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Abstract
To create advanced materials with minimal energy consumption and environmental impacts, a green and sustainable 
powder processing technology is essential. The authors have developed this technique based on powder grinding 
technology. In this paper, the authors will explain the recent progress of the smart powder processing, and its 
applications. Firstly, particle bonding process, and novel one-pot processing methods to synthesize nanoparticles, 
to create nanostructured composite granules and to form nano-porous films on substrates in dry phase will be 
discussed. Their applications on the advanced material fabrications contributing to the sustainable economy will also 
be explained. Then, the use of grinding technology in wet processing to synthesize nanoparticles and control their 
morphology will be explained. Smart powder processing can be a foundation to move forward material development 
technologies and create many more high-quality advanced materials in the future.
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1. Introduction

The 2030 Agenda for Sustainable Development (the 
2030 Agenda) is a set of international development 
goals from 2016 to 2030, which was adopted by the 
United Nations Sustainable Development Summit held in 
September 2015 building on the success of Millennium 
Development Goals (MDGs). The 2030 Agenda listed 
“Sustainable Development Goals (SDGs)” consisting of 
17 goals and 169 targets in order to eradicate poverty and 
realize a sustainable world. The SDGs are universal goals 
applicable, not only to developing countries but also devel-
oped countries.

Powder technology directly contributes to achieve these 
goals with a wide range of powder processing technology, 
and the development of advanced materials is one of the 
key issues to promote the achievements of these goals 
(Hosokawa et al., 2007; Naito et al., 2010; 2018). Recently, 
some novel powder processing techniques have been de-
veloped to fabricate the advanced materials. Smart powder 
processing is a green and sustainable powder processing 
technology, because it creates advanced materials without 
consuming a large amount of energy.

In this paper, the authors introduce a smart powder pro-
cessing developed based on powder grinding technology. 
Grinding process produces fine particles by giving feed 
materials the mechanical forces strong enough to break 
them. From a different viewpoint, the process is thought to 
be a useful method to act an effective force onto the surface 
of fine particles for their bonding. This function can be 
applied for many kinds of particle design and structural 
control without any heat treatment. Fig. 1 shows the smart 
powder processing so far developed by the authors, which 
was developed based on the concept of the particle bond-
ing process to make advanced composites (Koishi, 1987; 
Yokoyama et al., 1987; Naito et al., 1993; 2009; Naito and 
Abe, 2006; Naito and Kondo, 2016). The particle bonding 
process developed by the authors has many unique fea-
tures. For examples, it establishes direct bonding between 
particles without any heat treatment or binders of any kind 
in the dry phase through the enhanced particle surface acti-
vation induced by mechanical energy and the high intrinsic 
surface reactivity of nanoparticles to fabricate desired 
composite particles.

As a result, a new one-pot processing method to syn-
thesize nanoparticles without applying extra heat was 
achieved using particle bonding technique. Furthermore, 
both the synthesis of nanoparticles and their bonding with 
other kind of particles to make nanocomposite granules 
could be completed at the same time, which leading to the 
possibility of controlling the nano/microstructure of the 
composite particles/granules and resulting in customized 
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nano/micro structural new materials by a simple manu-
facturing process. Besides, as shown in Fig. 1, coating 
nanoparticles on the substrate to form mechanically de-
posited nano-porous film was also demonstrated. At the 
first part of this paper, the dry process of the smart powder 
processing and its applications for developing advanced 
materials which contribute to saving energy and providing 
clean energy are explained (Naito and Kondo, 2016; Naito 
et al., 2009).

Based on the powder grinding technology, the authors 
recently developed wet mechanical processing method 
to synthesize nanoparticles and control their morphology 
from raw materials in liquid without any heat assistance as 
shown in Fig. 1. At the second part of this paper, the wet 
process of the smart powder processing will be explained.

In addition, controlling the bonding between different 
kinds of materials could also make it possible to disas-
semble them for the purpose of recycling their elemental 
components. It led to the development of novel technology 
for recycling composite materials as demonstrated in the 
literatures (Naito et al., 2009; 2011; Kondo et al., 2010; 
2012).

2. Particle bonding process

Grinding process is to use mechanical forces from the 
grinding machines to fracture materials into small pieces. 
From a different viewpoint, the mechanical forces can also 
be applied on the surface of particles to create inter-particle 
bonding effects. Table 1 shows the equipment having 
been applied for making composite particles (Naito et al., 
1993). As seen in the Group I, most kinds of fine grinding 

machines can be used in the particle bonding process. 
Group II shows the intensive mixing apparatus used for 
particle bonding applications. Several commercial particle 
bonding machines have been developed based on their 
mechanical principles. For example, the MECHANO 
FUSION® System has a rotating chamber and a fixed 
arm head with a certain gap against the inside wall of 
the chamber (Yokoyama et al., 1987; Naito et al., 1993). 
During its processing, the powder material is pushed next 
to the inside wall of the rotating chamber by the centrifugal 
force and is compressed through the gap against the fixed 
arm head, wherein receiving various kinds of forces, such 
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Fig. 1  Smart powder processing developed based on powder grinding technology.

Table 1  Main machines used for particle bonding.

Type/machines

I

Impaction-type
pin mill, disc mill

Centrifugal classifying type

Attrition-type mill

Ball mill
tumbling
vibration
planetary
centrifugal fluidizing

Agitated ball mill
mixing vessel type

Jet mill

II

Mortar

Cylindrical vessel type with rotating disc

Elliptical vessel type
with high-speed elliptical rotor
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as compression, shear, attrition, impact and rolling forces. 
The processed powder is then dispersed by a scraper in the 
chamber. Particle bonding effect is created as the above ac-
tions repetitively applied to the powder material during the 
chamber rotation. In addition, an electric discharge option 
is available to generate glow discharge in vacuum between 
the fixed arm head and the rotating chamber during the 
operation to activate nanoparticles (Naito and Abe, 2006).

