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Design of highly-sinterable LATP-CNT composite powder by sequential particle assembly for

fabrication of highly electrical-conductive composite electrodes
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Abstract

A sequential particle assembling process was developed to fabricate composite particles with
multiple components. Cobalt sintering aids and carbon nanotube (CNT) conductive additives were
sequentially and electrostatically absorbed on Li;3Alo3Ti1.7(PO4)3 (LATP) electrolyte particles under
various dispersion conditions. The effect of the particle assembling conditions on the composite body's
sintering ability and conductive properties was investigated. By optimizing the microstructure of the
composite particle and its particle charging conditions, it became possible to obtain a sintered composite

electrode with a finely connected path of each LATP and CNT phase.
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1. Introduction

The properties of composite materials are not solely determined by the mixing ratio, but are also
significantly affected by their microstructure, such as the dispersion state of each phase and the
morphology of the added particles. Some research has reported more advanced organizational structures,
such as multiscale periodic regular self-organization, fractals, and hierarchical structures [ 1,2]. Particle
assembly technology is an approach that can realize these structures from the bottom up from nano to
micro to macro scale [3,4]. Among the particle assembly techniques, electrostatic assembly (EA), which
utilizes the charging of particles in a colloidal solution, is a promising method [5-9]. This method can
electrostatically integrate positively and negatively charged particles into a composite particle.
Composite particles can be made into large monodisperse spherical particles that are easy to handle and
can be used as a basic unit to create a periodic three-dimensional structure. Composites produced using

this method have further improved mechanical, electrical, and thermal properties [7—14].
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In all-solid-state batteries, the electrode is composed of multiple phases; i.e., an ion-conducting
phase, an electron-conducting phase, and an electrode-active material. A composite electrode consisting
of an active material, a conductive agent (electronic conductor), and an electrolyte material (ionic
conductor) is used to ensure the conductivity of both the Li-ions and electrons in the electrode [15-19].
The preferred composite electrode microstructure for improving the transport rate of each carrier and
reducing the effective thickness is the percolated structure (co-continuous structure) of each phase.
However the microstructural control of the composites consisting of various components is very difficult
and advanced structure control technology is required. The EA method is suitable as a method for
manufacturing composite electrodes that allow each phase in the structure to be appropriately arranged,
and is expected to improve the battery characteristics. The NASICON-type Li13Alo3Tiy7(POs)s (LATP)
is a promising oxide-based electrolyte material with an excellent lithium ion conductivity, low cost, low
toxicity, good electrochemical stability and easy synthesis [20-23]. Many oxide-based electrolytes have
a low chemical stability against air and water, but LATP has a high stability against these, thus the
colloid process can be applied. Aqueous solvents have many advantages over nonaqueous solvents,
including a greater polarity, the ability to use a variety of surfactants, and easier dispersion control.
Therefore, surface modification by the colloidal process can be effectively applied.

In a previous study, composite particles consisting of the LATP electrolyte material, Carbon
nanotube (CNT) conductive additive, and Ni-Mn-Co-based cathode active material were prepared using
the EA method, and their electrical properties were evaluated [24]. However, detailed experimental
conditions have not been investigated regarding the influence of the process factors for particle
compositing, such as particle charging and the amount of dispersant, on the properties. Furthermore, co-
modification of a sintering aid and an electron conductive aid has not been studied. It is expected that
by examining the process conditions in more detail, it will be possible to design solid electrolyte particles

that have both a good sintering ability and electronic conductivity. We have reported that low-
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temperature sintering of LATP electrolytes are enabled by cobalt surface modification [25-27]. In this
study, the electrostatic dispersion of the Co-modified LATP and CNTs was controlled, and composite
particles were prepared by combining them under various dispersion conditions, which were not
considered in the previous report. Finally, the influence of the particle composite conditions on the

sintering ability and conductive properties of the LATP is discussed.

