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Zero-strain insertion materials are ideal electrode materials for lithium-ion batteries because they do not undergo

DOI: 10.1039/x0xx00000x

dimensional change during lithium insertion and extraction. Herein, a zero-strain insertion material, the Ni-substituted

Li2C0204 (Li2Ni0.2Co1.804) having a spinel framework, was synthesized and characterized to study the zero-strain mechanism.

The change in the lattice dimension of LizNio.2C01.804 during lithium extraction was very small (only 0.1%), confirming that

Li2Nio.2C01.804 is a zero-strain insertion material. It had a flat voltage profile at 3.5 V with a reversible capacity of 100 mAh

g!, which was quite different from the voltage profile of LiCoO: having a layered structure. Detailed structural analysis by

X-ray absorption spectroscopy revealed that there was no dimensional change because the changes in two crystallographic

factors, contraction of the Co—O bond and distortion of the oxygen sublattice, cancelled out. The zero-strain lithium-ion

battery combined with LizNio.2C01.804 and Li[Li1/3Tis/3]O4 showed good cycleability.

Introduction

In recent years, the use of lithium-ion batteries (LIBs) in electric
vehicles and load-levelling power supplies, in addition to
conventional applications, has been expected. Therefore, a
fundamental life-extending technology for LIBs is important
because these new applications require the battery life to be at
least 10 years. An important factor in battery life is the
structural stability of the electrode material. One such material
used in LIBs, the lithium insertion material, undergoes a solid-
state redox reaction involving the insertion or extraction of Li
ions into or from the solid matrix without the destruction of the
crystal the
transition metal structure
framework are oxidized and reduced, resulting in changes in
their ionic radii. This induces the expansion or contraction of the
crystal lattice, which is occasionally accompanied by lattice
distortion.2 Because lithium insertion materials made of
transition metal oxides are typically brittle, the dimensional
change causes particle fracture, leading to deterioration of the
materials.3>

Therefore, dimensional change in the crystal structure has
to be avoided or minimized as much as possible to extend the
cycle life of lithium insertion materials for long-life LIBs.
Electrode materials exhibiting small dimensional change have

structure framework. During these reactions,

ions constructing the crystal
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superior cycleability because of their dimensional stability.6-?
Hence, a zero-strain insertion material, which does not undergo
dimensional change during lithium insertion/extraction, is an
ideal electrode material. A representative example is lithium
titanium oxide, Li[Li1/3Tis;3]04 (LTO), which showed excellent
cycleability.1011 Because its cycle life is unlimited, LTO has been
used as a negative electrode in long-life LIBs215> and a hybrid
capacitor combined with a carbon-polarizable electrode.617

Thus far, only a few zero-strain materials have been
reported.1®26 These materials showed very small or no change
in lattice dimension during lithium or sodium
insertion/extraction. Their crystal structures have a large space
that can accommodate Li ions, which effectively suppresses
dimensional change during lithium insertion. However the
volumetric energy density of these materials in terms of Wh dm-
3 is relatively low owing to the large initial lattice volume. To
apply a zero-strain material as a positive or negative electrode,
one having closest-packed oxygen arrays is preferable because
the low molar volume leads to a large volumetric capacity.?’

In this study, we synthesized a novel zero-strain lithium
insertion material, lithium cobalt oxide having a spinel
framework with closest-packed oxygen array. The LiCoO; (LCO)
having a spinel framework, a polymorph of lithium cobalt oxide,
can be prepared at low temperature.28-33 In this structure, Li
ions are located at the octahedral sites. Among the transition-
metal-substituted Li,Co,04 examined, a nickel-substituted
material showed a reversible capacity of 100 mAh g1 at 3.5 V
with very small dimensional change. A zero-strain insertion
mechanism was proposed on the basis of detailed structural
analyses by powder X-ray diffraction (XRD) and X-ray absorption
spectroscopy to determine factors responsible for the zero-
strain phenomena, which are very useful information to design

the zero-strain materials.
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Results and discussion

Synthesis and electrochemical characterization of Li;M2C01.804
(M =Ti-Zn).