Prevailing parameters affecting the particle bonding 
process are summarized in the Fig. 2 (Naito and Kondo, 
2016), including the properties of powder materials and the 
processing conditions.

The properties of powder materials affect the structure 
and bonding mechanism of composite particles. For mak-
ing core/shell type composite particles, the particle size 
ratio between core particles and shell particles should be 
properly selected. The mixing ratio is also an important 
factor to form composite particles with a desired structure. 
For example, the weight fraction of fine particles n is 
calculated by the following equation (Naito et al., 1993) 
assuming the fine particles are closely allocated onto the 
surface of core particle, and dp ≫ da.
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where dp : core particle diameter
da : fine particle diameter
ρp : true density of core particles
ρa : true density of fine particles

Eq. (1) is a starting guideline to determine the fine par-
ticle fraction. In practice, the fine particle fraction can be 
selected in a wide range.

As to the bonding mechanism, it depends on the combi-
nations of powder materials and processing conditions. At 
the contact surfaces between particles, extremely high local 
temperature and strong mechanical stress were observed 

(Dachille and Roy, 1960). The local temperature between 
particles could be ten times higher than the apparent tem-
perature of processing chamber (Nogi et al., 1996). Such 
a high local temperature could create unique phenomena 
such as micro-welding or chemical interaction between 
fine particles and core particles, or among fine particles 
(Lian et al., 2015).

Apparently, processing conditions such as mechanical 
actions from the machine rotation can directly affect the 
performance of particle bonding process. For coating a 
core particle with fine guest particles, the particle bond-
ing process is proposed as shown in Fig. 3 (Naito et al., 
1993). The rotation speed of rotor or chamber and the 
processing time determine the mechanical actions and its 
repeated number for processing the powder mixture. This 
includes two steps: First, the surfaces of fine particles and 
core particles are mechanically activated, as a result, fine 
particles adhere onto the surfaces of core particles as the 
solid line in shown Fig. 3. At this step (Region I in Fig. 3), 
the BET specific surface area of the composites gradually 
decreases with processing time. However, at the second 
step (Region II in Fig. 3), as fine particles deposited on the 
surfaces of core particles are gradually compacted, BET 
specific surface area starts leveling off with the processing 
time, which resulting in lower porosity, smaller pore size, 
higher mechanical strength of surface layers and stronger 
bonding between surface layers and core particle. There-
fore, the apparent density (porosity and pore size) and 
strength of surface layers can be controlled by adjusting 
the rotation speed and its processing time. However, the 
surface layer formed on the core particle can be fractured 
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Fig. 2  Factors controlling particle bonding process.
Reproduced with permission from Ref. (Naito and Kondo, 2016). Copy-
right 2016, Elsevier.
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after certain processing time if the rotation speed is too 
high as the dotted line shown in Fig. 3, due to the effect of 
surface grinding on composite particles (Naito et al., 1993). 
Besides, Distinct Element Method (DEM) simulation was 
also applied to a high-speed mixer (Endoh et al., 2004), 
and to an attrition-type mill (Soda et al., 2012) respectively 
to elucidate the particle bonding process. Both papers con-
cluded that the motion of core particles, their contact forces 
and frequencies are important factors to control the particle 
bonding process.

Temperature and atmosphere during the mechanical 
processing also affect the performance of particle bonding 
process. Like the powder grinding operation, particle bond-
ing process generates a large amount of heat. Temperature 
control is essential when processing heat-sensitive materi-
als. Besides, the processing atmosphere is also important 
to process powder materials in the dry phase for better 
products.

To custom the structure of composite particles, the 
charging procedures of powder materials are critical. 
Fabricating composite particles with a uniform surface 
layer of fine particles can be achieved by adding a small 
amount of fine particles repeatedly into the processed 
powder at certain time intervals (Naito et al., 1998). As 
to the multi-layered composite particle, it can be created 
by adding different kinds of fine powders at certain time 
intervals. These techniques have been used for many indus-
tries including the applications for drug delivery systems 
(Fukumori et al., 2005).

3. Application of particle bonding process for 
advanced materials

Particle Bonding Process has a lot of potential to develop 
various kinds of advanced materials. In this section, the 
authors introduce the following four kinds of advanced ma-
terials which are applied for the purpose of energy saving 
and clean energy related issues.

3.1 Development of high performance thermal 
insulation materials

The fabrication of highly performance thermal insulation 
materials by particle bonding process was reported earlier 
(Abe et al., 2005; Abe et al., 2008). Interest in thermal 
insulation materials has been intensified globally, because 
energy saving issues signified the importance of efficient 
thermal insulation. In this study, nanoparticle bonding 
process was used to make composite fibers coated with 
porous fumed silica layer in the dry phase. Fig. 4 shows 
the proposed dry processing method to fabricate fumed 
silica compact by using composite fibers (Abe et al., 2005). 
Fumed silica / fiber composites porously coated with silica 
nanoparticles were fabricated at the first stage and then 
compacted into a board by dry pressing. The composites 
were produced by a particle bonding process without col-
lapsing the fiber glass and with nano-scale pores made by 
the fumed silica. The proposed method had the advantage 
of preventing contacts between fibers in the compacts due 
to the existence of coating layer.

Table 2 shows the composition of the thermal insulation 

Table 2  Composition of the thermal insulation board.

