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Imaging ice in vacuum

Ying Jiang Ma et al. Nature 577 (2020) 60.

Problem




Imaging_ice in antifreeze liquid

Bruker AFM for Amplitude-Modulation imaging (AM-AFM)
Dimension XR Icon NanoEC

Institute for Molecular Science

|lce flatten under octanol

N, vapor, -6°C 1-octanol, -9°C

frost pillars of 20 nm step of 0.1 nm

Yanagisawa et al., J. Chem. Phys. 161 (2024) 024702.



lce under short-chain alcohols

1-hexanol, -3°C 1-butanol, -6°C

steps of 100 nm irregularly shaped

Yanagisawa et al., J. Chem. Phys. 161 (2024) 024702.

Imaging_ice in liquid

Bruker AFM l :
(Dimension XR Icon NanoEC) step by 0.1 nm fros;gllrl]?nrs of

Ryo Yanagisawa et al., J. Chem. Phys. 161 (2024) 024702.

Featured by Physics Today and 30+ web sites
R REDIOCFEFERE (FHMTEFT)



sub-zero FM-AFMs

Shimadzu AFM, SPM-8100FM
IMS Kobe

Sub-zero FM-AFM on graphite

octanol on graphite decanol on graphite

Lu et al., Jpn. J. Appl. Phys. 64 (2025) 05SPO05.



FM-AFM Iin sub-zero octanol

1-octanol
adsorbed on graphite 1-octanol liquid over graphite

|200 nm

microscope: Shimadzu SPM-8100FM, cantilever: PPP-NCHAuD
Lu et al., Jpn. J. Appl. Phys. 64 (2025) 05SP05.
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1. Introduction

The gas barrier properties of packaging materials are
very important for food science field." The barrier to water
vapor and oxygen or their combination in the packaging
field can extends the shelf life of foods and improve their
quality.” Polyolefins (such as polyethylene and polypro-
pylene) are widely used in the food packaging field due to
mproved treatment, lower cost requirements, and higher
resistance to chemicals and harsh environments.” In gen-
eral, polyolefin films have excellent water vapor barrier
properties and low cost.’} Therefore, renewable and biode-
gradable biopolymers, which are environmentally friendly
materials, have long been ignored. This is mainly due to
the low cost of polyolefins and the low water resistance

ivian
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non-toxic, biocompatible and antigenic. It is also gradually
broken down by enzymes such as lysozyme in the human
body.” Nevertheless, chitosan has very good gas barrier
properties in dry conditions, but loses this property in high
relative humidity. The presence of water in chitosan affects
the way gas permeates are adsorbed and diffused.®™
Controlling the swelling of chitosan seemed very interest-
ing and several studies have dealt with this.!*'¥

This work was done to evaluate the gas barrier prop-
erties of chitosan/silica organic—inorganic gas barrier
membranes with cross-linked structures. The water vapor
transmission rate of the membrane was studied as a func-
tion of the amount of cross-linking agents (citric acid and
malic acid) and the molar amount of carboxyl group
(—COOH) in the cross-linker molecule. Oxygen perme-
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follows. Chitosan (0.32 g) was added to a mixture of HyO
(19.44 g) and CH,COOH (0.10 g). The mixture was stirred
for 1 day at room temperature, filtered, and then a mixture
of TMOS (033 g) and GPTMOS (0.13 g) was added at
room temperature. After stirring the mixture for 3h, a
cross-linking agent (CA: 0.32 g) was added to the mixture
and the mixture was stitred for 1h to give a homogene-
ous sol. A polyethylene terephthalate (PET) film with a
thickness 25 lum was used as the support for water vapor
transmission rate and a polypropylene (PP) film with a
thickness of 70 um was used as the supports for oxygen
permeation. The support was spun at a rate of 750 rpm for
30s, and 1ml of the sol was dropped onto the support.
Following the spin-coating procedure, the membranes was
heated in an electric oven at 338K for 12h to promote a

QT ROTTTRCTITIONY  POTROTUTSIOTITE  SIDIETITESTI ST MOy TR

Tsukubarikaseiki Co., Ltd.).!%

The pencil hardness test (load: 750 g) according to JIS
K-5600-3-4 was conducted to determiine the surface hard-
ness of the membranes.

