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Gel-sol method
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General guidelines for
monodisperse particle synthesis
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1. Separation of nucleation
and particle growth

2. Prevention of inter-particle
coagulation

3. Storing particle precursors

(T. Sugimoto, Adv. Colloid Interface Sci. 28, 65 (1987).)




LaMer model - kinetics

Solute solubility

Nucleation and particle growth start.

Only nucleation ceases.

e

Only particle growth continues.

Saturated solubility 1>
Particle growth ceases. /
Time —»

‘Separation of Nucleation and Grain Grow#h’
Nucleation and particle growth can apparently be separated by
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Aggregation prevention
mechanism

Hematite (a-Fe203)
particles are immobilized
in the gel network.

Gel network of p-FeOOH
(intermediate product)

Gel network Monomers Growing particles

For example, in the synthesis of hematite (a-Fe203) particles, a dense amorphous
iron hydroxide gel is used as a precursor solid, and the phase transition occurs in
two steps: amorphous iron hydroxide — hydrated iron oxide (akaganite) —
hematite. do. In this case, the intermediate product, iron oxide hydrate, serves as a
reservoir for the hematite precursor and has an effect of suppressing aggregation.
Jn addition, the control of the shape of hematite is achieved by the coexistence of
adserptive ions such as sulfate groups and phosphate groups.




one solution :

Gel-sol method

Preparation of monodisperse hematite particles

100°C
Fe(OH)3
3 hours
‘ Nucleation
B-FeOOH
‘ Particle 6 days
growth

o-Fe203
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Actual experiment

2 M FeCl, 100 ml

'(4 6.0 M NaOH 90 ml

0.9 MFe(OH); + 0.1 MFe** | pH~2.1
100°C, 8 days

B-FeOOH

l

o-Fe,0, | pH ~ 0.6
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Large-scale synthesis of
monodispersed hematite particles

1) Set the solution conditions (temperature, pH, etc.)
for generating hematite particles

2) B-FeOOH is formed as an intermediate compound
and finally only hematite is produced without any by-
products

3) nucleation ends only in the first maximum 8 hours,
after which the particles grows for a week

4) Particles are trapped in a gel network of ferric
hydroxide and B-FeOOH, preventing them from easily
moving like Brownian motion, thereby completely
suppressing aggregation between particles.
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By Gel-sol method
Synthesis of monodisperse hematite particles
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Synthesis of Uniform Metallic Nickel Particles
from Concentrated Nickel Hydroxide Suspension

N1(OH)2 suspension
With PEG

SOOC, 12 hours ‘ NaHZPOZ addition

— 0.1 M Ni(OH), + 4 M NaH, PO,
— 0.5 wt% PEG (400,000)
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Synthesis of spindle-shaped uniform titania
particles by gel-sol method

Titanium isopropoxide: 0.5 M

Triethanolamine: 1.0 M
( inhibitor to rapid hydrolysis )

Y AN | ‘G 2M NH3 aq.
"R 2% 45 Highly viscous gel-like @
1~ @

a7 A

o i

g; - . '_S_plndle type uniform titania particles
& 2023/6/20 0.1 Lm
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Titanium(1V) isopropoxide (TIPO) [TI(OC4H-),]

< Triethanolamine (TEOA)  [N(C,H,OH),]

TIPO:TEOA=1:2
([TIPQO], = 0.25 mol dm™)

7 /C2H4O\ | '/OH4C2\
Stable complex | N C2H4O7T1 — QIR SLO=TOLE =
C,H,0 | OH,C,”

C,H,0H
H,O (+HCIO, or + NaOH)

<

1 1st aging (100°C, 1 day)
Ti(OH), gel
l 2nd aging (140°C, 3 days)

Shape controller

TiO, (anatase)

Synthesis scheme of monodisperse titanium oxide (titania) particles by Gel-Sol method
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0.2 um

>023/6/20 Time evolution in titania particle synthesis
N (a) 0, (b) 1 day, (c) 2 days, and (d) 3 days




@ Concentration changes of TiO,, Ti(OH),, and supernatant Ti** ions
during the 2nd aging (pH = 10)

<
)
\

o
=
\

Concentration (mol dm‘s)

/Ti(OH)4 |

Supernatant Ti** ions
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Monodispersed metal sulfide particles

. 2-
Reservoir of S

Cd(OH)2
— > 2+ 2-
chelates
NH complexc;s | Thioacetamide
Gelatin

~_ Metal sulfides
5 M=Cd, Zn, Pb etc.
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0.5 um
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BaTiO,, SrTiO,

Synthesis of perovskite oxides

Direct synthesis from the liquid phase is
possible using the gel-sol method.

Commercial products are made by solid phase
reaction.

2023/6/20
WAL F AL




Synthesis method of BaTiO,/SrTiO, fine particles

TI[OCH(CH3)2]4

N(CH2CH20H),
(solution-A)

«— de-carbonated water —

Stock solution
(solution-B)
I

gel-sol method
Ba/Sr(OH)2 * 8H20

(solJtion-C

"

Similar to TiO2
synthesis, a very
viscous gel is
formed.