Material Compounding ratio (mass%) Average diameter

Fumed silica nano particle 
(Hydrophilic or hydrophobic)

60 10 nm (Hydrophilic)
12 nm (Hydrophobic)

SiC particle 20 3.3 μm

Glass fiber 20 10 μm

Fumed silica < ~100nm 

Glass fibers Fumed silica / fiber
composites

Fiber reinforced porous
Fumed silica compact

a b c

Fig. 4  Fabrication method of fibrous fumed silica compacts: (a) mixing of raw materials, (b) particle bonding to coat glass fiber with fumed silica, (c) 
dry pressing of the composites from (b) to produce bulk body. Reproduced with permission from Ref. (Abe et al., 2005). Copyright 2005, John Wiley 
and Sons.
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board (Lian et al., 2015). When the hydrophilic fumed 
silica nanoparticle is used as starting material, the bonding 
between hydrophilic glass fiber and nanoparticles in addi-
tion to the bonding between nanoparticles is well formed 
due to the dehydration reaction between OH group on the 
particle surface. Fig. 5 shows the thermal conductivity of 
the hydrophilic fumed silica compact specimens (Lian et 
al., 2015). The light weight board with 86 % porosity (ap-
parent bulk density: 405 kg/m3) was obtained, and its ther-
mal conductivity was 0.031 W/mK at 600 °C. They were 
lower than molecular conductivity of still air (0.05 W/mK  
at 400 °C) and at the same level as those obtained from 
silica aerogel (Kwon et al., 2000) and fumed silica com-
pacts (Smith and Hust, 1989). These results indicated that 
the obtained compacts had the nano-scale porous structure. 
The mechanical strength of the compacts depends on their 
apparent density and the amount of glass fibers as deter-
mined by the bending strength. In this case, three-point 
bending strength was 0.3 MPa. This made it possible to 
machine the compacts for various applications.

On the other hand, the surface chemical structure of the 
fumed silica also affects the bonding mechanism between 
nanoparticles and that between nanoparticles and glass fi-
ber (Lian et al., 2015; 2017). When the hydrophobic fumed 
silica was used as starting material as shown in Table 2, 
the thermal conductivity of the obtained specimen showed 
lower value than that made by hydrophilic fumed silica as 
shown in Fig. 5. Since the hydrophobic methyl group de-
composed around 400 °C, the thermal conductivity of the 
compact after 400 °C heat treatment was also measured, 
and found it was increased by the heat treatment, but still 
lower than that of the compact with hydrophilic fumed 
silica. Microscopic observation results made clear that the 
surface layer thickness of hydrophobic fumed silica on the 
surface of glass fiber was thinner than that of hydrophilic 
fumed silica due to weaker bond between particles. There-
fore, the hydrophobic fumed silica contributed to lower 
thermal conductivity of the compact. It means that the raw 
powder properties are also critical to achieve higher perfor-

mance for the thermal insulation materials. For example, 
when fumed alumina nanoparticle and ceramic fiber were 
selected as the starting powder materials, the thermal con-
ductivity of the obtained bulk compact could achieve lower 
value than 0.065 W/mK at 1,000 °C. It is a very promising 
result for thermal insulation materials at very high tempera-
ture applications (Tasaka et al., 2020).

3.2 Development of fuel cell electrodes

Fuel cell is touted to be the power generation of 21st 
century because of their high energy efficiency and clean 
exhaust. The application of particle bonding process for 
the fuel cell development has been focusing on making 
composite particles to reduce its production costs and 
increase the long-term stability of cells and stacks by 
lowering its operation temperature without losing power 
density. For controlling the microstructure of composite 
electrodes, various kinds of composite particles such as 
large core-particles coated with nanoparticles (Fukui et al., 
2004; Hagiwara et al., 2006; Misono et al., 2006) and inter- 
dispersed composite mixture consisting of several kinds 
of nanoparticles (Sato et al., 2009) have been successfully 
fabricated using the particle bonding process.

For the solid oxide fuel cell (SOFC), nickel-yttria sta-
bilized zirconia (Ni-YSZ) was widely used SOFC anode 
material due to its excellent electrochemical properties at 
high temperatures. Fig. 6 shows NiO-YSZ inter-dispersed 
composite particles consisting of NiO and YSZ nanopar-
ticles processed by particle bonding process (Sato et al., 
2009). Fig. 6(a) is the SEM micrograph of the composite 
particles. Fig. 6(b) is the detailed structure of a composite 
particle observed by TEM. NiO and YSZ phases in the 
composite particle were identified by EDX analysis in the 
micrograph. The micrograph indicates successful fabrica-
tion of the composite particles. NiO and YSZ nanoparticles 
were well dispersed and their sizes were in good agreement 
with those estimated from the specific surface area of start-
ing particles (NiO: 160 nm and YSZ: 75 nm).

Fig. 7 shows SEM micrographs of the anode made of 
composite particles before the reduction operation, just 
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after the reduction operation, and after the long-term sta-
bility test at 700 °C for 920 h (Sato et al., 2009). Before 
the reduction operation, the grain size of the anode was 
smaller than 1 μm without unusually large ones. The NiO 
shrunk when it was reduced to Ni and producing porous 
structure in the anode. Thus, the uniform porous structure 
after reduction as seen in the Fig. 7(b) suggests that Ni 
was uniformly distributed around the three-dimensional 
YSZ framework in the entire anode. In addition, there was 
no significant structural change even after the long-term 
stability test. The grain size was kept at about 0.5 μm with-
out large grains, which indicating the insignificant grain 
growth of Ni in the anode made of inter-dispersed com-
posite particles under the testing conditions and exhibiting 
lower polarization than the anode made of coated compos-
ite particles prepared by the authors (Fukui et al., 2004). 
Controlling the microstructure of composite particles as the 
starting materials for SOFC anode fabrication is the key to 
improve its performance.