Figure 1 shows the XRD patterns of LizMo2C01804 samples
prepared via low-temperature synthesis. The Ti-, V-, Cu-, and
Zn-substituted materials have impurity phases (marked by
asterisks), i.e., TiO, (anatase), V,0s, CuO, and ZnO (wurtzite),
the metal cations with di-, tera- or pentavalent were hardly
substituted by trivalent Co LioFep.2C01.804
contaminated with LiFesOg and LiCOs. This phase separation
may result from difficulty for a formation of solid-solution
between LiCoO; and LiFeO; due to instability of LiFeO; having a
layered structure. No impurity phase can be seen for the Cr-,
Mn-, and Ni-substituted samples because of the high stability of
the trivalent state of their respective metal cations. The
observed in the diffraction line located at 29 = 85°, which
provides a clear indication of the crystal symmetry (i.e.,
hexagonal or cubic lattice). This diffraction line is expected to
separate into the 108 and 110 lines for the high-temperature
phase (HT-phase) with a hexagonal lattice because of the
anisotropy of the crystal lattice. On the other hand, the single
diffraction line indexed by 440 is expected for the low-
temperature phase (LT-phase) with a cubic lattice. The XRD
pattern of Li;Mno,Co1804 shows peak separation, suggesting
that its crystal structure mainly contains a layered structure (HT-
phase). The XRD patterns of the Fe-, Co-, and Zn-substituted
samples show a shoulder peak at the low-angle region,
indicating that a small amount of the layered phase is
contaminated. Only the XRD patterns of the Cr- and Ni-
substituted samples show a symmetric profile for the single 440
line, suggesting a predominantly spinel framework with a cubic
lattice (LT-phase). The Cu-substituted sample also appears to
have a cubic lattice despite the large amount of impurity phase.
The lattice constants of the Cr- and Ni-substituted samples are

ions. was

8.004 and 8.008 A, respectively. These values (ca. 8.00 A) are
the smallest lattice constants among those of lithium transition
metal oxides having a spinel structure. This indicates that Co
ions in the LT-phase are at the low-spin trivalent state, because
the ionic radius of the trivalent Co ion at the low-spin state is
the smallest among the 3d transition metal ions.

Quantitative analysis of the ratio between the spinel and
layered phases is difficult owing to the broadening of the peak
at 85°, which is caused by the low crystallinity obtained through
low-temperature synthesis. The discharge profiles were thus
utilized to estimate the amount of the LT-phase. Figure 2 shows
the charge-discharge curves of the Li/Li;Mo2Co01504 cells
operated at a rate of 0.25 mA cm~2 in the voltage range of 2.5—
4.2 V. In the discharge profile, the HT-phase has a sloping
voltage profile at 3.9—4.2 V,34 while the LT-phase has a flat one
at 3.5 V.293135 |n the charge profile, the voltage difference
cannot be determined because of the larger polarization of the
reaction for the LT-phase. The discharge profiles of all materials
show a voltage plateau at 3.5 V, in addition to the reaction
around 4 V, which differs in extent depending on the
substituting cation. The reversible capacities of the Ti-, V-, and
Zn-substituted samples smaller than those of the other samples
suggest that the impurity phases are electrochemically inactive
in the voltage range. The Fe-, Co-, and Zn-substituted samples,
which have a shoulder peak corresponding to the 440
diffraction line in their XRD patterns, show a short voltage
plateau at 3.5V in addition to the large 4-V reaction. The Cr- and
Ni-substituted samples, which have a dominant LT-phase, show
a long voltage plateau at 3.5 V with large reversible capacity
(>100 mAh g-1) despite exhibiting a small discharge capacity
between 3.9 and 4.2 V. The Cu-substituted sample also shows a
long voltage plateau despite having an impurity phase. These
results indicate that Cr and Ni-substituted LiC0,04
(Li2Crp2C01.804 and Li;Nip2C01804) have a dominant LT-phase
and minor HT-phase without any impurity phase.
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Fig. 1 XRD patterns of Li,M,C015804 (M = Ti—Zn) synthesized under air at 450°C for 16 h. Impurity phases are marked by asterisks.

