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Using a self-assembled block copolymer (BCP) structure as a template, an inorganic nanocomposite
consisting of a cathode active material (LiCoO,) and an electrolyte (Li;LazZr,O;,) was synthesized as
a candidate electrode material for all-solid state lithium batteries. The precursors of the cathode active
material and those of the electrolyte were introduced into separate polymer blocks of the BCP, and then
calcination was used to remove the BCP template and crystallize the cathode active material and the
electrolyte. The LiCoO,/LisLazZr,Oy, ratio that produced the optimum electrode structure was
determined: the ratio of 90% resulted in the maximum capacity per active material, 135 mA h g%, which

is 98% of the theoretical value for LiCoO,. The obtained capacity was substantially larger than the values
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Accepted 11th August 2017 reported for other cathodes used in all-solid-state lithium batteries. The implication is that at the

optimum LiCoO,/Li;LasZr,O,, ratio, nanoscale three-dimensional conducting paths and an

DOI: 10.1039/c7ta055279 electrochemically effective interface between the active material and the electrolyte are formed as
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1. Introduction

Lithium secondary batteries are widely used in consumer elec-
tronics, mobile phones, personal computers, and hybrid and
electric vehicles. However, several problems with the safety,
performance, and cost of these batteries remain to be solved, in
particular, the safety problem presented by the flammable
liquid electrolytes that are conventionally used.

An alternative proposed as safe, reliable next-generation
storage devices is all-solid-state lithium secondary batteries,
which contain solid electrolytes. However, they present several
challenges, such as the relatively poor ionic conductivity of solid
electrolytes, low energy density, and, most importantly, low
cathode capacity.

The main components of electrodes are the active mate-
rials and the electrolytes. To increase the capacity per elec-
trode, the electrolyte content must be reduced as much as
possible, and the utilization rate of the active materials must
be high. However, lowering the electrolyte content
decreases the conduction paths and thus decreases the
utilization rate of the active materials, owing to limited
charge transfer.
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a result of templating by the self-assembled BCP structure.

All-solid-state lithium batteries have solid-solid interfaces
between the solid electrolytes and the solid active materials,
whereas conventional lithium batteries have liquid-solid
interfaces between the liquid electrolytes and the solid active
materials. In attempts to construct electrochemically effective
interfaces between electrolytes and active materials in all-solid-
state lithium batteries, various methods have been used,
including mechanochemical methods," thin films'** and
three-dimensional structures.®'® However, none of the
methods investigated so far has resulted in a sufficiently high
electrode capacity.

Some research on controlling the active material/electrolyte
ratio to maximize cathode capacity has been conducted, and
electrode capacities of 18.9-56.0 mA h g~' at active material/
electrolyte ratios of 37.7-70.0% have been achieved.™
However, the construction of optimized electrode structures
that make the most of active materials and thus show high
cathode capacity remains a challenge.

We have developed a process using a self-assembled block
copolymer (BCP) structure as a template for the synthesis of an
inorganic nanocomposite.”” In this study, we extended this
process to the synthesis of nanocomposite oxides to evaluate
the relationship between structures and electrochemical prop-
erties of electrode materials in all-solid-state Li ion batteries.
The commonly used methods of synthesizing electrodes for all-
solid-state Li-ion batteries use calcined particles of active
materials roughly several microns in size. These particles are
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mixed with electrolyte microparticles and compressed into
electrodes,* the structures of which are mixtures on a scale of
several microns in size. We hypothesized that use of self-
assembled BCP templates would result in the formation of
composite electrode structures on a scale of several tens of
nanometers, two orders of magnitude smaller than the scale
reported for commonly used synthetic methods, the result
being a large interface between active materials and electrolytes.
In this study, for the purpose of the optimization of the ratio of
cathode active materials and electrolytes, various ratios of the
precursors of the cathode active material (LiCoO,, LCO) and
those of the electrolyte (Li,LazZr,0;,, LLZ) were introduced into
a separate block of the BCP. Then calcination was used to
remove the BCP template and crystallize the cathode active
material and the electrolyte. The LiCoO,/Li;La;Zr,0;, ratio was
adjusted to optimize the electrode structure, and the capacity
was highest at the optimized cathode active material/electrolyte
ratio. The implication is that at the optimum LCO/LLZ ratio,
self-assembly of the precursor-containing BCP and subsequent
calcination resulted in the formation of a nanocomposite with
nanoscale, three-dimensional conducting paths and an elec-
trochemically effective interface between the cathode active
material and the electrolyte.