Particle bonding process is also effective to develop 
superior electrode of molten carbide fuel cell (MCFC). 
For example, Ni particles uniformly coated with fine CoO 
particles were prepared by particle bonding process (Fukui 
et al., 2000; 2001). A new cathode structure, where the NiO 
core coated with an outer layer of lithiated cobalt and nickel 
solid-solution oxide (Li(Co,Ni) oxide), was formed by oxi-
dation and lithiation using the CoO/Ni composite particles. 
As a result, the solubility of nickel in this Li(Co,Ni) oxide 
layer into carbonate melt decreased to two-thirds of that 
of NiO when used as a cathode for MCFCs. Other exam-
ples made by the particle bonding process were filament 
shaped Ni particle uniformly coated by CoO fine particles, 
and that by MgFe2O4 fine particles as starting material, 
respectively. The cathode made by the starting composite 
particles showed lower solubility of nickel into carbonate 
melt (Fukui et al., 2003).

Furthermore, particle bonding process was applied to 
develop low-platinum catalyst for polymer electrolyte fuel 
cell (PEFC) (Munakata et al., 2011). Composite catalyst 
consisting of tungsten carbide (WC) and platinum/carbon 
(Pt/C) was fabricated by bonding them together in the 
dry phase. Small Pt particles with thin carbon layer was 

observed on the surface of WC particles in the composite 
catalyst by TEM analysis. The composite catalyst showed 
a similar catalytic reactivity to that from pristine Pt/C 
catalyst for hydrogen oxidation with about 25 % of Pt 
loading (Munakata et al., 2011). It suggests that the particle 
bonding process is a promising way to develop low cost 
catalysts for PEFC.

3.3 Development of CNT/Al composites

The advanced carbon nanomaterials with extraordinary 
mechanical and physical properties, represented by carbon 
nanotubes (CNTs) and graphene nanosheets, are regarded 
as ideal reinforcements for developing high performance 
structural composites. Recently, great efforts have been 
done to develop carbon nanotubes reinforced aluminum 
matrix composites, due to the urgent need in many areas 
such as transportation for advanced light weight struc-
tural materials with good stiffness and ductility. For this 
purpose, a new powder metallurgy route via combination 
of particle bonding process and shift-speed ball milling 
process was developed (Chen et al., 2018; 2019). At first, 
CNTs were well dispersed and uniformly coated on the sur-
face of 6061 Al particles by particle bonding process. Then, 
the composite particles were processed by a planetary ball 
mill at low rotation speed for 6 h to make CNT/6061Al 
flake particles, and processed at high rotation speed for 1 h 
to make cold welded CNT/6061 Al particles. The obtained 
composite particles were cold pressed, consolidated by sin-
tering, and hot extruded into rod samples. As a result, the 
extruded 1.5 mass% CNT/6061Al composites exhibited 
simultaneous enhancement in Young’s modulus, tensile 
strength and ductility, compared to the counterpart without 
particle bonding process at the first step (Chen et al., 2018).

3.4 Development of all-solid-state Li-ion batteries 
and traditional Li-ion batteries

All-solid-state Li batteries (ASS-LIBs) are suitable 
applications of 5 V-class cathode materials with high en-
ergy densities. However, it was hard to fabricate bulk-type 
batteries composed of a mixture of active materials and 

1 μm

(b) (c)(a)

1 μm 1 μm

Fig. 7  Cross-sectional SEM images of the anode: (a) before reduction (b) after reduction (c) after long-term stability test at 700 °C for 920 h. Repro-
duced with permission from Ref. (Sato et al., 2009). Copyright 2009, Elsevier.
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solid electrolytes because of the difficulty of ensuring a 
conductive path and suppressing the formation of reactive 
layers at the interface. To solve this problem, the authors 
proposed the assembling procedures of the composite 
cathode and the ASS-LIBs as shown in Fig. 8 (Kozawa et 
al., 2019b). The first step was the mechanical treatment of 
the composite LiCoPO4 (LCP) granules by particle bond-
ing process. The granule was inter-dispersed composite 
particle containing the LCP, phosphate-type glass solid 
electrolyte (AN-15), and multi-walled carbon nanotubes 
(MWCNT) as the conductive material. They were homo-
geneously dispersed and organized a network structure as 
shown in Fig. 8. Then, the produced composite granules 
were shaped into pellets by pressing. The heat treatment at 
low temperature brought the AN-15 in close contact with 
the LCP through softening. The ASS-LIB were assembled 
by using a Li metal anode and a polymer-solid electrolyte 
(polymer-SE) film, so that the properties of composite LCP 
cathodes could be evaluated.

Fig. 9 shows STEM-EELS measurements performed at 
the interface between LCP and AN-15 solid electrolyte of 
the cathode pellet. The spectra were collected with a step 
size of 2 nm. The interface between LCP bulk and SE bulk 
(AN-15) did not reveal any gaps. The EELS data for the 
Co-M edge at ~780 eV was collected in the direction from 
SE bulk to LCP bulk. It revealed no band of the Co-M 
edge was detected in the region of existence of AN-15. It 
was concluded that the mechanical and subsequent heat 
treatment resulted in a good interface between LCP and the 
AN-15 particles without any Co diffusion. As a result, the 
first discharge capacity was a bit lower than that of tradi-
tional LCP/Li battery using organic liquid electrolytes, but 
the discharge capacities kept higher value up to 20 cycles. 
In another case, the inter-dispersed composite granule of 
LiCoO2/Li1.3Al0.3Ti1.7(PO4)3 was fabricated by the particle 
bonding process to make the cathode for ASS-LIBs with 
good results (Nakamura et al., 2016).

