discharge cycles, especially in 2. The large interfacial charge-transfer resistance of 2 may

cause the low charge/discharge rate-capability.
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6.4. Conclusions

An electrospinning method was employed to fabricate wire-structured LiCoO;. The diameter of the
as-spun fiber obtained from the precursor solution with VGCF was thinner than that of the as-spun fiber
obtained from the precursor solution without VGCEF. Both precursor gave the wire-structured LiCoO,
successfully after the heat treatment, while, the particle size of LiCoO, obtained from the precursor
solution with VGCF is smaller than that of LiCoO, obtained from the precursor solution without VGCF.
Thus, the addition of VGCF in the precursor solution could control the diameter of the wire-structure.
The charge/discharge capacity of LiCoO, obtained from the precursor solution with VGCF faded more
rapidly than that of LiCoO, obtained from the precursor solution without VGCF. This could be
explained reasonably by the surface resistive layer produced by the irreversible electrochemical reaction
at the initial cycles. The existence of the surface resistive layer could also explain the lower
charge/discharge rate-capability of LiCoO, obtained from the precursor solution with VGCF. Therefore,
in order to improve the electrode performance of the wire-structured LiCoO, electrode, the irreversible

capacity at the initial cycles should be suppressed.
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Chapter 7

Conclusions

Higher power Li-ion batteries have attracted much attention for their use in advanced vehicles and
grid-scale energy storage, thus faster Li* transfer in the battery is essentially required.

In this research, detailed studies on the interfacial charge transfer with Prussian blue analogs as the
model electrodes were conducted, because the Li* transfer at the interface between electrode-electrolyte

considered affecting strongly on the kinetics of a charge-and-discharge reaction.

In chapter 2, Li* and Na' transfer at the MnFe-PBA electrode-electrolyte interface was investigated
by EIS. EIS suggested that ion transfer at the MnFe-PBA electrode-electrolyte interface involves two
processes. One process could be interpreted as the ion transfer between the Outer Helmholtz Plane
(OHP) and Inner Helmholtz Plane (IHP) including the solvation/desolvation process, the other could be
interpreted as that between the IHP and electrode, including ad-ion diffusion on the electrode surface.
The activation energy estimated from the temperature dependence of the charge transfer resistances.
The averaged activation energy value for Li" transfer between the IHP and electrode in propylene
carbonate (PC) electrolyte is slightly larger than that in ethylene carbonate (EC)-diethyl carbonate
(DEC) electrolyte, while the averaged value for Li" transfer between the OHP and THP in PC is almost
comparable to that in EC-DEC. However, in both charge transfer processes, the averaged value for Li"
transfer is higher than that for Na' transfer. This result indicated that Li" on the PBA surface diffuses
with higher potential barrier than Na’. Furthermore, the effect of the interfacial charge transfer

resistance was evaluated by the high charge-discharge rate experiments.

In chapter 2, the composite electrode, which contains PBA, acetylene black (AB) as conducting
additive, and poly(tetrafluoroethylene) as binder, was used for analysis of interfacial charge transfer.
However, there exist many interfaces in the composite electrode except PBA-electrolyte interface, such
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as current collector-AB, PBA-AB and PBA-PBA interfaces. Therefore, a thin film electrode of
NiFe-PBA was employed for the EIS study in chapter 3, to avoid the complexities caused by various
coexisting interfaces in the composite electrode. In chapter 3, the temperature dependent EIS was
carried out in both organic and aqueous electrolytes, to clarify the origin for the high power output of
the aqueous batteries with PBA. The activation energy for the interfacial charge transfer with the Li"
and Na' aqueous electrolytes was considerably smaller than that with the organic electrolytes. The
small activation energy with the aqueous electrolytes should result from the fact that the Coulombic
repulsion at the interface is largely suppressed by the screening effect of hydration. Furthermore, the

hydration effect enabled the Mg”" intercalation in PBA.

EIS study described in chapter 3 provided the possibility of Mg?" intercalation in PBA. In chapter 4,
Mg?* intercalation in CuFe-PBA was investigated with aqueous electrolyte. Charge-discharge
measurement and ICP-MS indicated that the CuFe-PBA can intercalate/extract Mg?* reversibly. These

results show that PBASs can apply as an electrode material for Mg-ion batteries.

Chapter 5 describes the precise control of magnetism of a NiFe-PBA through use of an
electrochemical quantitative Li* titration technique, i.e., the galvanostatic intermittent titration
technique (GITT). When Li" is inserted quantitatively into NiFe-PBA, the ferromagnetic transition
temperature Tc gradually decreases, and the ferromagnetic transition is completely suppressed for
Lios(NiFe-PBA). On the other hand, Tc increases continuously as Li* is extracted, and the
ferromagnetic transition is nearly recovered for Lig(NiFe-PBA). Furthermore, the plots of T¢ as a
function of the amount of inserted/extracted Li* x are well consistent with the theoretical values
calculated by the molecular-field approximation. This result indicated that inserted Li* distributed
randomly in the lattice of PBA. Furthermore, chapter 5 provided that magnetic measurement is a useful

technique for the study on behavior of inserted ion in electrode material.
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In addition, in chapter 6, nanostructured LiCoO, was synthesized by using an electrospinning method

for high-power Li-ion battery.
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