Aging

BaTiO3/SrTiO3 fine particles

2023/6/20
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!

gel formation
stirring:10 min
aging: 1h
(solution-D)

l
(250 °C for 3 hours)

|

QOO
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Schematic drawing of
reaction vessel
(autoclave)




Cubic BaTiO,

T A

Our method BT02 Commercial BT03

BT01 (High Purity Chemicals)  (Wako Pure Chemicals)

200 nm




XRD

a. BT01

S | b. BTO02
g A | Y |
‘"
g
= |
.BTO3
) A A . A

BaTiO; (cub., JCPDS 31-174)

BaTiO; (tet., JCPDS 5-0626) | | |
: || 1 : " II

10 20 30 40 50 60
20/degree
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TG curves in Ar

0 ; |
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~ -0.05
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o Samples: BaTiO, | |
; -3 [ Heatingrate:-——-—————————— e P

5 °C/min, in argon
atmosphere
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Temperature/°C
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Cubic SrTiO,

200 nm

SR-02 SR-03

jfommercial

The particle size of SR-01 is
smaller than 40 nm.




XRD

a. SR-01

b. SR-02 A ﬂ A A | k
c. SR-03 A J L A J | L

SrTiO; (Cub., JCPDS 35-734) |

Intensity/a.u.

10 20 30 40 50 60
20/degree

.=

e A cubic SrTiO; phase was founded in initial
BT BRLE materials .




TG curves in Ar

o1 Carbonat
es
°\\° 5| -0.90
()
e
84 SR-01 only
o contents 3.9 % of
Al adsorbed water
- -6.73
= Samples: SrTIO, and 2.83 % of
8 | Heating rate:
5 °C/min, in argon
atmosphere OH groups.
-10
0 250 500 750 1000
Temperature/C
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Morphology control of uniform
particles

Selective adsorption on specific crystal planes




particle morphology

Shape in equilibrium or growth
 Equilibrium control or kinetic control

Mostly growth shape

Equilibrium shapes are found in some minerals.

The growth shape is created by the difference in
growth speed in the normal direction of each surface.

Therefore, the particle morphology can be controlled
by varying the growth rate.
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Synthesis of Monodispersed Anisotropic TiO, Particles

— —

Gel-Sol Method: Particle Preparation Technique by using Metal Hydroxide Gels

Synthesis of Monodispersed Anisotropic TiO, Particles

(. Ti(OPr), )

- Stabilizer (N(CH,CH,OH),)

Shape Controller
(Amine, Amino Acid)

\'pH S W, Gel Formation by H-Bonding Sol Formation by
Network of Ti(OH), Crystal Growth
2023/6/20 T. Sugimoto, “Monodispersed Particles,” Elsevier, Amsterdam, 2001.

AL F A AL K. Kanie and T. Sugimoto, Chem. Commun., 2004, 1584.




Anisotropic TiO, Particles Obtained by the “Gel-Sol” Method

,d .

& b G
SRR
e 4
e i e ~ 43
¢ o3 o

Ethyleﬁediamihe Ethylehedlamme Su;:cmlc ACId Gluconic Acid

Init pH: 10.5 Init pH: 10.5, Seeds Init pH: 10.5 Init pH: 9.5

Glutamic cid N Oleic Acid | none Oleic; Acid
Init pH: 10.5 Init pH: 11.5 Init pH: 10.5 Init pH: 9.9

S T. Sugimoto, X. Zhou, and A. Muramatsu, J. Colloid Interface Sci., 259, 53 (2003).
BT & RS K. Kanie and T. Sugimoto, Chem. Commun., 2004, 1584.




Shape Control by Amines and Oleate

00000000

Organic Amines => Adsorb on TiO, Surfaces

N => Utilization for Organic-Inorganic Hybridization



Morphology control of
monodispersed hematite fine particles

Peanuts
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Peanuts
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Shape control by SO,%

How are peanut-shaped
2 MFeCl; 100 ml particles made?

6.0 M NaOH 90 ml

x M Na,SO, 10 ml |

0.9 M Fe(OH), + 0.1 M Fe3*

pH ~ 2.1

100°C, 8 days

2023/6/20 a'Fezo:; pH ~ 0.6
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c-axis C C C

c plane
{001} {001}
{012}
side
Hexagonal Ellipsoid Peanut Platelet

% The strong adsorption of SO,2- to side is estimated.
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Adsorption uptake of sulfate depends on pH

£N
T

Adsorbed Amount (nmol m'z)
(\®]

N ] o W | O ]
\9 \9 U O-

6 8 10 12

* Above pH 4, almost no SO,# is adsorbed. This may be
due to competitive adsorption with OH-. (Isoelectric point of

2023/6/20 . .
N hematite is ca 7.5.)