2. Experimental methods

Surface modification of LATP with Co was performed according to the procedure from previous
research [25,26]. Commercially-available LATP powder (Particle size of 1pum>, Toshima Manufacturing
Co., Ltd.) and cobalt nitrate hexahydrate (Co(NO3), - 6H>O, Kanto Chemical Co., Inc.) were used for the
experiments. The morphology of the as-received LATP particles is shown in Fig. S1(a). The weighed
cobalt nitrate hexahydrate was first dissolved in water. While the solution was being ultrasonicated, 15
vol% LATP powder was added to this solution. The LATP with x wt% Co of cobalt nitrate was denoted
as "Cox-LATP".

Figure 1 shows a schematic diagram of the Co-LATP and CNT compositing process by the
electrostatic adsorption method. PDDA [Poly(diallyldimethylammonium chloride), average molecular
weight of ~100,000-200,000, Sigma-Aldrich Co. LLC], a polycationic dispersant, was diluted 100 times
with water and used as a dispersant for the LATP. After adding a predetermined amount of PDDA to the
LATP weight under ultrasonication, the slurry was diluted with distilled water so that the total amount
of the slurry was 50 ml. CNT (Single-wall carbon nanotube, average diameter of 2 nm and average
length of 1um, TUBALL™, OCSiAl Co., Ltd.) of a given weight ratio to LATP was weighed and added
to 50 ml of distilled water. SDC (Sodium deoxycholate, average molecular weight of 415, FUJIFILM

Wako Pure Chemical Co., Ltd.), an anionic dispersant, was diluted 100 times with water and used as a
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dispersant for the CNT. The morphology of the as-received CNT is shown in Fig. S1(b). A predetermined
amount of the SDC dispersant, relative to the weight of the CNTs, was added to the CNT slurry. The
CNT slurry was sonicated for 1 h for defibration and dispersion using an ultrasonication generator
(model us-1200, Sonic Technology Co., Ltd.). At this time, to prevent the CNT slurry from heating, the
slurry beaker was placed in a stainless-steel vat filled with ice water, and the treatment was performed
while cooling as shown in Fig.S2. The dispersed CNT slurry and the Co-LATP slurry were mixed, and
the composite particles were formed. Cox-LATP with ywt% CNT was labeled "(Cox-LATP)-CNTy".
The mixed slurry was dried in an oven at 50 °C, and the powder mass of the composite particles was
collected. The collected coarse powder was crushed using an agate mortar. The powder was then mixed
with LCP powder (Particle size of 5-10um, Toshima Manufacturing Co., Ltd.). The morphology of the
as-received LCP powder is shown in Fig. S1(c). The powder was uniaxially pressed at 100 MPa into a
disc shape with a 10-mm diameter and 2-mm thickness. The obtained compact was sintered in an Ar
atmosphere at 400 °C as the 1st step and at 800 °C as the 2nd step by a two-step sintering method,
according to a previous study [27]. The zeta potentials of the slurries were measured by laser doppler
velocimetry (Zetasizer Nano-ZS, Malvern Instruments, UK). The zeta potential of the aqueous slurries
was calculated by applying Smoluchowski’s equation. The relative densities (RD) of the samples were
calculated based on the bulk density and theoretical density. The theoretical density of the composite
was determined by considering the theoretical densities of the Co-LATP and CNTs and their mixing
ratio.

The microstructures of the samples were observed by a scanning electron microscope (SEM) (JSM-
6500F and JSM-7600F, JEOL Ltd., Japan). The fired composite pellets were polished using sandpaper
and coated with Au electrodes on both sides using a sputtering apparatus (SC-701, Sanyu Electronics
Co., Ltd., Japan). The DC electrical conductivities of the Au-coated samples were measured at room

temperature using a source meter (Model 2410, Keithley Instruments, Inc., US).
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3. Results & Discussion