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Page 3 of 9

Journal of-Materials/Chemistry A

Ni

Ti

Mn

Fe Cu

Cr

2 U " 1 L n 1

1 1
100 150

Q (mAhg™)

50 0 50

Q(mAhg™)

1 1
100 150

Q(mAhg")

1 L
100 150 0 50

Fig. 2 Charge-discharge curves of Li/Li;M(,C0; 804 (M = Ti—Zn) cells operated at a rate of 0.25 mA cm~2in the voltage range of 2.5—4.2 V at 25°C for 5 cycles.
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Fig. 3 (a) Discharge capacities (Qpis) of Li/Li;Mo,C015804 (M = Ti-Zn) cells at voltages (E) lower (red) and higher (shaded) than 3.6 V. (b) Ratio of the capacity (£ < 3.6 V)

to the total discharge capacity.

Figure 3a shows the summary of reversible capacities due to
the reaction of the LT- and HT-phases, particularly the capacities
at the 5th cycle. The amount of LT-phase in a material can be
evaluated from the discharge capacity at voltages (E) below 3.6
V and that of the HT-phase from the discharge capacity at £ >
3.6 V. The total capacity of a material, except for the Co- and
Cu-substituted ones, roughly depends on the amount of
impurity phase. Li;Cuo2C01804, which has an impurity phase,
delivers a larger capacity than that expected from the XRD
pattern, while Li,Co,04 delivers a lower discharge capacity
despite having no impurity phase, as shown in its XRD pattern.
Among the materials, the Cr- and Ni-substituted ones show the
highest discharge capacity at E<3.6 V.

To compare the redox reaction potentials, the differential
chronopotentiograms of Li;Nig2C01804 and HT-LCO were
calculated from the charge-discharge curves (Figure 4). The
oxidation and reduction peaks of Li;Nip2C01804 are located at
3.69 and 3.48 V, respectively. The peak separation of HT-LCO at
3.9 Visless than 0.05 V, while that of Li>Nig.2Co1.804is more than
0.2 V. From the open-circuit voltage measurements (Fig. S1),
reversible potentials are almost constant at 3.6+0.03 V,

This journal is © The Royal Society of Chemistry 20xx

indicating that the reaction of Li;Nip.2C01.804 proceeds in a two-
phase (heterogeneous) manner. The solid-state redox potential
of Li;Nip2C01804 is 3.6 V lower than that of HT-LCO (3.9 V) by
0.3 V. The redox potentials of the two different phases (LT- and
HT-phases) of Li;Nip2C01804 and HT-LCO are significantly
different, indicating that solid-state redox potential of lithium
insertion materials depends on the crystal structure in spite of
the same redox couple of Co3*/Co%*.

The polarization observed in Fig. S1 increased significantly
at both the end of charge and discharge. Thus it difficult to
distinguish between the LT- and HT-phases in the charge
profiles. A small voltage plateau due to the minor HT-phase was
observed at ca. 4 V in the discharge profile. Therefore, the
fraction of LT-phase can be estimated from the ratio of
discharge capacity at £ < 3.6 V to the total discharge capacity,
Qc<zov / (Qezev + Qes3.6v), @s shown in Figure 3b. Li;Nip.2C01.804
has the highest fraction of LT-phase among the samples. While
its discharge profile show a longer voltage plateau, that of the
Cr-substituted sample show a gradual decrease in operating
voltage at the end of discharge. On the basis of these results,
LizNip2C01.804 was selected for the investigation of the reaction