3. Results and discussion

3.1 Water vapor transmission rates of the
membranes
Water vapor transmission rates of chitosan/silica or-
ganic—inorganic hybrid gas barrier membranes with cross-
linking agents (CA and MA) are shown in Fig. 1. The
water vapor transmission rates of the membranes were
lower than that of the PET sapport (24 g-m~2-day~1). The
water vapor fransmission rates of the membranes de-

solvent evaporation, hydrolysis and condensation. o
T 24 t
A A P PP IO R T S 'Y AU T o
e g nenen
Sample molar ratio Chitosan CA MA
TMOS GPTMOS H:0 CH;COOH (Wi %) (w %) (wt %)
CS 0 0
CAROD 80 —
CAQ0 90 —
CA100 100 —
CAll0 110 —
CA120 0.8 02 400 0.6 70 120 —
MARD — 84
MAQD — 94
MAT00 — 105
MATI10 — 115
MAT120 — 126

401



B Uy VS RO R O RS S S

CA (CAB0-120) were lower than those of the mcmbranes
with MA (MAB0-120). The CA and MA molecules differ
in the number of -COOH groups they contain. MA mole-
cules require reaction with all two —COOH groups to form
cross-linked structures, while CA molecules need only two
of the three -COOH groups. Therefore, the lower water
vapor transmission rates of the membranes containing CA
was thought to be due to higher probability of cross-
linking with CA molecule than with MA molecules.

3.2 Water vapor transmission rates (thick-
ness 25um) and oxygen permeability
coefficients of the membranes

For multi-layer membranes, the permeability coefficient

of the whole system, P and the permeability coefficient of
each layer, P, have the following equation.

L L, L . Ly

20
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Oxygen permeability coefficients of the chitosan/silica
organic—inorganic hybrid gas barrier layers were also cal-
culated by using Eq. (2). The calculated oxygen permea-
bility coefficients are shown in Fig. 3 with reported values
of PVDC, PET and PP. The oxygen permeability coeffi-
cient of CA100 and MAIL10 calculated from the perme-
ance and thickness were 6.0 x 107! and 9.3 x 1071?
mol-mm %5 1-Pa~!, respectively. This value was about
one-third and half of that of PVDC (1.7 x 10718
mol-m-m—=2-s71-Pa~! at 298 K), respectively. The PVDC
data is from the literature.!517 This value indicates that the
chitosan/silica organic—inorganic hybrid layer is effective
in suppressing the oxygen petmeation. The high gas bar-
tier property can be explained by the formation of a dense
structure during coating procedure. Therefore, the hybrid
layer could be applicable for oxygen bartier.

The water Vapor transmlssmn rate (thickness 25 )

Pl S v
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almost as calculated.

3.5 The pencil hardness, light transmittance

and flexibility test of the membranes

The other propetties of the prepared hybrid gas barrier
membrane (CA100 and MAILL0Q) were evaluated. The
pencil hardness of CA100 and MA110 indicated HB. This
value was higher than that of the PET substrate (B)
because calculated inorganic compound contents in the
membranes, CA100 and MAI110 was 26 and 25wt %,
respectively.

For the flexibility test (cylindrical mandrel: JIS K5600-
5-1), a 2mm diameter stainless rod was attached to the
membrane, bent 10 times along the rod circle, and then the
membrane surface was observed with optical microscope.
The membrane surfaces without cracks were observed.
This result means that the prepared membranes are flexi-

22

4. Conclusion

Chitosan/silica organic—inorganic hybrid gas bartier
membranes with cross-linked structure were successfully
prepared by the sol-gel method with cross-linking reaction.
Water vapor transmission rates of the hybrid membranes
were evaluated as the function of cross-linking agents (CA
and MA) content. The water vapor transmission rates
(thickness 25 Lim) and the oxygen permeability coefficient
were calculated from water vapor transmission rates, oxy-
gen permeances and thickness of the membranes. The
calculated values indicated that the hybrid layers had a high
barrier property. It was also investigated that the effect of
number of -COOH in cross-linking agent molecules on the
gas barrier properties of chitosan/silica organic—inorganic
hybrid gas barrier membranes. The results indicated that
number of -COOH in the molecules was effective for gas
barrier properties of the hybrid membranes and the hybrid
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Membrane Engineering Lab.

Introduction

lonic liquids (ILs) lon gel : Quasi-liquid solid material

* Non-volatility Promising material of high performance
* High CO, solubility CO, separation membrane

lon gel-based Thin Film Composite (TFC) membrane (Previous work)

g | ThigRIRS ioR gl !ag
;L e lon gel layer (600 nm) ,';OGSS:ETW
T -~ Gutter layer (PDMS) / c;_ 800 GPU
7 S g= CO,/N, selectivity
= ESESSSEEEs - sypport membrane ca. 15

TFC membrane with 600 nm thick ion gel layer
containing 80 wt% of [Emim][Tf,N]

Zhang, )., et al., J. Membr. Sci., 663, 5, 121032, 2022.

2 Membrane Engineering Lab.
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Challenge of previous work

Challenge
Improvement of the CO, separation performance of an ion gel-
based TFC membrane for practical application.

(e.g. CO, capture from coal-fired power plant, CO, permeance > 1000 GPU, CO,/N, > 20)
2 2 2 2
Merkel, T. C., et al., J. Membr. Sci., 359, 126-139, 2010.