Figure 2 shows the effect of the addition of cobalt nitrate hexahydrate on the zeta potential of the
LATP suspension. The zeta potential of LATP increased with the increasing Co addition at x = 0.0 to 2.0
It has been reported that x = 0.3~0.5 is the optimum value for the cobalt addition to achieve both a high
density and high conductivity of LATP [25,27]. In this study, the Co addition of x = 0.3 was selected,
which minimizes the effect of the zeta potential in different solvents. The sintering density of Co-LATP
was more than 80% for x = 0.3 in an aqueous solvent, which is similar to that in the ethanol solvent. A
change in the LATP color from white to pink was observed in water as well as in the ethanol solvent
indicating adsorption of the cobalt nitrate ions on the LATP. Figure 3 shows the effect of the addition of
nitric acid and cobalt nitrate hexahydrate on the pH and zeta potential of the LATP slurry. The pH and
zeta potential decreased by the addition of nitric acid. On the other hand, when cobalt nitrate hexahydrate
was added, the pH changed to about 6 and remained constant. For the cobalt nitrate additions of x = 0
to 0.3, the pH change (from 7 to 6) and the zeta potential decrease (from -50 mV to -43 mV) are not
severe, so the presence or absence of the cobalt nitrate addition to LATP is not expected to have a
significant effect on the subsequent particle compositing process. It is understood that the zeta potential
enhancement due to the addition of cobalt nitrate is not an effect of the pH change. The following
experimental results discuss the results obtained with the cobalt-modified LATP at x = 0.3 (C00.3-LATP).

Figure 4 shows the effect of the PDDA addition to the LATP/water slurry on the zeta potential. LATP
is initially negatively charged with a zeta potential of about -50 mV. The zeta potential is significantly
changed, and the charge is reversed from negative to positive by adding 1 wt% PDDA. The zeta potential
significantly increases in a more positive direction up to 3 wt% addition, but above 3 wt%, the zeta

potential does not significantly increase. The significant change in the zeta potential up to 3 wt%
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indicates that PDDA is in the process of adsorbing on the LATP particle surface. The slight change in
the zeta potential above 3 wt% suggests saturation of the PDDA adsorption on the LATP surface and the
presence of excess PDDA. The intersection of the onset and offset lines of the zeta potential curve was
considered to be the adsorption saturation point at which PDDA adsorbs on LATP without any excess
or deficiency, and the value was 2 wt%.

Figure 5 shows the relationship between the amount of added SDC and the zeta potential in the CNT
aqueous suspensions. After preparing the CNT slurry, the CNTs formed clusters of entangled bundles,
and as reported in previous studies, the slurry was clearly separated into a liquid phase and a CNT phase,
each of which could be visually identified [9]. With the addition of 10 wt% to 100 wt% SDC, the zeta
potential significantly improved, and no CNT clusters were observed in the slurry. The zeta potential
did not change from 100 wt% to 1000 wt% SDC addition. The intersection of the onset and offset lines
of this curve at 10 wt% to 1000 wt% was approximately 100 wt%. 100 wt% was regarded as the
adsorption saturation point where SDC is adsorbed on the CNTs without any excess or deficiency. Based
on these results, the optimal addition amounts of PDDA and SDC were determined to be 2 wt% and 100
wt%, respectively. The zeta potential neutralization behavior of PDDA with SDC was evaluated by the
addition of SDC to 2 wt% PDDA-modified LATP, as shown in Fig. S3. The zeta potential did not change
up to 3wt% SDC addition, but the zeta potential significantly changed above 3wt%. The zeta potential
turned from positive to negative at 40 wt% SDC addition, then the zeta potential negatively increased.
The positive charge of PDDA was counteracted by the negative charge of SDC up to 3 wt% addition,
but the PDDA was still dominant due to the small amount of added SDC. From the addition of 3 wt%
or more, the neutralization of the PDDA charge becomes more pronounced, and finally the modification
of SDC on PDDA is completed at 40 wt% and its charge turned negative. The monomer molecular
weight of PDDA is 161 and the SDC molecular weight is 415, and since they are monovalent ions, if

they were to completely neutralize each other by equal weight, two to three times as much SDC would
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be needed relative to PDDA. This is postulated to be due to the adsorption of PDDA on the surface of
the LATP particles, differences in the degree of ionization and other factors. An excess SDC-modified
CNT would not uniformly form complexes with the PDDA-modified LATP, resulting in a
nonhomogeneous microstructure.