Distribution of SO,% in a peanut particle

EDX analysis Ultra-thin section TEM image

MF

w
o

30

ho
(S}

% About 90% of the added
amount of SO,% is
Incorporated into the
particles, and is distributed
almost evenly on the

— ro
o o

—
<

{ x 100 atom %)

<
o

atomic ratio of S to Fe

o
o

a b c d e f g . .
Location surface and inside.
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IIfate ions remaining in the particles
are desorbed by ammonia treatment,
and then adsorbed again by
adsorption treatment at 100° C.
Also, the adsorbed species are the
same as the sulfate species that
remained in the particles.

lisotropic growth is due to the
adsorption of free sulfate ions on
specific surfaces.

The morphology control is due to
the adsorption of sulfate ions to
specific surfaces. There is no
possibility that complexes derived
from sulfate were formed in the
/| solution phase and participated In
-1 the anisotropic growth.

Absorbance

1300 1200 1100 1000 90 800
Wavenumber (cm'l)
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Adsorption isotherm of sulfate
pH=1.0, 100°C
ellipsoidal particles

4l (The side parallel to the c-axis)
0

]

A

4  pseudocubic particles i
(surrounded by {012} planes)

Adsorbed Amount (pmol m'z)

2 /+/+ -
/+/+
_|_
/+/ thick platelet particles |
/+ ({012} plane in addition to c plane)
+
1 ﬁ/+ e -
i g
+ /*/*
i’r */* thin platelet particles
ﬁ?* (principal plane = ¢ plane)
0 1 - 1 - 1 - 1 4
2023/6/20 0 1x10 2x10 3x10 4x10

WHFEBIEZ Equilibrium Concentration of Sulfate (mol dm'3)




Adsorption uptake of sulfate (pH 1, 100°C, 24h)

Specific surface area Maximum uptake Occupied area

m°/g umol/m? A2
ellipsoidal particles 12.4 3.60 46.1
pseudocubic particles 2.67 3.16 52.6
thick platelet particles 2.10 2.28 72.9
thin platelet particles 0.70 0.86 193

Maximum adsorption amount:

peanut particles  £yjinsoid > pseudocube > thick plate > thin plate

surf. Area:l61.2 m2/g Sulfate strongly adheres to the plane parallel to the c-
| axis.
Maximum uptazke Adsorption force to c-plane is low.
5-(5299M7mg'£;“ The relSTnipaicles le amount of adsorption to the thick

flat plate is Iarger may be that the {012} plane is
developed.
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FT-IR spectrun analysis of differénces in adsorption state

O- O
N
/N

O O

D
()
=
]
= . . .
> single point adsorption
=
O O
S
O O
—Fe —0 —Fe —
® double point adsorption
2023/6/20 1300 1200 1100 1000 900 800
BT AL

Wavenumber (cm'l)




Adsorption to the sides and the {012} plane is
overwhelmingly stronger than the c-plane {001}
plane.

Since the O-O distance (2.45 A) of SO,Z is closer to
that of the lateral side (2.29 A) than the Fe-Fe
distance (2.91 A) of the c-plane, SO,% is adsorbed at
single point on the c-plane. It is considered that the
{012} plane has double-point adsorption.

The Fe-Fe distance (3.15 A) on the side surface of o-
FeOOH (needles) is farther than the O-O distance of
SO, resulting in single-point adsorption.

2023/6/20
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i 0 As the pH decreases, the
single-point adsorption

changes to a double-

point one. adsorption.

It is speculated that at low
pH, the hematite

;f; surface has a high

% positive charge, and the
desorption of OH- ions
creates an environment
In which sulfate ions
can be strongly

'single point adsorption | adsorbed.
2023/6120 = ;3i0(; = i12i0(; = ;liO(i) = ;Oi()(; = i9(i)0i = i8(i)0i =

-1
MR AL Wavenumber (cm )
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Particle Growth Mechanism

never aggregation mechanism




Originating from CeO,particles formation

If as-formed particles are polycrystalline, they will seem to grow
agdredatively.

1.0x103 mol/l Ce(SO,),
4.0x10% mol/l H,SO,
90 °C

A is several hours later. B

and C are aged.
In B, the primary particles
seem to gather together to

form aggregates.

2023/6/20 0.05 pm



Comparison of growth mechanism

LaMer mechanism due to direct deposition of solute Aggregative growth mechanism

@® Prinary particle

+ Solutes

‘precursaors . Growing particle

(solute)

2023/6/20 WA FE LS



1. Selective Aggregation into Only Growing Particles?
Why i1s there no coagulation between primary particles
and between growing particles?

(If these coagulation occur, monodisperse particles
cannot be obtained)

2. Isn't the generation of primary particles caused by
the direct deposition of solutes?

The mechanism, by which primary particles and nuclel
are generated, 1s the direct deposition of solutes.
Assuming that primary particles are generated during
the growth, 1t means that the formation of the primary
particles 1s due to direct deposition of the solute and the
growth of the particles 1s due to aggregation.