Furthermore, the particle bonding process was also 
applied to improve the anode performance of traditional 

Li-ion batteries. For example, silicon can be used as anode 
material due to its high theoretical specific capacity and 
a relatively low working voltage. However, silicon expe-
riences the large volume changes up to 300 % associated 
with lithium ion, which leads to poor electrochemical prop-
erties caused by loss of the electrical contact between active 
materials and other effects. To overcome this problem, a 
new structure of the anode was proposed (Lee et al., 2020). 
It is the silicon/graphite granular composite with uniform 
amorphous carbon coating layer. Besides, the granule 
has uniform inner free space to buffer the volume change 
of silicon. Actually, the granule was prepared by spray- 
drying process, and its outer layer was coated with pitch by 
particle bonding process. Then, the composite granule was 
heated at 800 °C to form the amorphous carbon coating 
layer. The pouch cell made by using the composite granule 
showed good long-term cycle properties with the capacity 
retention 71 % over 500 cycles at 1 C rate.

4. One-pot mechanical synthesis of 
nanoparticles without heat assistance

Material synthesis at low temperature using particle 
bonding process began with the attempt to create MgB2 
from raw powders (Abe et al., 2003; 2006). Mechanically 
processed large magnesium particles and submicron amor-
phous boron particles could embed boron particles into the 
surface of magnesium particle. Also, MgB2 was found at 
this embedded region after being annealed at a low tem-
perature under argon atmospheric pressure.

Particle bonding process with low temperature plasma 
discharge was also applied to dope TiO2 nanoparticles 
with nitrogen without providing any heat (Abe et al., 
2006), which usually accomplished (Asahi et al., 2001) at 
500~600 °C under NH3 flow. Since high temperature could 
cause undesirable grain-size growth of TiO2 nanoparticles, 
particle bonding process with low temperature plasma dis-
charge was preferable for this application (Naito and Abe, 
2006). NH3 (10 %)/Ar plasma was generated at different 

LCP 
bulk

SE
bulk

Interface

LCP bulk

SE bulk

Fig. 9  STEM-EELS measurements performed at the interface between 
LCP and AN-15 solid electrolyte (SE) of the cathode pellet. Reproduced 
with permission from Ref. (Kozawa et al., 2019b). Copyright 2019, 
Springer Nature.

Fig. 8  The assembling process of bulk-type all-solid-state Li-ion bat-
teries. Reproduced with permission from Ref. (Kozawa et al., 2019b). 
Copyright 2019, Springer Nature.
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gas pressures in a particle bonding processing chamber, 
where an anatase TiO2 powder with a BET specific surface 
area of 300 m2/g was processed and uniformly irradiated. 
As generated plasma irradiation at 300 Pa, the TiO2 powder 
had a specific surface area of 283 m2/g, and, noticeable 
absorption in visible light range was observed. In addition, 
the powder showed an improvement of the photo-catalytic 
oxidation activity of CH3CHO under visible light. These 
results indicate that the presented plasma-enhanced par-
ticle bonding processing is capable of modifying TiO2 
nano-powder to improve its photo-reactivity without much 
reduction in specific surface area.

Using the features of particle bonding process, new 
one-pot processing to synthesize nanoparticles without any 
heat support was developed. First, a rapid synthesis of per-
ovskite type lanthanum manganite starting with a mixture 
of industrial grade powders was demonstrated (Sato et al., 
2006; Ohara et al., 2008a). Traditionally, LaMnO3+δ was 
synthesized through the solid-state reaction of component 
oxide powders such as La2O3 and Mn3O4 at 1300 °C, 
which required many manufacturing steps. Particle size 
enlargement during the thermal reaction and limited degree 
of chemical homogeneity with some impurities during the 
powder processing have been an issue for its producers. 
However, with the rapid mechano-chemical synthesis, 
one-pot synthesis of LaMnO3+δ from a mixture of industrial 
grade La2O3 and Mn3O4 could be accomplished without us-
ing any heat. The one-pot processing was applied mechan-
ical forces from the particle bonding process to achieve the 
solid state reaction on the powder mixture without using 
ball media.

Adding to the synthesis of LaMnO3+δ, Table 3 sum-
marizes the examples of nanoparticles synthesized by the 
one-pot mechanical method. It shows various kinds of 
composite oxides have been synthesized by the one-pot 
processing. For example, YAG:Ce3+ phosphor is used for 
white light emitting diodes (LEDs) of next generation 
lighting. LED is a highly energy-efficient lighting technol-
ogy, and has the potential to fundamentally change the fu-
ture of lighting. Widespread use of LED lighting can have 

greatest impact on energy savings worldwide. However, 
YAG:Ce3+ phosphor has been manufactured by solid-state 
reaction at over 1600 °C. To achieve low cost manufac-
turing of the phosphor with more energy saving process, 
drastic decrease of the calcination temperature is essential.

To decrease the synthetic temperature of solid-state 
reaction, the addition of BaF2 and YF3 was usually used 
as fluxes. Therefore, the authors achieved the YAG:Ce3+ 
nanoparticle synthesis by applying the one-pot mechanical 
synthesis from Y2O3, Al2O3 and CeO2 with BaF2 (Kanai 
et al., 2017) and those with YF3 (Kanai et al., 2018). This 
synthesis route is very promising as a novel energy saving 
process. The only concern was the flux must be removed 
from the product after the synthesis. Now, further research 
work to develop one-pot synthesis of YAG:Ce3+ without 
any flux materials is on-going.