Figure 6 shows the particle morphology of the (C00.3-LATP)-CNT1.0 composite powder without a
dispersant and the (Co0.3-LATP)-CNT1.0 composite powder with the determined dispersant addition.
In the composite powder with no added dispersant, the CNT bundles were not disentangled, and the
bundles were relatively thick. Also, the LATP particles and CNT bundles do not appear to be
intentionally attached. On the other hand, in the composite powder with the added dispersant, the CNTs
were much finer than those without the dispersant, and the bundles were well disentangled. Furthermore,
many LATP particles appeared to be attached to the CNT bundles by electrostatic interactions.

The length of CNT is much longer than the particle size of LATP. Depending on the compositing
conditions, it is assumed that composite particles are formed in which multiple Co-LATP particles are
adsorbed like grapes on the CNT bundles. The magnitude of the electrostatic interaction varies
depending on the strength of the zeta potential between Co-LATP and CNT, which would affect the
structure of the composite particles, the size and packing density as shown in Fig. S4.

As the amount of the added SDC dispersant increases, the CNTs become more negatively charged
while becoming disentangled. As the amount of the added PDDA dispersant increases, Co-LATP
reverses from a negative charge to positive charge and becomes more positively charged. CNT and Co-
LATP repeatedly adsorb each other, and the composite particles grow larger until either the positive or
negative charge is neutralized. The balance of surface charges between the Co-LATP and CNT
significantly impacts the particle compositing. The number of particles required to neutralize each
charge and the size of the particles formed vary depending on the strength of the surface charge. Figure

6(b) shows an example of the composite particles that grew particularly large, but such coarse particles
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were not in high enough numbers to affect the overall sinterability.

The greater the electrostatic interaction force, the denser and smaller the composite particles formed.
The weaker the force, the coarser and larger the composite particles formed. When bulk bodies are
observed on a macroscopic scale, small, dense composite particles are localized as clusters throughout
the sample. When the amount of added CNT is extremely small, it is advantageous for forming a
percolation structure over a short distance, but is not suitable for forming a percolation structure over a
long distance. The conditions for forming composite particles, such as the amount of added CNT and
the combination of the zeta potential, must be optimized according to the desired bulk size.

Figure 8 7 shows the fracture surfaces of the Co-LATP and CNT composite after firing (a) without
adding PDDA and SDC (The CNT parts are indicated by the red arrows.), and (b) with 2wt%-PDDA
and 100wt%-SDC. In all the samples, the CNTs were maintained without burning after firing, and necks
were formed between the LATP particles. The amount of the added CNT in this study was very small,
and the amount of added Co-LATP was quite large. Since the gaps between the composite particles are
filled with Co-LATP, it is postulated that the structure changes due to the composite particles' collapse
before and after uniaxial pressing are not very significant. In the sample with no added dispersant,
clumps of the CNTs were observed in the microstructure. In addition, thick CNT bundles in the structure
were observed in the higher magnification images. In the microstructures of the dispersant-added
samples shown in Fig. & 7 (b), no CNT clumps or thick bundles were observed at low and medium
magnifications. In the high-magnification tissue, the fine CNT fibers were uniformly dispersed.

Figure 9 8 shows the relative density of C00.3-LATP with various CNT amounts before and after
firing. The sintered density without CNT addition was over 80%, and the sintered density of any CNT-
added Co-LATP was less than 70% over the CNT amount of 1.0 wt%, similar to the green density.
Carbon materials are generally difficult to sinter, so the carbon phase inhibits the sintering of the LATP

phase. In other words, a high CNT dispersion in the composite structure reduces the contact points
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between the LATP particles and inhibits the sintering of the LATP phase, resulting in the decreased
sintered density. This is a good result, suggesting that each LATP particle is modified with CNT which
serves as an electron conduction path. Although the apparent sintered density was not high, necks were
formed between the LATP particles, and the hardness of the sample when broken for SEM observation
was closer to that of a sintered unmodified LATP rather than a compact. This is another important result,
suggesting that a sufficient conduction path for Li ions is developed in the region not covered by the
CNTs. The samples refer to the specimen whose fracture surface was observed by SEM in Figure & 7.
When changing not only the zeta potential but also the amount of added CNT, there are many more
factors to consider regarding the composite hardness, such as the size of the composite particles, the
filling rate and the reinforcement effect. In this study, the amount of added CNT was small, so there was
no significant difference in the strength due to the difference in the CNT amount.