J. Name., 2013, 00, 1-3 | 3
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mechanism of the LT-phase. The lithium insertion/extraction
reactions of LizNip2C01.5804 proceed according to the equation,
LizNi0A2C01A804 = Liz.XNi0,2C01,304 + xLi* + xe™.
Theoretical capacity of LizNip2C01504 based on the above
equation is 274 mAh g-1. Because the fraction of LT-phase in
Li2Nip2C01.804 (%LT) is 90.2% as calculated from the discharge
capacity below 3.6 V. Thus, actual theoretical capacity of the
LizNip.2C01.804 containing HT- and impurity phases is lower than
the Qcal, i.e., Qcac x %LT. Therefore, the amount of the Li
extracted from Li;Nip2C01804 (x in Li>xNig2C01804) can be
calculated using the equation,
X =2 % Qez.ov/(Qeale X %LT),
where Qe 6v is the observed capacity at £< 3.6 V (96.2 mAh g*
from Figure 3a), Qcalc is the theoretical capacity (274 mAh g-1),
and %LT is the fraction of LT-phase in Li;Nip2C01.804 (90.2%).
Using this equation, x = 0.78, that is, almost half of the Liions is
extracted from Ni-substituted Li2Co,04 in the LT-phase.
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Fig. 4 Differential chronopotentiograms (dQ/dE) calculated from the charge-
discharge curves of (a) Li/Li;Nip2C0;1.804 and (b) Li/HT-LiCoO, cells at the 2nd cycle.

Structural change in Li;Nio.2C01.5804 during lithium extraction.
The change in the Li;Nip2C01804 crystal structure after
charging was examined by ex-situ XRD (Figure 5). There is no
peak shift in the XRD pattern, suggesting that the lattice
dimension does not change significantly. The spinel framework,
consisting of the CoOg octahedra connected by edge sharing, is
maintained (i.e., a topotactic reaction). The cubic lattice
constant changes from 8.005 A to 7.996 A. The changes in the
and 0.4%,
respectively, which are much smaller than those for other

lattice constant and volume are only 0.1%

materials having a spinel structure.36:37.4445 The intensities of
the 400 and 440 lines decrease, while those of the other
diffraction because of the
rearrangement of Li ions in the crystal structure during lithium

lines are almost the same,

extraction.

To investigate the change in the Li;Nip2C01804 crystal
structure during lithium extraction, structural analysis was
carried out using three structural models: one at the initial state
and the other two at the charged state (Figure 6). Because the
spinel framework constructed by the transition metal (mainly

4| J. Name., 2012, 00, 1-3

Co3*) and oxygen ions is maintained during the reaction, the
difference is the location of the Li ions. The structural model at
the initial state has a spinel framework wherein Li ions are
located at the octahedral 16c¢ sites in space group Fd-3m. All
octahedral 16c and 16d sites are occupied by Li and transition
metal ions, respectively, implying an ordered rock-salt structure
with an ordering different from that of a layered structure. The
crystal structure is similar to that of other lithium insertion
materials having a spinel structure after lithium insertion
reaction. Thus, this model is called the “reduced-spinel”
model.28-30 The two structural models at the charged state can
be constructed using different locations for the Li ions: one with
Li ions randomly distributed at half of the octahedral 16c sites
(i.e., site occupancy of 0.5) after lithium extraction, and the
other is a spinel structure wherein Li ions fully occupy the
tetrahedral 8a sites.

111
400

440

éz 311
C o
-

333

531

([
C_

i

=

10 20 30 40 5 60 70 80 90 100
26 () (Fe,)

Fig. 5 XRD patterns of (a) pristine Li,Nip,Co, g0, synthesized under air at 400°C for
6 days and (b) Li;.2;Nip,Co130,4 electrode obtained by charging to 4.2 V (1 % m(Af}
or (a

g™! of charge capacity). The cubic lattice parameters are 8.005 and 7.996
Li;Nip,Co1304 and (bY Li1 22Nip2C0; 80,4, respectively.