2. Experimental
Nanocomposite preparation

In a typical preparation procedure, lithium benzoate
(C¢H5COOLi, Sigma-Aldrich), tetrakis(2,4-pentanedionato)
zirconium(v) [Zr(acac),, Tokyo Chemical Industries],
lanthanum 2-ethylhexanoate toluene solution [La(C,H;s-
COO0);, Wako Pure Chemical Industries, La 7%], dicobalt
octacarbonyl [Co,(CO)g, Sigma-Aldrich], and N,N’-diphenyl-
N,N’-di-p-tolylbenzene-1,4-diamine (Cj3,H,3N,, Sigma-Aldrich)
were dissolved in a 0.5 wt% solution of polystyrene-b-poly(4-
vinylpyridine) ~ (PS-P4VP, polymer source, M5, =
20.5 kg mol !, ME*YF = 36.0 kg mol*, polydispersity index =
1.08) in a 78:12 (v/v) mixture of toluene (Wako) and N,N-
dimethylformamide (Wako). The Co,(CO)g/styrene and
C0,(CO)/C3,H,N, molar ratios were 1.0 and 0.5, respectively,
and the LCO/LLZ ratio was 0.7-0.975. The solution was stirred
and then transferred to a Petri dish and the residue was
calcined up to 1023 K and maintained at that temperature for
6 h under a flow of air.

Nanocomposite characterization

Scanning transmission electron microscopy (STEM) and
energy dispersive X-ray (EDX) spectroscopy mapping images
were obtained with a JEOL JEM-2010 FEF(HR) transmission
electron microscope. Three-dimensional EDX spectra were
obtained with a JEOL JEM-ARM200F Dual-X atomic resolution
analytical electron microscope. X-ray diffraction (XRD)
patterns were collected on a Rigaku RINT-TTR (Cu Ka) oper-
ated at 40 kV and 50 mA. Scanning electron microscopy
images were obtained with a Hitachi S-3600N scanning elec-
tron microscope.
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Electrochemical measurements

Polyethylene oxide (Sigma-Aldrich, MW = 600 K) doped with
lithium bis(trifluoromethylsulfonyl)imide (Wako) was used as
an electrolyte separator. Lithium metal was used as an active
anode. Dense pellets of the LCO/LLZ nanocomposite with
a thickness of 25 um were prepared by pressing calcined
samples onto Ni metal current collectors. The electrochemical
properties were measured by cyclic voltammetry using a poten-
tio-galvanostat equipped with an impedance analyzer (BioLogic,
VMP3). The electrode potential was swept between 3.0 and 4.2 V
at a potential sweep rate of 0.05 mV s '. Charge-discharge
curves were measured at a voltage between 3.0 and 4.2 V versus

lithium and at a current density of 0.04 mA cm >,

3. Results and discussion

The scanning electron microscopy images of calcined samples
prepared with various LCO content ratios are shown in
Fig. 1a-d, along with the corresponding overlapping images of
Co, Zr, and La (Fig. 1a’-d’). The images revealed nanoparticles
on a scale of several tens of nanometers. A continuous structure
consisting of LCO and LLZ was apparent at an LCO content ratio
of 0.9 (Fig. 1¢/). The STEM image of a spin-coated
BCP-precursor nanocomposite sample with an LCO content
ratio of 0.9 (Fig. S1t) revealed a self-assembled structure of
spheres in a matrix (sphere diameter, ~80 nm; repeat distance,
~80-100 nm). EDX elemental analysis enabled the detection of
the Co precursor in the spheres and the Zr and La precursors in
the matrix (Table S1}). That is, the precursor of the active
material (LCO) and the electrolyte (LLZ) had been selectively
introduced into the spherical polymer block and into the
matrix, respectively, forming a microphase-separated structure
templated by the self-assembled BCP structure. The sphere
formation was driven by the selective dissolution of the PS block
in the toluene-based solvent'® which resulted in dissolution of
the Co precursors into the P4VP block.