2023/6/20 MR FERIEE

Problems of aggregative growth mode

Primary

e pPar
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Uniform hematite fine particle synthesis in dilute system

Although this hematite is single crystalline, some

researchers interpret that it grew by an aggregative
growth mechanism.

We deny it based on experimental facts.

Synthesis conditions

2.0x10-2 mol dm-3 FeCl; and 4.5x10-4 KH,PO, at 100 °C

There are many papers supporting the aggregative growth mechanism.

M. Ocana, M. Morales, and C.J. Serna: J. Colloid Interface Sci. 171 (1995) 85.
M. Ocana, R. Rodriguez-Clemente, C.J. Serna: Adv. Mater. 7 (1995) 212.
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Time evolution
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XRD

= [ -FeOOH was first

formed.

; 4 days = «&-Fe,O; was formed at the
& expense of it.
2 \ 4
o
c
Q
=

2 days

W
A N ﬁ 8 hours
0 L1 .1 1 L1 h 1 1 1

20 40 60 80
2023/6/20 20(degree, CuKa) WO F & RS




-"' : FT-IR
= Even after 7 days,
B —FeOOH remained.

'Hematite separated |
!

from 7-day samplfey

p——

Absorbance

0.1
—_—

1 day

8 hours

1200_ 1000 800 600 400
-1
2023/6/20 Wavenumber (cm ) W F AL



Solid concentration

5 20 | I R E— | |
E -
T -
?E’ ' a-Fe,O __;
H - 23
E 154 A
c K .
O -
® 10 _
= _
: ~~~~~~~ -
§ -~ / Supernatant iron species 4
N AN :
s | ol o :
My Lo O 5
= B-FeOOH T
0 1 | 1 l 1 I l 1 l
0 1 2 3 4 5 6 7

Time (day)
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oo

(10™* mol dm™)
(F8]

[POZ]

2023/6/20

*—o ® ® <
O O C
| ; | | ]
3 4 5 6
Time (day)

WAL FERIESE

Soluion

= First, pH was

rapidly decreased.

= PO,% conc. was

gradually
decreased.
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= | Elucidation of growth mechanism by seed addition

Seed addition

- For aggregative growth mechanism, the
overall reaction rate does not change,
because the primary particles in
equilibrium are responsible for the
particle growth rate.

- If the solute is precipitated directly, the
seed addition increases the total surface
area, so that the growth rate is increased.

* The number of particles depends on the
number of seeds and original nuclei.

0.1 um

2023/6/20 MR FERIEE



®e o o | Additionof
seeds (3.2 nm)

Promoting growth rate No effect of seeds
due to the increase in total surface area

Riitiber: particles = seeds + nucléfF&7t*

Seeds
effect

54



Seeds addition

Run 1 no seeds

2023/6/20

Run2 Seeds small

WAL FERIESE

Run3 Large




Iron Concentration (mmol dm™)

20

135

10

Supernatant iron species

m -
AN
(o7}

Effect on the rate

The apparent growth rate increases
as the amount of seed added
Increases. =

Therefore, no aggregative growth

T IR A T O N B B I A |

2 3 4 5

L—— mechanism is possible.

In addition, it was decided that the

20

15

|I|Illl'l

10

Iron Concentration (mmol dm™)

0

2023/6/20

product should be single crystalline
and that no primary particles should
be observed in the formation
pathway.

direct deposition of solute
# aggregative growth mechanism

{ | Particle growth =

R 4 s
Time (day)

WAL FEAIESR
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Nucleus number is almost the same as particle number

~ Nucleus number (dm) Products

‘Aging ~ Seeds  Spontaneous  Total  Yield  Size  Aspect  Particle
Run- time nuclei (mol%) (ym) ratio number
No. (day) (dm”)
R~ 7 0 B4x10”  84x10° T78 067 67  84u0"
1) -
Run 4 27x10% 84x10®  3A0" %42 046 65 290"
20) _
Run 2 27x10% 84x10®  28d0° 9717 022 63 25x10"
30

2023/6/20 A FEREEF



Monodispersed Hematite Particles

Systematic control of size, morphology and internal structure




Monodispersed Hematite Particles
Synthesized by the Gel-Sol Method

Naﬁ50hor
NaH.PO,
Addition of shape
controller

Since Cl inhibits
crystallization
during the
growth, if the Cl
IS removed
here, the
crystallinity
Increases.

2023/6/20

2 mol dm= FeCl,

Fe(OH),

100'C closed
container

B-FeOOH

l Intermediate

(100°C closed
~container

When the temperature during mixing is changed,

the supersaturation state of the solution

changes, and the number of nuclei generated in

hematite particles changes.

l — 4.8 — 5.8 mol dm- NaOH

Seeds are added here, and the size

Is controlled by the seed growth

method.

The highly viscous ferric hydroxide
gel and the intermediate product

Akaganite protect the particles from

coagulation.

WL F A REF




Crystallization inhibition by residual chlorine ClI
It should be a single crystal, but it turns out to be a polycrystal.