Remarkably, the locations of the Li ions at the tetrahedral 8a
or octahedral 16c sites affect the integrated intensities of the
311 and 400 diffraction lines (/311 and li00, respectively). With
increasing occupancy of the 8a sites, /311 increases; similarly, lago
increases with increasing occupancy of the 16¢ sites. Hence, the
locations of the Liions in the spinel framework can be identified
by comparing the calculated and observed integrated intensity
ratio, /311/la00. Figure 7 shows the /311//400 calculated using the
structural models shown in Figure 6, as well as the observed
values obtained from XRD analysis (Figure 5). The observed
I311/1a00 at the initial state (0.54) is very close to that calculated
using the model based on the reduced-spinel model (Figure 6a).
This structural identification conforms well with previously
reported structural refinement.?8-3% For the charged state of
Li2Nip.2C01.804, the observed /311//100 from differentindependent
observations is 0.94. This is similar to the /311//400 calculated

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Schematic illustrations of the Li,Niy,C01504 crystal structure at the (a) initial
and (b, c) charged states. Blue, red and %reen spheres indicate O, Co, and Li ions,
respectively. Li ions occupg either (a) all octahedral 16c sites, (b) half of the 16c

sites, or (c) all tetrahedral 8a sites.
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Fig. 7 Ratio of the integrated intensities of the 311 and 400 diffraction lines
(/311/1a00) Of LizNig,Co1 80, as a function of oxygen positional parameter u for three
structural models having a spinel framework. Closed circles indicate the calculated
intensity ratios for the three models shown in Figure 6 [Li ions occupying all
octahedral 16c sites (blue), half of the 16c sites (black), or all tetrahedral 8a sites
red)]. Dashed lines represent the observed intensity ratio of Li,Niy,C0130,4 before
blue) and after (red) charging.

using the spinel model (Figure 6¢) and significantly different
from that calculated using the random distribution model
(Figure 6b). Based on these results, lithium insertion/extraction
of LizNio2Co1.804 can be expressed as

Liz Ni0_2C01_8 04
oct oct ccp

= Li; Nig,Coy5 Oa + Lit+e-

tet oct ccp
The crystal structure of LizNip2C01504 is similar to that of
Liz2Mn;,04 formed by lithium insertion of LiMn,04,37 except for
the crystal symmetry, which is cubic for the LT-phase and
tetragonal for Li;Mn;04. During lithium extraction, Li ions
occupying the octahedral sites in Li;Nig.2C01804 are extracted,
while the remaining ones migrate to the tetrahedral sites. After
lithium extraction, all Li ions are located at the tetrahedral sites.
LizNip2C01.804 is reversibly transformed from the reduced-
spinel to the spinel structure during the reaction.

The charge compensation mechanism of Li;Nip.2Co01.5804 was
analysed by X-ray absorption near edge structure. Figure 8
shows the Co and Ni K-edge spectra of pristine and charged
LizNip2C01.804 with that of HT-LCO as reference. The Co K-edge
spectrum is shifted toward higher energy after charging
LizNip2C01.804, indicating that cobalt is oxidized by the charging
reaction. Comparison with Li;xCoO; reference samples38 shows
that the valence state of cobalt is approximately 3.5. In addition,
the white line in the Ni K-edge spectrum is shifted to higher
energy, indicating the oxidation of the Ni ion. Although the Co
and Ni 3d orbitals are hybridized, the contribution of charge
compensation between Co and Ni cannot be accurately
determined.