The STEM images of samples obtained by calcining
BCP-precursor nanocomposites at 723 K show that the self-
assembled spheres-in-a-matrix structure was preserved after

— 100 nm

— 100 nm — 100 nm — 100 nm

Fig. 1 STEM images of calcined LCO/LLZ nanocomposite samples
with LCO content ratios of 0.7 (a), 0.8 (b), 0.9 (c) and 0.975 (d) and the
corresponding overlapping images of Co (red), Zr (green) and La (blue)
(a'=d").
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Fig. 2 High-angle annular dark-field STEM image of the calcined sample prepared with an LCO content ratio of 0.9 (a) and three-dimensionally
reconstructed EDX maps of Co (b), La (c), Zr (d) and the corresponding overlapping image of Co (red), Zr (green) and La (blue) (e).

removal of the BCP and that the diameter of the spheres
increased with decreasing Co concentration (Fig. S2a-ct). EDX
maps of a calcined sample with an LCO content ratio of
0.9 clearly show that isolated Co spheres (diameter, 20-40 nm)
were surrounded by a matrix of Zr and La (Fig. S2d-f). Co was
distributed in the bright areas in the dark-field STEM image;
these areas correspond to more-electron-dense spheres than the
surrounding matrix, which suggests that Co was densely
distributed in the areas of crystallized LCO. In contrast, Zr and
La were located in the dark area even though their electron
densities are higher than the electron density of Co. This result
suggests that La and Zr were sparsely distributed in the non-
crystalline matrix.

At LCO content ratios of 0.7 and 0.8, a discontinuous LCO
structure was observed (Fig. 1a’ and b’). As the LCO/LLZ ratio
was increased, the LCO spread throughout the matrix (Fig. 1¢’
and d’), becoming continuous while the structure of LLZ
became discontinuous (Fig. 1d'). As the amount of LLZ
decreased, the LCO nanoparticles likely agglomerated (Fig. 1d’).
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Fig. 4 Plot of LCO particle size versus LCO content ratio of calcined
samples.

A high-angle annular dark-field STEM image of the sample
prepared with an LCO content ratio of 0.9 was obtained
(Fig. 2a), and three-dimensionally reconstructed EDX maps of

Calcination
at 1023 K
—

LiCoO,

Li;LazZr,0,,

Fig.3 Schematic representation of synthetic procedures using self-assembled BCP templates. (a) Dissolution of BCP and precursors of LCO and
LLZ in solution, (b) formation of self-assembled structures of micro-phased polymer blocks containing precursors of LCO (core) and of LLZ
(matrix) in separate polymer blocks, and (c) construction of bicontinuous structures of LCO and LLZ after calcination.
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Fig. 5 XRD patterns of calcined samples with LCO content ratios of
0.7 (a), 0.8 (b), 0.9 (c), 0.95 (d) and 0.975 (e).

Co, La, and Zr and the corresponding overlapped image were
prepared (Fig. 2b-e). The EDX maps show that Zr and La were
generally co-located and were present in the gaps between the
Co nanoparticles. Most of the Co nanoparticles were spherical
with diameters of 100-200 nm, whereas the particles of La and
Zr were in an indeterminate form. The three-dimensionally
reconstructed EDX maps of Co, La, and Zr, show that areas of
co-located La and Zr surrounded three-dimensionally aggre-
gated Co nanoparticles (Fig. 2b-e).

Fig. 3 is a schematic representation of the synthetic proce-
dures using self-assembled BCP templates. BCP and precursors
of LCO and LLZ were dissolved in a solution (Fig. 3a). Self-
assembled structures of micro-phased polymer blocks contain-
ing precursors of LCO (core) and of LLZ (matrix) were formed in
separate polymer blocks (Fig. 3b). After calcination, bicontinuous
structures of LCO and LLZ were assembled (Fig. 3c). The nano-
composites used in this study were synthesized using a BCP
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composed of a PS polymer block containing the LLZ precursors
and a P4VP polymer block containing the LCO precursors. During
calcination, precursors that had condensed in polymer blocks of
several tens of nanometers in width aggregated and crystallized.
In contrast, in the synthesis of LCO/LLZ cathode materials for
conventional all-solid-state lithium batteries, microparticulate
precursors are used. High temperatures (>1073 K) are required
for crystallization, owing to the need for diffusion and reaction of
the precursors. Mutual diffusion of the precursors leads to the
production of byproducts such as La,C00,.” When the method
described in this paper was used, the LCO precursors diffused
only a small distance before reacting with neighboring LCO
precursors in the same polymer block, which was only several
tens of nanometers wide. The implication is that reactions
between the LCO and LLZ precursors that had condensed in
different polymer blocks were suppressed and that continuous
structures consisting of LCO and LLZ were therefore formed.

The relationship between LCO particle size and LCO content
ratio (in the range from 0.7 to 0.975) in a sample calcined at
1023 K is shown in Fig. 4. As the LCO ratio increased, the LCO
particle size increased.