2023/6/20 AL FERIEZE
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ParticleYgrow



Seeds used
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Size control by the number of generated nuclel

GontrolithelsolutionitemperatureiwhenibeCliNand INa@H iareimixed B EM)

2023/6/20 MAF S RIEZE



Size control by using seeds

Sizelcontrollbysseedsiadditionf§iEM)
4 ) b R C "Ovege

No addition Additive = small large 1 um
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Shape controller /Phosphate Na,HPO,

No addition Additive = small

2023/6/20 AL FERIEZE



Seeds amount is constant.
Shape controller/sulphate amount changes.

large 1 um




=

Sulfate concentration is constant, seed amou




195G S PSS S 9. O B e

N
(8
=
[qv)
e}
&
-




BT & AL




2023/6/20







2023/6/20







Zirconia

Application of TiO, synthesis



BACKGROUNDS

1 General Requirements for the Preparation of
Monodispersed Particles

1. Separation between nucleation and
growth stages

2. Inhibition of coagulation

3. Reserve of monomers

(T. Sugimoto, Adv. Colloid Interface Sci. 28, 65 (1987).)

“We need a new method to overcome the essential problem of
coagulation so as to achieve a high productivity.”

\/
“Gel-Sol Method”

2023/6/20 MR FERIEE



2 Preparation of Monodispersed TiO,

TEOA/TIPO =2
mixture

*TEOA = N(CH2CH20H)3
TIPO =Ti(OCHCH3CH3)4

/C2H4OH . /OC2H4 N
N-CH4«O-Ti— OC2H4-N
\C2H4OH NOC:Hs 7

Stable

H20

0.5 M TI(TEOA):
10 ml

Stock Solution

2 M
1

NH:3
0 ml

Gel Formation | <

--------- 1st Aging (100°C, 1d)

Phase Transformation

s 2nd Aging (140°C, 3d)

TiO2

2023/6/20
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3 Role of Each Component to prepare ZrO,
particles

e TEOA = triethanolamine

— as a complexing agent with Zr propoxide to make
stable complex, releasing ZrO2 monomers
gradually

* Ammonia
— as an inhibition of anisotropic growth

2023/6/20 MR FERIEE
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Standard Procedure

TEOA/ZNP = 3
mixture

Agitation (24

,C,HOH  OH,C,
“C,H,OH "OH,C,”

H,O

TEOA = N(CH,CH,OH),
ZNP = Zr(OCH,CH,CH,),

h, room temp.)

Stable Zr complex against
hydrolysis at room
temperature

WAL FERIESE



FT-IR spectra of TEOA-ZNP mixture UV spectra of TEOA-ZNP mixture

5 51— 71T 17+

511:ss§crg,-ﬁ | : i TEOA/ZNP
i 4.0 i

L |

L |stm————— TEOA only -

N
Absorbance

Absorbance (-)

2.0

300
Wavenumber (cm™) Wave length (nm)

2023/6/20 MR FERIEE
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NH,

0.5 M Zr(TEOA),

TMNH;| pH10.7

l

Aging

200°C, 3 days

l

ZrO,

WAL FERIESE

Transparent solution

Gelation and phase
transformation

Uniform crystalline
nanospheres of ZrO,
(~15 nm)
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a) 10 min

Time evolution of ZrO, particle growth
b) 20 min c) 30min

WAL FERIESE



Fig. 4 | Change in FT-IR spectra with aging time | Fig. 5 /Change in UV spectra with aging time

Intensity (cps)

2
@
Q
c
@
K]
[
o
4
1
i 24 h
72h
0 . .
1500
2023/6/20

1000 P 500
Wavenumber (cm )
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4000

2000

10 min

20 min

30 min

|

g

60 min
24 h
“Jw A WAt A\
72 h
] ,ﬁJ.L\A ], J\ J’&-’\; [, | L/\-lv\_ o
20 40 60 80 100

20 (degree, CuKo)



Transformation from Zr(OH), to
710, virtually finished within 1 hour.

] Though the particles at 60 min were
i of rough surfaces, they became
spherical by degrees with further
aging. This morphological change

] seems to be due to the intra-particle
o : recrystallization, but the ordinary

] Ostwald ripening concurrently

0 2 % 7 proceeds.

Time (hour)

10™

)

[ ]
1

N
<
w
I
nH

-
o
IS

Zr Concentration in Liquid Phase

Zr Concentration (mol dm

10

2023/6/20 MR FERIEE
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Effects of TEOA/ZNP ratio, temperature
and concentration of NH,

b) T/Z=1.1, 140°C (3days) c) T/Z=1.1, 200°C (3days)

) T1Z=1.1, 120°C (Bdays)

v‘._# % 85, h "_..‘
. FgEALS &
4 W A e , “‘
catn S8 #
*“:- sl ."r&! + s
ST @y ¥
t-yw
.-6.