This journal is © The Royal Society of Chemistry 20xx

The local structure was analysed by EXAFS. Co K-edge EXAFS
was used because the Co atomic ratio is relatively high and thus
reflects the average changes in Li;Nig.2C01.80a4. Figure 9 shows
the Fourier transforms of the Co K-edge EXAFS oscillations of
pristine and charged Li;Nip2C013804 and HT-LCO. The EXAFS
oscillations of these samples are provided in Figure S2. The first
main peak at ~1.8 A correlates to the hexacoordinated Co—O
shell, while the second one (~2.5 A) corresponds to the
contribution of the Co—Co shell. Refined parameters obtained
from curve fittings of the Co K-edge EXAFS oscillations are
summarized in Table S1. The inverse Fourier transform spectra
of the simulated curves are identical to experimental data,
indicating that the fitting is performed correctly (Figure S3).
Multiplying the Co-Co distance (second coordination) by 2/ 2
yields a value that agrees well with the lattice constant. For the
charging reaction, the Co—O bond is shortened, indicating the
decrease in the Co ionic radius upon oxidation, in which the
valence increases from 3 to 3.5. This trend is the same as in the
case of HT-LCO.3® On the other hand, the Co—Co distance
remains constant which is a characteristic of the zero-strain
phenomena in Li;Nip2C01804. The Co—Co distance in HT-LCO
was reported to decrease as the interlayer distance decreased
upon lithium extraction.3 In contrast, no change in the Co—Co
distance is observed in Li;Nip.2C01.804. This agrees well with XRD
data showing that the lattice constant upon Li extraction does
not changed. Although the Co ionic radius and Co—O bond
length decrease, the Co—Co distance does not significantly
change; thus, the lattice constant also does not change.

J. Name., 2013, 00, 1-3 | 5
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Fig. 9 Fourier transforms of the Co K-edge EXAFS spectra of Li,Nig,C0; 304 at the
initial and charged states. The Co K-edge EXAFS spectrum of LiCoO, (LCO) having
a layered structure is also shown for comparison.

Zero-strain insertion mechanism of Li;Nio.2C01.504.

The oxygen sublattice in the spinel framework has a cubic
close-packed arrangement. Oxygen anions in the spinel
framework usually deviate from their ideal positions. This
deviation is expressed as a single parameter u, the so-called
oxygen positional parameter. It implies changes in the bond
lengths, bond angles, and symmetries of the CoOg octahedra.*?

6 | J. Name., 2012, 00, 1-3
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Figure 10 shows the relationship between u, ranging from 0.25
(the ideal position) to 0.27, and the Co—O bond length at a
specific cubic lattice parameter a, which is 8.00 A. The Co-O
bond length varies with u even though a remains constant. This
means that u increases when the Co—0 bond length changes to
keep a constant, which explains the zero-strain insertion
phenomenon in LizNip2C0o1.804. During lithium extraction, the
Co—O bond length decreases owing to the contraction of the Co
ionic radius from 0.545 A at the trivalent state to 0.53 A at the
octahedral tetravalent state. Oxygen anions leave the vacant
octahedral sites (16c¢ sites in space group Fd-3m) along the
<111> direction simultaneously because the Co—O attraction
strengthens with the increased positive charge of Co ions during
lithium extraction.

1.94

-
©
LS}

Co-O bond length /A
2
T

.

o

&
T

1.86 = :
0.255 0.260 0.270

u

Fig. 10 Relationship between oxygen positional parameter u and Co—O bond

1 2 1\2
length / givenbyl =a (5 — u) +2 (u — Z) , Where a is the lattice parameter.

The black line shows the relationship for a = 8.00 A. The blue and red circles denote
the values for Li,Co;gNip,04 before and after lithium extraction, respectively,
determined from EXAFS analysis.