5. One-pot mechanical process to synthesize 
nanoparticles and their bonding to make 
nanocomposite granules

The motivation to make nanocomposite granules was 
raised by the development of the cathode of lithium-ion 
batteries (LIBs). For example, lithium-ion phosphate 
(LiFePO4) is one of the key cathode materials for use 
in large-format LIBs, due to its intrinsic structural and 
chemical stability that leads to the safety and long cycle 
life of the batteries. Nevertheless, it has two main obstacles 
inherent to the practical applications i.e. slow kinetics 
of lithium-ion diffusion coefficient and poor electronic 
conductivity. To improve these undesirable properties, the 
particle size reduction to nano-scale dimensions and the 
conductive coating on their surfaces become necessary. 
However, these two approaches lead to another problem 
i.e. decreasing packing density of electrode, which causes 
an issue on the energy density of LIBs. One of the break-
through for this unfavorable problem is to prepare granule 
particle which has the internal pores to encourage the pen-
etration of electrolyte. As a result, the ideal structure of the 

Table 3  Examples of synthesized nanoparticles and its applications by the one-pot mechanical method.

Synthesized nanoparticles Applications

BaTiO3 (Kondo et al., 2006; Ohara et al., 2008b) Dielectric material

LiCoO2 (Kondo et al., 2014)
LiMnPO4 (Yoshida et al., 2013)
LiFePO4 (Kozawa et al., 2014a; 2015)
LiCoPO4 (Matsuoka et al., 2017)
LiNi0.5Mn1.5O4 (Kozawa et al., 2014b; Kozawa and Naito, 2015)

Li-ion battery

La0.8Sr0.2MnO3 (LSM) (Chaichanawong et al., 2006)
La0.6Sr0.4Co0.2Fe0.8O3 (Xi et al., 2015)

Fuel cell (SOFC)

Y2.97Al5O12:Ce3+
0.03  (Kanai et al., 2017; 2018) Phosphor for LED
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starting material of LiFePO4 cathode is designed as shown 
in Fig. 10 (Kozawa et al., 2014a).

To make the structure, conventional process begins 
with the synthesis of LiFePO4 by solid-state reaction 
which needs calcination step controlling the atmosphere 
by flowing inert or slightly reductive gases to prevent 
the oxidation from Fe(II) to Fe (III). Then, the surface 
coating on the synthesized LiFePO4 with a carbon, and the 
subsequent granulation process is required to prepare the 
aimed LiFePO4/C composite granule as shown in Fig. 10. 
However, an ultimate synthesis method for the structure 
is a direct formation from raw materials under ambient 
atmosphere.

To achieve this purpose, one-pot mechanical process 
was applied. Staring materials, Li2CO3, FeC2O4·2H2O and 
NH4H2PO4 were selected, and ketjen black was used as 
conductive carbon. The additive of carbon was also helpful 
to improve the flow abilities of raw powders. The powders 
were put into the chamber of attrition-type mill and the 
mechanical synthesis was carried out below 4,500 rpm 
for 20 min. The processing of attrition-type mill was done 
under ambient atmosphere.

Fig. 11 shows the XRD patterns of the products (Kozawa 
et al., 2014a). In spite of the presence or absence of carbon, 
LiFePO4 was formed by the mechanical treatment under 
ambient atmosphere. Synthesis of LiFePO4 usually re-
quires inert or reductive gases to prevent the iron oxidation. 
Therefore, this process has a great advantage over the con-
ventional LiFePO4 synthesis. The effect of carbon addition 
appeared in the formation of by-product phase. In the case 
of the mechanical treatment without carbon, impurities 
were detected as by-products. The oxidation state of iron 
in Li3Fe2(PO4)3 is trivalent, so that iron oxidation takes 
place during the mechanical treatment without carbon. 
On the other hand, by adding the carbon, the formation 
of trivalent iron compound was suppressed, though trace 

amount of Li3PO4 was detected. The carbon addition on 
the mechanical treatment exerted an important role in the 
prevention of iron oxidation as well as the improvement 
of conductivity and powder flow ability. Besides, applying 
higher electric power in the mechanical synthesis, a single 
phase of LiFePO4 could be obtained in a shorter time.

Fig. 12 shows the microstructure of nanoporous 
LiFePO4/C composite granules prepared by the one-pot 
mechanical process (Kozawa et al., 2015). As expected 
from Fig. 10, the granule was composed of synthesized 
LiFePO4 nanoparticles, and its inside had nanoporous 
structure as shown on the fracture surface in Fig. 12, 
Fig. 13 shows the discharge capacity and coulombic effi-
ciency against the cycle number at 0.1 C rate (Kozawa et 
al., 2015). The discharge capacity gradually increased and 
reached to 130 mAh/g after 15 cycles. This might be due to 
the slow penetration of electrolyte into the granules while 
the coulombic efficiency kept constant at 94–96 % during 
the cycles. Further design improvement of the granule 
including the pore structure should be done to advance the 
performance of the cathode.

Reduction of Li+ ion 
diffusion length

Addition of electron 
conductivity

Increase of electrode density

LiFePO4: 10−9 S cm−1

Carbon: >102 S cm−1

1. Particle size reduction 2. Carbon coating

3. Granulation structure

Liquid electrolyte

LiFePO4

Carbon

Fig. 10  LiFePO4/C composite granule consisting of nano-sized LiFePO4 and carbon.

Without
carbon

With
carbon

LiFePO4
PDF No. 01-070-6684

Fig. 11  XRD patterns of LiFePO4 synthesized by one-pot mechanical 
process. Reproduced with permission from Ref. (Kozawa et al., 2014a). 
Copyright 2014, Elsevier.



