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1.Self-introduction — Applied physical chemistry

- Electrochemistry and its applications
- Fluid dynamics and Electrochemistry

2. Motivation for main topic — Nanoparticles

- What is nanoparticles ?
- Objective of this research

3. Strategy for process optimization

- Fundamental concept
- Strategies for process optimization



<< Introduction of Applied Physical Chemistry lab. >

~ Our research topic

\
- Development of new devices using Electrochemistry
- Elucidation of phenomena in Electrochemistry
. J
Device Development
~ Recording media — Solar cells ~ ~ Thermoelectric conversion —~

‘ Electricity

Conversion

ﬁ!”nano- Electro-
ar deposited
Sarser oo L a”ay/ N Bi,Te,
- | / _

* H. P. Nguyen et al, Electrochimica Acta 68, 9-12 (2012). 1



<< Introduction of Applied Physical Chemistry lab. >

~ Our research topic

~\
-Development of new devices using Electrochemistry
- Elucidation of phenomena in Electrochemistry
g J
Phenomena Understanding
e Spectroscopic analysis N Theoretical e:?alyas ~
Hypophosphite Hydrazine g x\
Mixture NG HPCHOPHM/A """""""
“ O\/\ Dehydrogenation
L —> H
pap Cu surface O
Designed
A
k / k non Reaction barrier = +18.77 kJ/mol /
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<< Electrochemistry >

Electrochemistry

Subject of Reduction/Oxidation (Redox) reaction
occurring at (Solid-Liquid) Interface

[Redox reaction/]

— External power source controls the reaction behavior

[Reaction at Interface]

—> State of interface should be well understood

— Both reaction at the interface and
transport toward the interface should be well considered

\

Fluid Dynamics enormously contribute to Electrochemistry
3




<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry

Diffusion = Reaction at electrode

T

| Electrode

Diffusion behavior of reactant determines
the rate of electrochemical phenomena



<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry

Diffusion

T

| Electrode

How to control the diffusion behavior ??



<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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<< How to use Fluid Dynamics in Electrochemistry ? >

Fluid Dynamics provide the method to control
transport behavior of reactants in electrochemistry
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Fluid Dynamic solution controls the rate of electrochemical reaction

T. von Karman, Z. Angew. Math. Mech., 1, 233 (1921).
W. G. Cochran, Proc. Cambridge Philos. Soc., 30, 364 (1934).,
V. G. Levich, “Physicochemical Hydrodynamics”, Prentice-Hall, Englewood Cliffs, NJ (1962). 4




<< Electrochemistrz >

Electrochemistry

Subject of Reduction/Oxidation (Redox) reaction
occurring at (Solid-Liquid) Interface

Fluid Dynamics enormously contribute to Electrochemistry

Using Fluid Dynamics efficiently

.

Building finer electrochemical processes



Outline

2. Motivation for main topic — Nanoparticles

- What is nanoparticles ?
- Objective of this research



<< Nanoparticle >

Nanoparticle ==+ Nano-size structure with diameter 1 — 10, 100 nm,
which shows totally different characteristics from bulk structure

Application === Electronic devices, Medical systems, Cosmetics, etc.

16?% 20 nm

20 nm



<< Which factor should be controlled ?? >

I . Size (diameter) and its distribution
— Minimizing the distribution of size

II. Crystallinity

— Customizing
crystallinity

. Composition

— Customizing
composition




<< How to control these factors ?7? >

I . Size (diameter) and its distribution

— Providing simultaneous nucleation
and nuclear growth with same speed

II. Crystallinity

— Providing stable
and calm nuclear growth

. Composition
— Optimizing reactant composition




<< How to control these factors ?7?
S ———
I . Size (diameter) and its distribution

— Providing simultaneous nucleation
and nuclear growth with same speed

II. Crystallinity

— Providing stable
and calm nuclear growth 1

Focused !!

\_

1. Composition
— Optimizing reactant composition




4 Overview of the research topic >>

Directionalities

<§z§ Using micro-reactor (2 inlets/ 1 outlet)

T-shaped Y-shaped
N outlet outlet
inlet \/\ inlit\/d’ ( \/\
N N

% Using optimized flow and reaction

in the reactor
Target

Ei} Co (Cobalt) nanoparticles for

magnetic recording media 9



<< Fundamental concept of the process >

Creating particle by Redox reaction in T-shaped reactor

10



<« Fundamental concept of the process >

Creating particle by Redox reaction in T-shaped reactor

[ ) T—
!