A crystallographic illustration of the zero-strain insertion
mechanism of Li;Nip.2C01.304 is depicted in Figure 11. The crystal
plane of the spinel framework along the [100] axis is shown with
greater emphasis on oxygen sublattice distortion. The yellow
square indicates the unit cell of each structure. Distortion of the
oxygen sublattice induces the reduction of the site symmetry of
the CoOg octahedra from On to D34 in the spinel framework with
space group Fd-3m. The distortion of the CoOg octahedra
becomes larger with increasing u, leading to a decrease in the
0—Co—-0 bond angle from 84.3° at the initial state to 83.1° after
charging. Consequently, the unit cell dimension does not
change despite the contraction of the Co—O bond during lithium
extraction in LioNip2Co01804. The zero-strain insertion
mechanism of LizNip2C01.804 can be explained by accounting for
a reversible change in u during the reaction, the so-called an
oxygen-swing model observed in LTO.11

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 Schematic illustrations of the Li,Nip,C0, 804 crystal structure viewed along
[100] direction (a) before and (b) after charging. Blue, red, and green spheres

indicate O, Co, and Li ions, respectively. A yellow square indicates the cubic unit
cell, which does not change in size owing to the zero-strain mechanism.
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Finally, a cycleability test was carried out for the zero-strain
lithium-ion battery of LTO/Li2Nip2C01804 in which both
electrode materials are zero-strain to assess its structural
stability. Figure 12 shows the charge-discharge curves of the
LTO/Li;Nip2C01804 cell. The cell was charged to constant
capacity (80 mAh g-1) to avoid the reaction of the small amount
of HT-phase at the 4-V region and discharged to 1.0 V at a rate
of 0.77 mA cm=2 (1 C-rate). The polarization on charge was
slightly increased during 30 cycles. The increase in polarization
on charge is more apparent at higher current density (Fig. S4).
On the contrary, polarization on discharge was almost constant
and the charge capacity at each cycle was fully delivered even
at high rate (1 C-rate). X-ray fluorescence analysis indicated that
phosphorus compounds derived from PF¢~ ions deposited on
the separator of the cell after the cycle tests. Thus, the
polarization increase on charge was explained by the clogging
of the separator with the phosphorous compounds, not by
deterioration of Li;Nip2C01804. XRD examination was
performed for the Li;Nio.2Co1.804 electrode after 50 cycles to
confirm structural stability (Figure S5). The obtained XRD
pattern was virtually identical to that before cycling in terms of
life positions and intensity ratios. In addition, full width at half
maximum (FWHM) of diffraction lines before and after cycling
were the same (0.62° for the 400 line), indicating that no change
in grain size during cycling. This result is inevitable for the zero-
strain LizNig2C01804 because of very low internal stress
produced by the minimal dimensional change of the crystal
structure. These results indicate that the cycleability and rate
capability of Li>Nip2Co1.504 can be expected to be as excellent
as that of zero-strain LTO.

The volumetric capacity and dimensional change of zero-
strain Li>Nip2C01.804 was compared with those of other lithium
insertion materials (Figure 13).10,18-20,22,24,36,40-44 A|| zero-strain
materials except LTO has a crystal structure with a large space
that can accommodate Liions. Such a large space is expected to
reduce lattice distortion during lithium insertion/extraction,
leading to a small dimensional change. However, the volumetric
capacities of the materials are relatively low owing to their large
lattice volumes. On the contrary, Li;Nip>C01804 has a dense
crystal lattice because of the cubic closed-packed oxygen array,
which allows compatibility between large volumetric capacity
and small dimensional change.

This journal is © The Royal Society of Chemistry 20xx
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i 13 Change in volume and volumetric capacity of Li,Co;gNig,04 and other
ium insertion materials. The numbers in parentheses indicate the references
for these data.

Experimental

Material synthesis and characterization.

LioMp2C01804 (M = Ti—Zn) was prepared by a solid-state
synthetic method. A reaction mixture of Li,COs;, Co(OH), and
another 3d transition metal source [i.e., TiO;, V.0s, Cr,03,
MnOOH (manganite), FeOOH (goethite), Ni(NOs),, CuO or ZnO]
was heated at 450°C for 16 h under air in a tubular electric
furnace. The synthesized materials were characterized by
powder XRD using an X-ray diffractometer (LabX XRD-6100,
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Shimadzu Corp., Japan) equipped with a graphite
monochromator using Fe Ka radiation operated at 40 kV and 15
mA. Data were collected from 29 = 9° to 29 = 104° at a scan rate
of 0.5° min~1. The change in the LizNip2C01.504 crystal structure

after charging up to 4.2 V was also characterized by ex-situ XRD.