23

Makio Naito et al. / KONA Powder and Particle Journal No. 40 (2023) 14–28

The one-pot mechanical process was also applied to 
prepare nanocomposite granules as the starting materials 
for the cathode of SOFC (Hosokawa et al., 2014; Xi et 
al., 2016). In this case, the one-pot mechanical process 
achieved not only electrocatalyst nanoparticles synthesis 
from the raw powder materials but also their bonding with 
solid electrolyte nanoparticles to form inter-dispersed com-
posite granules. The purpose of the composite granule was 
to create the triple phase boundary (TPB) region as broad 
as possible while maintaining sufficient porous channels 
for gas diffusion in the resultant cathode. Actually, the 
authors prepared the following two kinds of composite 
granules for this purpose. The first one was the combina-
tion of strontium doped lanthanum manganite (LSM) as 
electrocatalyst and scandium stabilized zirconia (ScSZ) as 
solid electrolyte (Hosokawa et al., 2014). The second one 
was the combination of La0.6Sr0.4Co0.2Fe0.8O3(LSCF) as 
electrocatalyst and Ce0.9Gd0.1O1.95(GDC) as solid electro-
lyte (Xi et al., 2016).

In the latter case, commercially available La2O3, 
Sr(OH)2, Co3O4 and Fe2O3 with stoichiometric quanti-
ties were put into the chamber with one-fifth of the total 
amount of GDC nanoparticles, and then, the powders were 
mechanically treated under ambient atmosphere without 
external heating. During the mechanical processing, one-

fifth of the total amount of GDC powder was added every 
4 min. The total processing time was 20 min. The XRD 
pattern of the composite particles after 20 min. processing 
exhibited mainly LSCF and GDC phase, and they formed 
inter-dispersed nanocomposite granules wherein both el-
ements were uniformly dispersed. The obtained cathode 
after sintering exhibited a finely composed porous structure 
consisting of fine grains ranging from nano to submicron 
sizes. It indicated that quite low polarization resistance in 
the intermediate temperature range. The obtained results 
suggest that the one-pot mechanical process is a very prom-
ising, simple, and energy-saving approach for producing 
high-quality LSCF-GDC composite powders.

6. Mechanically assisted deposition of 
nanocomposite film by one-pot processing

To make porous composite films with a large surface 
area for chemical sensing and energy storage/conversion, 
direct deposition of mechanically activated nanocomposite 
particles on the substrates in the dry phase is desirable.

Primarily, the apparatus used in this study (Abe et al., 
2012) consisted of a closed vessel and a feather-type rotor. 
As an example, the anode of Nickel-yttria stabilized zirco-
nia (Ni-YSZ) cermet was fabricated on YSZ substrate by 
this apparatus. NiO/YSZ composite particles were first put 
into the chamber and dispersed by the rotor. The dispersed 
and mechanically activated particles were then transported 
to the substrate and deposited on it. As reported by Akedo 
(Akedo, 2006), dense ceramic layer consisting of fractured 
particles or deformed particles could be successfully 
formed on the substrate when the ceramic particles speeded 
up to 100–500 m/s. On the contrary, it was demonstrated 
that the fine aggregates or clusters could be bonded to-
gether at a much lower impact speed of about 30 m/s for 
making the porous films. Besides, the rapid film formation 
was found with the nanoparticles due to their high specific 
surface area.

Fig. 14 shows the effect of the processing time on the 
thickness of the deposited film with the NiO-YSZ nanopar-
ticles (120 m2/g) (Abe et al., 2012). Noticeable film forma-
tion was found at ~ 10 min after starting the process, which 
indicating that the fine aggregates of the nanocomposite 
particles were formed and activated in the early stage of 
the processing and started to deposit on the substrate at an 
impact speed of about 30 m/s. No unusually large grain 
was found on the porous film after the heat treatment at 
1200 °C. The fine composite microstructure was a result of 
the homogeneously distributed NiO and YSZ nanograins 
in the deposited film. The polarization of the porous film as 
the anode of SOFC showed good performance as reported 
by Abe etc. (Abe et al., 2012).

The deposition process can be also applied to suppress 

Fig. 13  Cycle performance of the synthesized LiFePO4/C composite 
granules at 0.1 C rate. Reproduced with permission from Ref. (Kozawa 
et al., 2015). Copyright 2015, Elsevier.

Fracture surface

Pore

Fig. 12  Microstructure of nanoporous LiFePO4 /C composite granules. 
Reproduced with permission from Ref. (Kozawa et al., 2015). Copyright 
2015, Elsevier.
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the mold growth on the surface of materials (Nomura et al., 
2018). Mold growth can trigger a variety of serious human 
health problem such as allergies and asthma. Designing 
surface unfavorable for the adhesion of fungal spores was 
considered an effective method to prevent fungal growth. 
In this study, the effect of hydrophilic surface treatment 
on the adhesion of fungal spores onto substrates was 
investigated using Aspergillus oryzae as a model fungus. 
The glass substrate coated with hydrophilic fumed silica 
(BET equivalent diameter: 7 nm) was prepared using this 
method. As a result, the fungal spores that strongly adhered 
on the coated glass substrate under atmosphere conditions 
were easily removed by lightly hand-washing in water. 
In addition, the removal ratio of the fungal spores on the 
coated glass was higher than that on plasma-treated glass. 
Atomic force microscopy revealed that there was almost no 
adhesive force between the spores and the glass substrate 
coated with fumed silica.