]

i & Metal ion: CoSO,
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<

Fundamental concept of the process }

Creating particle by Redox reaction in T-shaped reactor

Meta

!

% H,PO, + 20H" > H PO, + H,0 + 2e-

]

Co’*+2e - Co,,, 2 Co

particle

<Redox reaction and nucleation>

lon: CoSO,
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<« Fundamental concept of the process >

Creating particle by Redox reaction in T-shaped reactor

!

e
]

Metal ion: CoSO,
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<« Fundamental concept of the process

Creating particle by Redox reaction in T-shaped reactor

!
e —
0

<Redox reaction and particle growth>

Metal ion: CoSO,
10



<« Fundamental concept of the process

Creating particle by Redox reaction in T-shaped reactor

!
W ——
0

<Redox reaction and particle growth>

Metal ion: CoSO,
10



<« Fundamental concept of the process

Creating particle by Redox reaction in T-shaped reactor

!
W ———
0

<Redox reaction and particle growth>

Metal ion: CoSO,
10



<

Fundamental concept of the process }

Creating particle by Redox reaction in T-shaped reactor

Meta

%@@@

lon: CoSO,

<Redox reaction and nucleation>

<Redox reaction and particle growth>
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<< Fundamental concept of the process >

. Factors we trying to control and the way to control ==========-, ‘
I . Size (diameter) and its distribution :

— Providing simultaneous nucleation
and nuclear growth with same speed

II. Crystallinity
— Providing stable

* *
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Parts we should design

H,PO,-

For Factor I

growth part
V\( | J\/\

nucleation part i

For Factor II

CoSO,
11



Outline

3. Strategy for process optimization

- Fundamental concept
- Strategies for process optimization



4 Strategy No. 1 >>

+ How to bring together
two solutions ?

Inject solutions with moderate Re,

enerating “vortex” around contact part
g

12



<< A few flow types at the junction part >

Small
A
Laminar flow (Re=1)
Re
Vortex flow (Re=100)
\ 4
Large

Engulfment flow (Re=200)

D. Bothe et al., Chem. Eng. Sci., 66, 6424 (2011).
S. Dreher et al., Heat Trans. Eng., 30, 91 (2009)., 13



<< Merit of “vortex flow”

outlet Moderate Re,
generating “vortex flow”

I bt
o / o
. . g g
inlet Yy
. _L'__‘__-__—_—_..__ s
L]
- o
n
|

Reaction field is concentrated

inlet
into the center of channel
Cross-
sectional
\ vortex Concentrated
reaction field
% &

. —> <
Metallon_lt_) e
CoSo, '"M¢t — < inle

—> <«
—> <«—
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<< Merit of “vortex flow”

Nucleation

( <1> Redox reaction

H,PO, + 20H" + Co?*

<2> Aggregation

\ n COatom 2 Coparticle

- H;PO, + H,O + Co_,,

N

Reaction field for Redox reaction

is concentrated

: 1

Efficient and simultaneous
nucleation is realized

vortex Concentrated
(\/ reaction field
<l ) ( >
ndfaRl fam) b=
\ > < J
. ~ A s - H
inlet S ) N (\( . ) inlet
SO OOl <
—& J . N J

15



4 Strategy No. 2 >

H,PO,-

;Eﬁ( How to provide stable
SIS and calm growth ?
—

Inject solutions with adequate Re and
surface modification for the channel wall,

generating “symmetric laminar” flow




<< Merit of moderate Re >

Flow transition of vortex flow In reactor

N

j Laminar Capable to provide

flow stable and calm
==~~~ ___ 7.7~ Vortex narticle growth
& ~ disappearing
Vortex l
flow Vortex flow system is helpful
for both nucleation and growth
But...

17



< Vortex flow system can really provide stable field ?7? >

Asymmetric laminar flow

Growth step part in micro channel

AN
4 N

CoSO, solution

18



< Vortex flow system can really provide stable field ?7? >

Asymmetric laminar flow

Growth step part in micro channel
AL

4 A

CoSO, solution

Additional force (vertical to the wall

disturbing particle trajectory works for growing particle

v
Not stable

S. Fukuoka et al., ZAFZRHXFHEZLE, 295, 31 (1980).4g



< Vortex flow system can really provide stable field ?7? >

Symmetric laminar flow

Growth step part in micro channel

AN
4 N

CoSO, solution

18



< Vortex flow system can really provide stable field ?7? >

Symmetric laminar flow

Growth step part in micro channel
AL

4 A

CoSO, solution

: 1

Growing field becomes stable

Adequate Re of solution and surface modification needed
18



< Vortex flow system can really provide stable field ?7? >

Symmetric laminar flow

Growth step part in micro channel
AL

4 A

CoSO, solution

Details about the particle movement :
' should be analyzed by Euler/Lagrange equation

18



4 Strategy No. 3 >

How to deal with

] L .