Problem 1 : Gutter layer
Low CO, permeance (ca. 1500 GPU) Effect of gutter layer

Thinni
limited the performance of the TFC nning 1on ge! |a:§\
membrane with thin ion gel layer.

Problem 2 : lon gel
Insufficient CO, permeation performance
CO, permeability : 747.2 barrer
CO,/N,selectivity : 15

Improvement of the gutter layer and ion gel is needed.

3 Membrane Engineering Lab.

Topics

1. Fabrication of a gutter layer with high gas permeance

2. Development of tough ion gels with high CO, separation
performance

3. Development of ion gel-based TFC membrane with high
CO, permeance and CO,/N, permselectivity

4 Membrane Engineering Lab.
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Strategy to improve the poor CO, permeance
Polydimethylsiloxane (PDMS)

?Hs * High chemical stability
H/EO\Si OH * High mechanical strength

| 7 n * High thermal stability

CH,

PDMS is the most common material of gutter layers.

Crosslinking between precursors (Hydrosilylation)

A
Vinyl terminated PDMS (VT-PDMS) —]
Pt catalyst
PDMS-co-methylhydrosiloxane (PDMS-MHS) PDMS elastomer

Control the crosslinking density by changing VT-PDMS/PDMS-MHS ratio

5 Membrane Engineering Lab.

Experiment : Fabrication of PDMS gutter layer

Fabrication of PDMS thick film:Evaluation of crosslinking density and CO, permeability
Various VT-PDMS/PDMS-MHS ratio

Precursor solution N@u
(solvent : hexane) Immersion

4/'5\”“/\ 4.5cm ~ \i’;;% in water
5mm {@,\\ —) N> - —’? —
=7 \\I‘:,—f-

Remove

Gl lat = L.

Slass plate -~ | Cross-linking  sacrificial layer
Sacrificial layer % Drying PDMS thick film
Poly(Na 4-styrene sulfonate) at 120 °C (Thickness: 500 um)

Fabrication of PDMS thin film : Evaluation of CO, permeance

VT-PDMS/PDMS-MHS Immersion
PSS-Na aq. solution 2.0 mol/mol in water
% Heating
— — — —
120 °C
Plasma treatment Formation of Coating Detachment of PDMS/PTFE

of glass substrate  Sacrificial layer ~PDMS precursor PDMS membrane membrane

6 Membrane Engineering Lab.
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Control of the crosslinking density of PDMS

Young’s modulus

1000
900 E
800 E
700 E
600 E
500 E
400 E
300 E
200 E
100 E

Young's modulus (kPa)

0

Young’s modulus decreased and Swelling degree
increased with increasing VT-PDMS/PDMS-MHS.

=P Crosslinking degree of PDMS decreased.

Crosslinking density was successfully controlled
by changing VT-PDMS/PDMS-MHS ratio.

Swelling test (Solvent:hexane) i CO2 permeability

0 05 1 15 2

2.5
VT-PDMS/PDMS-MHS ratio (mol/mol)

4 -

Swelling degree (g/g)

0

3 f
2t

L

CO, permeability (barrer)

0 05

1

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
VT-PDMS/PDMS-MHS ratio (mol/mol) :
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

15 2 25

12000
10000 f
8000 [
6000 [
4000 F
2000 F

0

0

Qa”{}
Oo,xo'
00
@]
75
1
05 1 15 2 25

VT-PDMS/PDMS-MHS ratio (mol/mol)

Previous PDMS

CO; permeability

PDMS " 3800 barrer
Sylgard 184 ™ 3434 barrer
This work 10114 barrer

* Merkel, T. C. et al., Polym. Phys., 2000, 38, 415
** Fujikawa, S. et al., Chem. Lett., 2019, 48, 1351

1 barrer = 3.35 X 106 mol-m/(mZ2sPa)

PDMS with high CO, permeability was successfully fabricated.

7

Membrane Engineering Lab.

Thin PDMS membrane

CO2 permeance of the loosely crosslinked thin PDMS membrane

Thickness was controlled by changing PDMS concentration of precursor solution

* Experimental data was well correlated
with the theoretical line estimated
using the CO, permeability.

* Fujikawa, S. et al., Chem. Lett., 2019, 48, 1351.

The thin
defect-free.

PDMS membrane was

PDMS membrane with the thickness
of 1 um exhibited CO, permeance of

ca. 10000 GPU.

The CO, permeance is much higher
than conventional one.

The developed loosely crosslinked thin PDMS membrane could
be used as a high performance gutter layer.