7. Wet mechanical processing to synthesis 
nanoparticles and their morphology 
control

Wet mechanical processing has been used to synthesize 
particles for years. For example, particle synthesis via 
solid-solution reaction incorporating mechanical actions 
by using a multi-ring media mill was pioneered by Riman’s 
group (Shuk et al., 2001; Suchanek et al., 2002). However, 
variations of particle synthesized by conventional wet 
mechanical approach are still limited, and the particle 
preparation with specific morphologies has not been ac-
complished yet.

The authors applied grinding apparatus used for the 
particle bonding to synthesize nanoparticles with a 
unique structure in the wet phase. At first, the synthe-
sis of unique morphology of lithium titanate hydrate,  
Li1.81H0.19Ti2O5·xH2O (LHTO) was done by applying a 
high energy planetary ball mill (Suzuki et al., 2017). This 
material is used as a precursor of Li4Ti5O12 (LTO), a typical 
LIB anode material. The traditional hydrothermal methods 
to synthesize LHTO were constrained by the restrictive 
preparation requirements, such as handling moisture-sen-
sitive titanium precursors and high concentration NaOH 
solutions. In contrast, the high energy planetary ball mill 
enabled us to achieve the synthesis and morphology con-
trol of LHTO only by using low-cost materials (LiOH and 
TiO2) at room temperature.

Fig. 15 shows the TEM images of the raw TiO2 powder 
and the products after planetary ball milling at 150 G up to 
10 h (Suzuki et al., 2017). The TiO2 powder used consisted 
of ultrafine nanoparticles of approximately 5 nm in diam-
eter. After the planetary ball milling, thin sheets of LHTO 
were formed, and the widespread LHTO sheets were 
formed after 3 h as shown in the figure. Then, the LHTO 
sheet was transformed into the nanotube morphology by  
curling after 5 and 10 h. Direct formation of LHTO 
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Fig. 14  Relationship between film thickness and processing time. Re-
produced with permission from Ref. (Abe et al., 2012). Copyright 2012, 
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Fig. 15  TEM images of the raw TiO2 particles and the products after milling at 150 G for 3 h and 10 h. Reproduced with permission from Ref. (Suzuki 
et al., 2017). Copyright 2017, Elsevier.
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nanotubes was successfully achieved by the wet mechan-
ical method. Then, thermal treatment of the LHTO nano-
tubes was conducted at 500 °C. As a result, an LTO phase 
with a spinel structure was obtained, and the nanotube mor-
phology of LHTO was retained in the LTO product. The 
anode properties of the prepared LTO nanotubes exhibited 
a first discharge capacity of 160 mAh/g at 0.1 C rate.

To clarify whether the normal or tangential component 
of collisions makes a larger contribution on the synthesis 
of LHTO, the effect of collision direction on a reaction rate 
of LHTO was studied through the combined analysis of 
the experimental results and the simulated ball motion by 
Distinct Element Method (DEM) (Kozawa et al., 2021b). 
As a result, collisions of balls in the normal direction were 
found to contribute strongly to the wet mechanochemical 
reaction.

The wet mechanical processing was also applied for the 
morphology-controlled NH4MnPO4·H2O (Kozawa et al., 
2019a) and NH4CoPO4·H2O (ACP) (Kozawa et al., 2021a), 
respectively. For the latter case, ACP platelets were syn-
thesized via the wet mechanical processing of NH4H2PO4 
and Co(OH)2 in water using a planetary ball mill. The 
formation of ACP was achieved by the dissolution- 
precipitation reaction, involving the gradual dissolution 
of water-insoluble Co(OH)2 into the NH4H2PO4-dissolved 
acidic solution. The use of Co(OH)2 with a brucite-type 
structure allowed the ready formation of the layered ACP 
phase. Despite the ball milling treatment, ACP particles 
with platelet morphologies were produced, and their sizes 
and shapes were varied, depending on the milling condi-
tions. The formed ACP platelets were subjected to grinding, 
consequently affording a decrease in size and subsequent 
dissolution. However, an increase in supersaturation led to 
the recrystallization and crystal growth of the ACP plate-
lets. This dissolution-recrystallization cycle during milling 
allows the repeated growth of the ACP platelets. The ACP 
powder was converted into LiCoPO4, while maintaining 
the shape and size, by a simple solid-state reaction with 
Li2CO3. The flake-like LCP cathode exhibited a charge/
discharge plateau at ~4.8 V and a better discharge capacity 
of 109 mAh/g because of the high specific surface area 
and small platelet thickness (Kozawa et al., 2021a). Other 
applications of the wet mechanical processing including 
the synthesis of Sr3Al2(OH)12 hydrogarnet (Kozawa et 
al., 2018), and the fabrication of composite cathode of 
LiMn2O4 coated by LiMnPO4 (Kozawa et al., 2020) have 
been investigated.

8. Conclusions

Smart powder processing was developed based on 
powder grinding technology. It is a very promising tech-
nique for achieving green and sustainable manufacturing, 

as well as developing advanced materials contributing 
to establishing sustainable economy. In this paper, the 
authors explained the recent progress of the smart powder 
processing, and its applications. At first, the authors intro-
duced particle bonding process, novel one-pot process to 
synthesize nanoparticles, process to create nanostructured 
composite granules, and process to form nano-porous films 
on substrates in the dry phase. Then, the authors discussed 
the wet smart processing with grinding technology. Smart 
powder processing can be a foundation to move forward 
material development technologies and create many more 
high-quality advanced materials in the future.

Data Availability Statement

The CSV data on thermal conductivity of thermal insula-
tion boards is available publicly in J-STAGE Data (https://
doi.org/10.50931/data.kona.22030787).
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