5 &
< .0 PR

IR vk

d) T/Z=3.0, 160°C (3days)

I-‘i :- %
-,
L P 3 »
& S AT # £ 3
ie @ o SRy
...".-‘. . #& [ ,. m
% ad
RSN
= * m®
. WP :ﬁ.ﬁ“. »m..v

8

e) T/Z=3.0, 200°C (3days) f) Same as e), but no NH,

WAL FERIESE

T/Z = TEOA/ZNP

TEOA/ZNP
As TEOA/ZNP increases,
the uniformity is improved.

Temperature

As temperature is elevated,
the uniformity is improved,
the mean size 1s decreased,
and surfaces become
smoother.

Ammonia

As [NH;] increases, shape
of ZrO, changes from
rectangular parallelepiped to
spheroid at pH 10.7.
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Effects of pH and acetate without NH,

a) pH 13.4 (NaOH)

) L4
.
-, »

b) pH 11.5 (NaOH)

WAL FERIESE

c) pH 9.7 (none)

.

-
r

High pH (13.4) >>
very large
sharp-edged
size distribution: large
pH: decrease >>
size: decrease
size distribution: narrow
shape:
irregular polyhedra
rods
smooth-surface
spheroids
Acetate (pH 7.1)
>> ultrafine in size
!
Reduction of the growth rate
of ZrO, nuclei with
descending pH, due to the
decreasing concentration of
hydroxide complexes



12 Characterization of ZrO, particles

c)

Fig. 3(1): 200 °C 72 h b} Fig. 3(d): 200°C1h Fig. 8(b) : 140°C 72 h

All particles are basically single crystals, even if they are irregular in shape. The spherical 10 nm
particles of sample (a) are formed by intra-particle recrystallization of irregular-shaped

particles like those of samples (b) and (¢)

2023/6/20 MR FERIEE



ITO

Monodisperse particles put to practical use in the field of
2023/6/20 advanced materials



Examples of cutting-edge nanomaterials = -+

ITO (tin-doped indium oxide )

Materials necessary for smartphones, tablet
PCs, and next-generation solar cells

TR B b
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Liquid crystal display and transparent conductive film

6G)/<vos51k

O 0O0(©

(6 e o

2023/6/20

v

@ mxoLy—
1) Polarizing filter

Control the incoming and outgoing light.

9 H5z2mae 2) Glass substrate
Prevent electricity from leaking from the electrode to other parts.

3) Transparent electrode, transparent conductive film
Electrodes for driving the liquid crystal display. Use
l Q SERE | highly transparent materials so as not to interfere with

) z:@mEE  the display.
_ 4) Alignment film

- A film for aligning liquid crystal molecules in a certain direction.
' @ TRED 6) Spacer

. A uniform space is secured between the two glass substrates that
0 sandwich the liquid crystal material.
' (D) HS5—T4)bF— T7) Color filters

Apply each RGB filter to display the color.

8) Backlight
Shine light from behind the display to brighten the screen.
Some monochrome liquid crystal displays use a "reflector"
instead of this to make it visible in natural light.

MALF & LS



Structural variation of touch panel

smartphone conductivity

Integrated cover

@ OGS / TOL 5%

' ITO (Y Axis) :

, ITO (X-Y Axis)
/| Shield or Air Gap )

Built-in
@ On Cell A=\,

A.-_//EFJ:@IC XY a—a ek

L]

< ® In Cell A=\,

{ Shield or Air Gap ]

CF E&ETFTRCX-Y S8 —r

£
General method Integrated cover, built-
in touch panel function

202906720 fﬂl*ﬁ%‘é‘}ﬂ“t?}{ OGS (One Glass Solution: 3—="_+%f), TOL (Touch On Lens)



smartphone conductivity

BEENAyFARNEE

ZO k2122 F
{ EAFFHLERR +i5h Bl L)

SoF (IR0
oA H=3J

(XTI

2023/6/20 MALF & AL F



smartphone conductivity

Projected capacitance method

protective cover electrode pattern layer

/S ANER

transparent electrode layer (X)
glass base

transparent electrode layer (Y)

2023/6/20 WAL F & LT
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Scolded by Chico chan |

Why does the touch panel respond 1o touch?
—->I'm getting an electric shock




Why smartphones are hard?

Thin film formation by sputtering

ZINwH d=Sputter---[F LE&EIET
Ef LICSEERER T2 EDTEDHELEI

e 170 thin film form

GlassEiR After that, it is tre

at a high temperatu
¢ ¢ 6 0009 (400°C) to make it in

. QA7 @ e
 oTeH a conductive film.
[ ) |

[ . . i

s \\y / * s

/
5—5wh (Target) ITO

| BP (Backing Plate) i
vacuum vessel I_ ‘

____________________________________________________________

You can't use soft plastic because you can't apply heat
In order to use easily bendable plastics, a new method thatis no
thie"conventional sputtering method is indispérisable.




Soft liquid crystal display

with plastic film + ITO nano ink

X%
P

i

R SEASRE AL UM 5y FeyY—« AR
(YA : 85% Ll E. A—X: 2.0%LITF. BEER : 350/00)

WHFERALE



Just use ITO nano Ink!
low temperature

ITO nanoink

ITO nanopatrticles
are dispersed in
an organic solvent.