LCO nanoparticles formed in the spherical structures of one
of the polymer blocks of the BCP. Confinement of the LCO to an
area with a size of several tens of nanometers and the co-
existence of LLZ in the same area prevented aggregation of
LCO nanoparticles in the LCO/LLZ nanocomposites. In nano-
composites that contained only a small amount of LLZ, the LCO
aggregated because the amount of LLZ was insufficient to
effectively prevent LCO aggregation.

XRD patterns of samples that were calcined at 1023 K and
had LCO content ratios of 0.7-0.975 were obtained (Fig. 5). As
the LCO/LLZ ratio increased, the LCO peaks increased and the
LLZ peaks decreased. In the patterns of the samples with LCO
content ratios of 0.7 and 0.8, peaks due to Li,COj3, La,03, and
LiOH-H,0 impurities were observed (Fig. 5a and b). It has been
suggested that Li,CO; forms on the surface of LLZ by the
reaction with CO, after exposure to air.>*** La,O; and LiOH-
H,0 are produced as impurities during the synthesis of LLZ.*>**
The diffraction peaks of Li,COj3, La,0;, and LiIOH-H,O in the
calcined samples disappeared at LCO content ratios above 0.8
(Fig. 5c-e). This result was probably due to the gradual decrease
of the LLZ content, and it was no longer detectable by XRD as
the LCO content ratio increased from 0.9 to 0.975.
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(a) Cole—Cole plot for all-solid-state lithium batteries fabricated from calcined samples with LCO content ratios of 0.7-0.975. (b) Plot of

impedance versus LCO content ratio for all-solid-state lithium batteries fabricated from nanocomposite calcined samples.
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(a) Cyclic voltammograms of all-solid-state lithium batteries fabricated from nanocomposite calcined samples with LCO content ratios of

0.7-0.975. (b) Plot of discharge capacity vs. LCO content ratio from cyclic voltammograms for all-solid-state lithium batteries fabricated from

nanocomposite calcined samples.

No significant impurity peaks were observed in the XRD
patterns of the samples with LCO content ratios of 0.9-0.975. In
this study, the LCO and LLZ precursors were introduced and
condensed in the matrix of a BCP. Confinement of the precur-
sors to a space of several tens of nanometers in the polymer
block and the ease of diffusion in the polymer block prevented
the formation of byproducts. However, when the LCO content
ratio was 0.7 and 0.8, the LLZ spread into larger areas, LCO
mixed with LLZ and byproducts formed.

In the scanning electron microscopy images of the samples
with LCO content ratios of 0.7 and 0.8 (Fig. S3a and b¥), many
small nanoparticles that had aggregated into structures sepa-
rated by cracks on a scale of several tens of micrometers were
observed, and long shallow cracks were apparent in the sample
with an LCO content ratio of 0.95 (Fig. S3df), whereas contin-
uous structures were observed in samples with LCO content
ratios of 0.9 and 0.975 (Fig. S3c and ef¥).

Cole-Cole plots and plots of impedance versus LCO content
ratio for all-solid-state lithium batteries fabricated from
calcined samples with LCO content ratios of 0.7-0.975 are
shown in Fig. 6a and b, respectively. Impedance, which was
estimated from the Cole-Cole plots, was lowest at an LCO
content ratio of 0.9. The impedance decreased as the LCO
content ratio increased from 0.7 to 0.9. The XRD results show
that the samples with LCO content ratios of 0.7 and 0.8 con-
tained LCO, LLZ, and Li,CO3, La,03, and LiOH-H,0 impurities.
Considering that Li,CO;, La,O;, and LiOH-H,O are high-
resistance phases that hinder Li* transport and decrease ion
conductivity, it is reasonable to assume that the larger amounts
of Li,CO;, La,0;, and LiOH-H,O0 in the sample with an LCO
content ratio of 0.7 led to the lower observed ionic conductivity
relative to samples with higher LCO content ratios.

Impedances were estimated with fitted data based on an
equivalent circuit model consisting of two parallel resistance—
capacitance (R-C) and capacitance (C) contributions
(RbCh)(RgbCgb)(Ce1), where the subscripts b, gb, and el denote the
bulk, grain-boundary, and electrode, respectively.** The
increase of the impedance as the LCO content ratio increased
from 0.9 to 0.975 was probably caused by the formation of
discontinuous LLZ structures as the LCO/LLZ ratio increased:
these structures, which were observed in the STEM images and
EDX mapping images, prevented Li" transport and decreased

18820 | J. Mater. Chem. A, 2017, 5, 18816-18822

ionic conductivity. The calcined samples were compressed into
discs for electrochemical measurements. As a result, dense
aggregates were obtained. Although cracks were observed in the
scanning electron microscope images of the calcined samples
with LCO contents of 0.7, 0.8, and 0.95, the macroscopic
structures observed in the scanning electron microscope
images probably did not significantly affect the impedances
compared with the effects of the microscopic structures
observed in the STEM images and EDX mapping images.