Figure 40 9 shows the electrical conductivity of the (Co0.3-LATP)-CNT fired bodies with various
CNT additions under the addition conditions of 2 wt%-PDDA and 100 wt%-SDC. The conductivity of
Co-LATP without the CNTs is 6.50 X 10°° S/cm, and that of Co-LATP with 1.0 wt% CNTs is 3.77 X 10
2 S/cm, an approximate three orders of magnitude higher value. This increase in conductivity can be
attributed to the electronic conductivity of the CNT phase. The sharp increase in the electrical
conductivity between 0.0 wt% and 1.0 wt% CNT addition suggests that the CNT percolation threshold
is at or below 0.5 wt%. The electrical conductivity also linearly increased with the increasing CNT
content from 0.5 wt% or more. The electrical conductivity of the (Co0.3-LATP)-CNT1.0 sintered bodies
prepared with different dispersant additions is shown in Fig. $4 S5. The highest conductivity was
obtained at the optimized dispersant additions of 2 wt% PDDA and 100 wt% SDC. The second highest
conductivity was observed when no dispersant was added, possibly because the aggregated thick CNT
bundles are inherently less electrically resistant than the fine CNT fibers and have a longer fiber length.

These results suggest a complex correlation between the CNT morphology and dispersion and electrical
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conductivity. Finally, this correlation is expected to affect the battery characteristics.

The LiCoPO4 (LCP) electrode active material, reported to be chemically compatible with LATP, was
composited into an optimized (Co-LATP)-CNT composition [26]. Fig.3}+ 10 shows the fracture surfaces
of various composites after firing; (a) 70vol%-LATP with 30vol%-LCP, (b) Co0.3-LATP with 0.5wt%-
CNT, and (c) 70vol%-(Co0.3LATP with 0.5wt%-CNT) with 30vol%-LCP. In addition, the relative
densities and electrical conductivities are shown in Table 1. The composite with LCP improved the
sinterability of the LATP phase and succeeded in achieving both a high dispersion of the CNT phase and
high densification of the oxide phases. Finally, this process is beneficial for the microstructure control
of the multi-component material, and the composite material fabricated by this method is also expected

to show an excellent performance for composite electrodes.

Conclusions

The Co-LATP electrolyte and CNT conductive aid were positively and negatively charged using a
dispersant, respectively, and electrostatically composited. The CNTs in the composite powder prepared
using the optimal amount of dispersant are well disentangled and dispersed in the matrix, and the
conductivity of the composite after firing is improved compared to the composite without a using
dispersant. Uniformly modified CNTs sterically prevented contact between the Co-LATP particles
resulting in the inhibition of densification. Nevertheless, it was confirmed that the addition of Co reliably
formed bonds between the LATPs in areas where the CNTs were not present. In this way, when using
CNTs as an electron conduction aid, it is effective to design the surface so that all the LATP electrolyte
particles are in partial contact with the CNTs, while sintering is promoted elsewhere. The assembled
(Co-LATP)-CNT-LCP powder showed an excellent compatibility of sintering and electrical properties.

The sequential particle assembling process for the electrolyte, sintering aid, and conductive additive and
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active material, is very promising as a manufacturing technology for composite electrodes used in all-

solid-state batteries.
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Figure Captions

Fig. 1 Schematic illustration of the electrostatic integration method for LATP and CNT.
Fig. 2 The zeta potential of cobalt-added LATP in water as the solvent.

Fig. 3 Effect of addition of HNOj; and Co(NOs),-6H,0 to the LATP/water on the pH and zeta potential

Fig. 4 The zeta potential of the LATP with varying PDDA addition amounts.

Fig. 5 The zeta potential of the CNT with varying SDC addition amounts.

Fig. 6 Morphologies of the Co0.3-LATP and CNT composite powder at different magnifications (a)
without adding PDDA and SDC, (b) with 2wt%-PDDA and 100wt%-SDC (The CNT parts are
indicated by the red arrows.).