Electrochemical measurements.

The structure of the electrochemical cell used for material
testing was previously reported.3® To prepare the positive
electrode, a black viscous slurry consisting of 88 wt% of
Li2Mo2C01.804 (M = Ti—Zn), 6 wt% of acetylene black, and 6 wt%
of polyvinylidene fluoride dispersed in N-methyl-2-pyrrolidone
was cast onto an aluminium foil. N-methyl-2-pyrrolidone was
evaporated at 80°C for 1 h under vacuum, and the electrode was
dried under vacuum at 150°C overnight. Finally, the electrode
was punched out to form a disk (16.0 mm diameter). The
loading weight of the electrode mix was ca. 15 mg cm~2. The Li
metal electrode was used as the negative electrode. The
electrolyte used was 1 M LiPF¢ dissolved in a 3:7 (v/v) ethylene
carbonate/dimethyl carbonate solution (Kishida Chemical Co.,
Ltd., Japan). Electrochemical tests for the cells were carried out
using a battery cycler (Battery Laboratory System, Keisokuki
Center Co., Ltd., Japan).

X-ray absorption measurements by synchrotron radiation.
Charged/discharged electrodes of Li;Mg2C01804 (M = Ti—Zn)
were removed from the cell in a glove box. The dried electrodes
were sealed in laminated packets in an argon-filled glove box.
The Co and Ni K-edge spectra were recorded at beam line
BLO1B1 of the SPring-8 synchrotron radiation facility of the
Japanese Synchrotron Radiation Research Institute (Harima,
Japan). Measurements were performed in transmission mode
using a Si(111) monochromator. The energy scale was
calibrated using Cu and Co foils. All data were collected at room
temperature. Extended X-ray absorption fine structure (EXAFS)
structural analysis was performed using the REX2000 (ver. 2.6)
data analysis software, and theoretical backscattering phases
and amplitudes were calculated with code FEFF8.

Conclusions

Among the transition-metal-substituted Li2Co,04
(Li2Mo2C01804, M = 3d transition metals) prepared by low-
temperature synthesis at 450°C, the Cr- and Ni-substituted ones
had a reduced-spinel structure wherein the lithium and
transition metal ions were ordered at the octahedral sites. The
materials showed a flat voltage profile at 3.5 V with a reversible
capacity of 100 mAh g1, which is different from that of HT-LCO
having a layered structure. Based on ex-situ XRD experiments,
Li2Nip2C01.804 was converted to LiNip,Co;3804 having a spinel
structure during lithium extraction with negligibly small
dimensional change (~0.1 %), indicating that it is a zero-strain
insertion material. Detailed structural analysis by X-ray
absorption spectroscopy showed that during lithium extraction,
the Co—Co bond length remains constant, while the Co—O bond
length decreases owing to the change in the Co ionic radius. The

8| J. Name., 2012, 00, 1-3

zero-strain phenomenon can be explained by the oxygen-swing
model, in which the displacement of oxygen anions plays an
important role as a buffer against the contraction of the Co—O
bond during lithium extraction. Zero-strain LizNip2C01.804 has a
reduced-spinel structure with a closest-packed oxygen array,
which is denser than the structures of other zero-strain positive
electrode materials reported thus far. Therefore, in
Li;Nip2Co01804, a large volumetric capacity and small
dimensional change can be compatible, leading to long cycle
life. Zero-strain lithium-ion battery of LTO/Li2Nip2Co1804 was
firstly demonstrated which has potentially excellent
cycleability, because both electrodes are zero-strain materials.
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