Cyclic voltammograms of calcined samples with LCO
content ratios of 0.7-0.975 were measured (Fig. 7). The charge-
discharge current increased as the LCO content ratio increased
from 0.7 to 0.9, that is, as the LCO/LLZ ratio increased. This
behavior was due to an increase in the quantity of impurities as
the LCO/LLZ ratio decreased, as indicated by the XRD results. As
the LCO content ratio was increased from 0.9 to 0.975, the
charge-discharge current decreased. The charge-discharge
peaks were broad in the voltammograms of samples with LCO
content ratios of 0.95 and 0.975.

The impedance of an all-solid-state lithium battery fabri-
cated with calcined samples with LCO content ratios of
0.9-0.975 increased with increasing LCO/LLZ is shown in Fig. 6.
The increased impedance in turn resulted in a drop in charge-
discharge voltage as the amount of LLZ decreased.
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Fig. 8 Plot of discharge capacity vs. discharge rate in constant
current—constant voltage measurements for all-solid-state lithium
batteries fabricated from nanocomposite calcined samples with an
LCO content ratio of 0.9.
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Fig. 9 Charge—discharge curves and cycling performance for the calcined sample with an LCO content ratio of 0.9 at the rate of 1/6C.

The cyclic voltammograms and discharge capacities from
cyclic voltammograms for all-solid-state lithium batteries
fabricated from nanocomposite calcined samples with LCO
content ratios of 0.7-0.975 are shown in Fig. 7. Discharge
capacity increased with increasing LCO content ratio from 0.7 to
0.9, reaching a maximum at 0.9, and then decreased with
increasing LCO content ratio from 0.9 to 0.975.

In the LCO content ratio range of 0.7-0.9, samples with more
LLZ contained more of the Li,CO;, La,O;, and LiOH-H,O
impurities, as indicated by the XRD results (Fig. 5). As the
impurity content increased with increasing LLZ content, the
impedance of the all-solid-state lithium batteries fabricated
with these samples increased (Fig. 6). As a result, the capacity of
the batteries decreased with increasing LLZ content.

For samples with LCO content ratios of 0.9-0.975, imped-
ance increased with decreasing LLZ content, and the capacity
decreased with decreasing LLZ content.

As shown in Fig. 8, the high capacity (135 mA h g™') was
obtained with a nanocomposite sample having an LCO content
ratio of 0.9, which is much higher than the values reported for
other all-solid-state lithium batteries."™® The excellent electro-
chemical properties of the electrode fabricated with the opti-
mized nanocomposite can be ascribed to its unique three-
dimensional bicontinuous structure on a scale of several tens
of nanometers, which is 2 orders of magnitude smaller than the
scale reported previously for composite electrodes fabricated
from calcined microparticles.’ Our results suggest that
conductive paths were most effectively formed in the sample
with an LCO content ratio of 0.9 and minimal impurities. In
contrast, the STEM images and the electrochemical properties
suggest that in samples with little LLZ, and in samples con-
taining impurities, conductive paths and an electrochemically
effective LCO/LLZ interface were not effectively formed.

Charge-discharge curves and cycling performance of
a calcined sample with an LCO content ratio of 0.9 at a rate of
1/6C are shown in Fig. 9. The good cycling performance
apparent in Fig. 9b shows that the all-solid-state Li-ion battery
ran smoothly at a rate of 1/6C.

4. Conclusions

Nanocomposite materials consisting of a cathode active mate-
rial and an electrolyte for all-solid-state lithium batteries were

This journal is © The Royal Society of Chemistry 2017

synthesized by using a self-assembled BCP structure as
a template. The ratio of the cathode active material to the
electrolyte was adjusted to optimize the electrode structure and
the capacity was highest at the optimized cathode active
material/electrolyte ratio. The capacity was substantially larger
than the capacities reported for other cathodes used in all-solid-
state lithium batteries. At the optimized active material/
electrolyte ratio, nanoscale conductive paths and an electro-
chemically effective interface are formed in this nanocomposite
synthesized by means of templating with a BCP.

This versatile technique can be expected to be applicable
also to the preparation of other highly functional nano-
composite materials and devices such as quantum dot solar
cells, thermoelectric materials, and solid oxide fuel cells.
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