%fﬁ E— :>) additional nucleation

il in the growth step ?
T

Adding “sulfuric additives”,

promoting surface reaction of reductant

19



<< Effect of sulfuric additive >

o r Effect of Thiourea

& on the redox reaction of H,PO,~ and Co?*
S cef on Co surface

7p] E

— o |

s o]

=4 HoN_ NH;
o | ¢ \ ./

= E C

S

o |

©

: S

g Reaction rate increases Thlourea

:j) | \G\XH—C_AA

@)

©

DG:) Q i t o

0 0.2 0.4 a.e 08 1.0 1.2 l.4
>

Added amount of additive (thiourea mg/L)

A little amount of Thiourea promote redox reaction on metal surface
J. Kivel et al., J. Electrochem. Soc., 112, 1201 (1965)., oq




<< Theoretical understanding of additive effect >

Analysis of the effect of additives
on metal (Ni) surface,

using Quantum Chemistry (QM)
simulation technique

HY = E¥

Solving Schrddinger eq.
for electrons of the system

21



<< Theoretical understanding of additive effect >

Accelerating mechanism of thiourea

Thiourea adsorbs on metal surface

SEEe

(sulfuric additive)

Electron moves,
interacting with S atom of thiourea

22



<< Theoretical understanding of additive effect >

Accelerating mechanism of thiourea

V\ Neighbor part becomes positive
+ 4+ + after the electron move

e e €

22



<< Theoretical understanding of additive effect >

Accelerating mechanism of thiourea

||
Promoted ,
' Adsorption of
anion reductant, H,PO,,
+ + + is enhanced by additive

22



<< Theoretical understanding of additive effect >

Reaction of H,PO,

a8 2T

H,PO, + 20H >
H,PO, + H,O + 2¢
N Y

is promoted by additive

On Metal >> In Solution

: 1

Suppress new nucleation
in the growth step part

22



Strategy No. 4 }

How to analyze
E— :>) the flow state and
the reaction behavior ?

—~———

Using

“CFD simulation” and “QM simulation”

23



4 Quantum Mechanics (QM) simulation >

Capability of QM simulation
r QM D

~ * Potential energy

= Vibration behavior
Solving Schrodinger eq.

* Polarization etc....
of one chemical system

- <

+ Statistic Thermodynamics
" Entropy

S=kInW = Enthalpy

* Gibbs’ Free Energy

+ Activated Complex Theory

K =Bexp(—4G, /RT)  -Rate constant of reaction
\_ y,
Capable to evaluate reactivity, reaction rate, physical stability




4 Concept of methodology >

Analysis system of the research

. . Synthesis/
2 Simulation 4 Measurement ~ \
~— CFD ~N — Microchannel —
Guideline |
N y, - )
~ QM N ~ SEM, TEM, etc.,,, —
Feedback
. ’ . 7

25



<< Actual process >

Nanoparticle synthesis using Y-shaped reactor

100 um

26



<< Nanoparticle synthesis using Y-shaped reactor >

B Description of micro-reactor system

Pump

Micro-reactor

27



<

[ CoPt nanoparticle ]

— Pt(220)
— Pt(111)

—— CoPt(110)

Tentative results >

— Pt(200)
20 nm — Pt(311)
Aggregation of particles and size distribution are observed
. . Synthesis/
~— Simulation —__~ Measurement
( Vf —~ CFD —————————— C_Microcha?hgl—\ -\
More precise control = [ "
using strategies shown N J - )
. . . . ~~ Quantum chemistry ~ — SEM, TEM, etc.,,, ™\
in this presentation is needed -
\ Feedback _ J
\> J - - /28




<< Summary >

Objective

Control of {Size and its distribution} of Nanoparticles
Crystallinity

Methodology

L Redox reaction in T or Y-shaped micro-reactor

Strategies
Simulations - Synthesis/Measurement

¥

Moderate Re, Modified surface, Designed additive
2

(i) Vortex flow (at junction part)
(ii)) Symmetric Laminar flow (at channel part)
X (iii) Promoted Redox reaction on the particle surface

29
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Discussion with Prof. Dr. Dieter Bothe
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