WHFERALE




Liquid crystal cell manufacturing process

5 Thin membrane formation o Cleaning of the glass board U
g 4 : 4
g 5
- Electrode pattern formation i Formation of color filter
8 e —T - =l ~ Sputtering
|- “Tak
‘ E ‘ oo arget
‘ ‘ ®e | Target
- 0
y) o © Atom
; - ;
= o]
3 ‘ Sputtering
B ! e . Gas — —_—
- Introduction of liquid crystal / sealing >
o rf':”{:' :. o —
@ Thin Film = 1™ Substrate

Panel inspection |

)

=
=

The PVD method is used to create the current transparent conductive film (ITO film).
A glass substrate is essential for high-energy and high-temperature processing.

I+ cannot be applied 1o polymer films.

= Impossible with soft film

2023/6/20 MR FE R e



tin-doped indium oxide (ITO)

Transparency
_ Reflection and
Absorption by T . absorption by
bandgap ransparen plasma oscillation
4 ' 4

I visible range .

200 400 600 800 1000
Wavelength [nm]

Band gap =3.5~4.0 eV (310~350 nm)
Wavelength of plasma oscillation = more than 1000 nm

- flat panel display

ITO | thlnnlng> * touch panel

Used as a transparent * solar cell |
——
electrode -

- heat refl%\_

Conductivity

Generation of carriers by Sn**
doping and/or oxygen defects

transparent conductive material
-++ITO. Sn0,. ZnO. AZO etc.

Transparency

Conductivity

workability

the best one

Transparent conductive films are dominated by ITO.

2023/6/20 MALFERIEE



Problems with the sputtering method

~ Sputtering

Merit : High conductivity, transparency

ITO
target

loss

,,,,, Resistivity 10° ~ 10+ Q-cm

Deposit ITO on

N @ 1"~ substrate L .
‘ @::;::\: [Problems: High indium loss, high temperatur%

Adhesion of ITO inside equipment, etching loss

X loss ITO Usage efficiency only10 %  very wasteful |
N\
Thermal
Treatment
ITO thin film /
ITO ink Edvantage: High efficiency of use ||TO efficiency 100 %

(ITO particles + binder)

Problem: Low conductivity | Resistivity 103 ~ 107 Q-cm
\ J

In order 1o solve this problem, it is essential 1o develop a technology that makes the

part@g!%iolo t0 20 nm in size, cubic i%*ig%pﬁgma%rranges the particles neatly, and
processes them at low temperatures!



Production of ITO nanoink coating film
ITO Nanoink

Particle film
- L ] 3 9 5
ITO nenoparticles | 5ans| T
Sngao Coating

2023/6/20 MR FE R
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ITO particles were not obtained directly from the aqueous solution.

Gel format In3* initial conc.
el Tormation 0-25 mOI dm-3
< 0.50 mol dm= In(NO;),

Nucleation | <—8.0 mol dm- NaOH

<—100°C, 24 h
I

Hydrothermal synthesis

< 250°C,3h
Particle growth | < Centrifuge, washing
<— Freeze drying

\ 4

Uniform In(OH), fine particles

<— SnCl, (5% to In)
<— Thermal treatment at

ITO particles are
obtained by heat
treatment and
dehydration.

, 300° for 3h A O
Uniform ITO fine particles

ITO fine particles formation

Synthesis of ITO particles by Gel-Sol method and heat treatment
2023/6/20 WAL FERALE



Why can't aluminum oxide particles be formed by hydrolysis reaction from aqueous aluminum solution?

a) The energy barrier is too
Al(OH) high to overcome.

b) a-FeOOH is energetAicaIIy stable and
The production of hematite depends has a high activation energy barrier.
on intermediate products. = Dissolution rate is slow.
Fe(OH),

B-FeOOH

B-FeOOH is enérgetically unstable and
has a low activation energy barrier.

= Dissolution rate is high.
o- FezOs

028600 Limitations of synthesis of oxide particles by hydrolysis method 103
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Direct ITO nanoparticles synthesis

Particle synthesis using an autoclave

ITO powder
Ty Thermal treatment P
r -.:::t-\_;y_:‘;.h_“ "
By at 250 °C

Bk

=

\

Ethylene glycol solution

indium salts, tin salts, bases

2023/6/20 WAL FERUEEF



First direct
synthesis method
ITO nanoparticles

Since no gel was formed at the beginning,
aggregation could not be prevented and no
monodisperse particles were obtained.