Fig. 7 The fracture surfaces of the C00.3-LATP and CNT composite after firing (a) without adding

PDDA and SDC (The CNT parts are indicated by the red arrows.), (b) with 2wt%-PDDA and 100wt%-

SDC.

Fig. 8 The relative densities of the Co0.3-LATP and CNT composite before and after firing.

Fig. 9 The electrical conductivity of the (Co0.3-LATP)-CNT fired bodies with various CNT additions
under the addition conditions of 2 wt% PDDA and 100 wt% SDC.

Fig. 10 The fracture surfaces of various composites after firing (a) 70vol%-LATP with 30vol%-LCP,
(b) Co0.3-LATP with 0.5wt%-CNT, (c) 70vol%-(C00.3-LATP with 0.5wt%-CNT) and with
30vol%-LCP.

Table 1 The relative density and electrical conductivity of 70vol%-LATP with 30vol%-LCP, Co0.3LATP

with 0.5wt%-CNT and 70vol%-(Co0.3LATP with 0.5wt%-CNT) and with 30vol%-LCP.
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Fig. 1. Schematic illustration of the electrostatic integration method for LATP and CNT.
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Fig.2
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Fig.4
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Fig.5
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Fig.5 The zeta potential of the CNT with varying SDC addition amounts.
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Fig.6

Medium Mag.
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Fig.6 Morphologies of the Co-LATP and CNT composite powder at different magnifications (a)
without adding PDDA and SDC, (b) with 2wt%-PDDA and 100wt%-SDC (The CNT parts are

indicated by the red arrows.).
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Fig.7

Fig. 7 The fracture surfaces of of the Co0.3-LATP and CNT composite after firing (a) without adding
PDDA and SDC (The CNT parts are indicated by the red arrows.), (b) with 2wt%-PDDA and 100wt%-

SDC.
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Fig. 8 The relative density of the Co0.3-LATP and CNT composite before and after firing.
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Fig.9

1.0 x 10°

1.0x 10!

1.0 X 1072

1.0x103

1.0x10*

Electrical conductivity (S/cm)

1.0 %107

1.0x 10
0.0

Fig. 9 The electrical conductivity and the relative density of the (C00.3-LATP)-CNT fired bodies with

1.0 2.0 3.0 4.0
Amount of CNT addition (wt%)

90

80

70

60

various CNT additions under the addition conditions of 2 wt% PDDA and 100 wt% SDC.

Relative Densities (%)



OCoO~NOUITAWNE

Fig. 10

Fig. 10 The fracture surfaces of various composites after firing (a) 70vol%-LATP with 30vol1%-LCP, (b)
C00.3-LATP with 0.5wt%-CNT, (¢) 70v0l%-(C00.3-LATP with 0.5wt%-CNT) and with

30vol%-LCP.
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Table 1

Table 1 The relative density and electrical conductivity of 70vol%-LATP with 30vol%-LCP, Co0.3-

LATP with 0.5wt%-CNT and 70vol%-(Co0.3LATP with 0.5wt%-CNT) and with 30vol%-LCP.

Relative Density (%) Electrical Conductivity (S/cm)
70vol%-LATP with 30vol%-LCP 91 1.3x107
Co0.3-LATP with 0.5wt%-CNT 71 2.9%107

T0vol%-(Co0.3LATP with 0.5wt%-CNT) with 30vol%-LCP 87 1.3% 107
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Highlights

+ Sequential particle assembling was performed to fabricate composite particle.

+ Cobaltions and CNT fibers were electrostatically adsorbed onto LATP particles.

* The zeta potential of each particle was optimized and the particles were composited.

» The finely connected path of each LATP and CNT could be formed in a sintered body.
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This paper describes in detail a sequential particle assembling process for fabricating
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additives were sequentially and electrostatically absorbed on LATP electrolyte particles under
various dispersion conditions. The effect of the particle composite conditions on the composite
body's sintering ability and conductive properties was discussed. We propose the optimum
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sintered composite electrode with fine connectivity of each LATP and CNT phase.
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