2023/6/20
WAL F AL

10




Experimental |Direct synthesis of ITO

I 0.50 M InCl, &
0.050M SnCl, EG solution  [In3]; =0.25 M

1.0 ~ 2.0 M NaOH EG solution
(In®*:0OH=1:2~1:4)

NaOH did . Stirring for 15 min
not form a
thick gel. __ Put 10 ml of suspension to

Autoclave
------------ Aging at 200 ~ 250 C, ~ ddays

____________ Washed by EtOH and centrifuged
\? for 3 times

ITO nanoparticles
Therefore, the
sizes did not '
uniform. V‘

2023/6/20
WHF A RIER
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Solvent Effect

Solvent effect (In¥*:0H=1:3,250°C. 12 h)

DEG EG 80vol% +
H,O 20vol%

2023/6/20
WAL FERIEF




Solvent Effect

I Solvent effect (In¥*:0H =1:3,250°C.12hT&R)

InOOH
L . EG80vol% & Hy02
= A I n203 ,III Q
;": e o —— I N
=
z | | !@xed fﬁéi_
E
o
= ‘ | |0 H01-089-4595>10;
" |
‘ | || ™ #01-071-2283>InOOH
[ L L L i L i i L
| | | ® H01-076-1463-In(OH);
5 I I | . L s 4 L
' l ' | ' | ' | ' T - 1
20 30 40 50 60 70 80
208 [degree |

2023/6/20
WHF A RIER
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Crystalline radius (A )
150 (INOOH)

287

>1000




High resolution transmission electron microscope

T =250°C, In®: OH-=1:2,96 h
© HR-TEM FET

Grewing aleng the a, b, and ¢ axes

FT image =
Streak tin deping or oxygen defect
2023/6/20 Sin g e-crystal tal ITO n varticles surrounded _b/y \_/1@@) facet

| WRFERIEE )
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Practical synthesis
of ITO nanoparticles

This is the synthesis of particles for which sample
shipment started in 2012.

2023/6/20
MR F AL
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Experimental Procedure -Solvothermal synthesis; .

|
0.50 M InCl; &
Tetramethylammonium hydroxide 0.050 M SnCl, in Ethylene glycol (EG) solution
(UGBSt Stirred at 0 °C
(CH;),N-OH

1.5 M TMAH in EG solution

+ — TMAH]=1.5,2.0,2.5
_N*_oH (I ] )
Stirred for 15 min
Put 10 ml of suspension into
@ OH-ion resource autoclave

Aged at 250 °C, 0 ~ 96 h

Washed by EtOH, H,O and
centrifuged

Products
(Analysis: XRD, TEM)

We have realized a system that causes only homogeneous nucleation, not
heterogeneous one without any coagulation,

2023/6/20 MBI F SR 111
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Time dependence of particles growth g,

Reaction condition: TMAH 2.0 M, 250 °C

O O 11’1203

intensity /a.u
o
&
<
2
O
S5
(1)

)
N
=

20 /deg.

2023/6/20 g T R | = 112



Macroscopic change in particle synthesis,

Synthesis conditions.: TMAH (Base) 2.0 M, 250.9€ |

Initial solution yellow gel formation /'The particles are fixed |TO nanoparticles
in the gel network and

do not coagulate.

250 °C, 95 h

AN

(. . .
z Gel prevents particle coagulation

Control the concentration of ions
in solution = control of nucleation
end particle growth

J

Homogeneous
nucleation first,
no renucleation!

Gel formation conditions ITO nanoparticles
TMAH conc. 2.0, 2.5 M- - -O

TMAH conc. 1.5 M- - - X NaOH system - - X

2023/6/20 MALFERIEE



High resolution transmission electron microscepe
i

a
4

o
Lle ¢
)

2 (004

FT image =
- J Streak = tir

Single-crystal ITO nanopar

2023/6/20 MR F &R
114
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Large-scale synthesis of transparent conductive nanoparticles using a large-scale reactor

Mass synthesizer

\

Teflon inner cylinder Normal reactor capacity
(2000 mL) 72 (23 mL)
Amount synthesized : ~30 ¢ ~0.3 ¢

@ 100x scale of the lab
m=) Synthesis of ink-evaluable ITO nanoparticles

Temp. ~250 °C
ressure resistance : 100 bar

2023/



National project, METI & NEDO: Rare metal substitute material development project

ITO nanoparticles to ink

B ZYg0 surface Profile

+0.00400

20.0 40.0
Distance (um)

NEASVYER

it o
ITO nano-ink "

Cross-sectional photograph of Ink jet ejection of ITO ink
ITO ink coating film

ITO nano ink for inkjet application

* Uniform coating with a film < Haze 1% or less
thickness of 100 nm or less ¢ Resistance value ca 102 Q cm achieved
~* More than 90% transmittance D
2023/6/20 MRS REE




ITO substitute nano ink

ITO alternative materials are also resear
»AZO = Aluminum doped Zinc Oxide

»GZ0 = Gallium doped Zinc Oxide
»ATO = Antimony doped titanium oxide

WAL F & AL FE 2023/6/20
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Transparent conductive nanoink

» Remains transparent and conductive when
bent or folded

» A soft display Is realized!

» When you don't need it, you can roll it up
and put it away! 3 g

» |t can also be applied to future
solar cells!

WHFERALE