Membrane Engineering Lab.
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Topics
1. Fabrication of a gutter layer with high gas permeance

2. Development of tough ion gels with high CO, separation
performance

3. Development of ion gel-based TFC membrane with high
CO, permeance and CO,/N, permselectivity

9 Membrane Engineering Lab.

lonic IIC]Uld [Emim][C(CN);] 1-ethyl-3-methylimidazolium tricyanomethanide
* High CO, permselectivity (CO,/N, =57 7)

, CHa
N
[» C(CN)3 * Good solute diffusivity due to relatively
N low viscosity.”

CHZCHs *Tomé, L. C., et al., Phys. Chem. Chem. Phys., 16, 17172-17182, 2014.
lon gel network pebax 1657 Poly(nylon 6-b-ethylene oxide)

e e . * PEO has good affinity with [Emim][C(CN),].”

Il 1} H Il
H°+CJVGWCSH‘°_”J@°_°+°”H‘_°%5+,1H * Polyamide brock forms semi-crystalline

Polyamide PEO structure in imidazolium-based IL.
** Hwang, Y., etal., RSCadv., 7, 51257-51263, 2017.

**% Li, M., et al., RSC Adv.,7, 6422-6431, 2017.

Formation of Pebax 1657 network in [Emim][C(CN);] could enable to
fabricate tough ion gel with high CO, separation performance.

10 Membrane Engineering Lab.
28



Preparation of Pebax ion gel

Pebax ion gel : Evaluation of CO, permeation property

= Pebax 1657 [Emim][C(CN),)]

I = - N
— > > r\\\ - - ﬁ
= - N <L
H,O/EtOH Mixing Mixing _ Drying
mixture 100°C, 2 h 25°C, 5min 30°C 12 h
under reflux ’ Pebax ion gel

Pebax ion gel-based TFC membrane : Evaluation of CO, separation performance

Drying
ﬁ
30°C,12h
Plasma treatment to Spin-coating )
PDMS gutter layer, 2 s 1000 rpm, 20 s Pebax ion gel/PDMS
FTC membrane
11 Membrane Engineering Lab.
CO, permeation property of Pebax ion gel
Effect of IL content Comparison with other membranes
1500 60 1000 ,— Robeson upper bound 2008
o C ] - = Robeson, L.M., J. Membr. SFi, 320,
o - ;] ‘; . c 390-400} 2008.
= - 71 30 &5 — -
s — 7 s 7
-n? 1000 ; o 1%_ '[I] -0 . 7@1} — 40 ;:)j % 100 3 /—This work
= - k ] P ®
® - _é—‘.' 6 1 30 E o . © O
v - ] S n S
£ 500 [ | 1 20 5 5‘“ 10 ¢ &
Q C ] ~ E
o C 1 10 & o - ng>8 R.\h-OtherIL-based
o . ] 3 © i o membrangs
O 0 T Y T T T A T T T Y M B A 0 (@] o o Viln
1 Ll uul il
50 60 70 80 90 0.1 10 1000 100000
IL content (wt%) CO, permeability (barrer)
v' CO, permeability monotonically increased. Even when the IL content is 60 wt%, the
v’ CO,/N, permselectivity kept constant. CO, separation performance is on the

upper bound.

Pebax ion gel has great potential as a high performance CO, separation membrane.

12 Membrane Engineering Lab.
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CO, separation performance of TFC membrane

Decreasing ion gel layer thic;mess

50
X TEC membrane TFC membrane composed of thin
Z40 L oo This work pebax ion gel layer and loosely cross-
> :\CKOO\Q\O\ linked PDMS gutter layer (This study)
£ r o)
230 [ ° o O IL content 60 wt%
ko =
3N 20 F \\3\ Previously developed ion gel-based
4 [ ® --._ TFC membrane
~ r o ~-~_
O 10 F TFC r_nembrane ] @ IL content 80 wt%
&) L Previous work
E Zhang, J., et al., J. Membr. Sci., 663, 121032, 2022.
O TN T T T N T T T T T T T T O T N N

0 200 400 600 800 1000
CO, permeance (GPU)

Relationship between CO,/N, permselectivity and CO, permeance of the Pebax ion
gel-based TFC membrane

Pebax ion gel-based TFC membrane has high CO, separation performance.

13 Membrane Engineering Lab.

Effect of temperature on the CO, separation performance

1800 ¢ 7 50 __ 50 ¢
1600 E © 3| 45 L 45 E Target zone
= = <—I (@] ] —_ > Merkel, T. C., et af., J. Membr. Sci.,
a 1400 F o i 40 - T 40 E 359, 126-139, 2010.
23 5 i 35 2 S 35 F 30 °C
© 1200 E = o 3 > a [ )
o F o) 13E 230 40 °C
€ 1000 E n : o 9 ®
8 800 i (@) E 25 E E 25 F 50°C
£ : " L 129 g20cE 60 °C
8 600 ,:—, n % 15 % ?—\‘ 15 E .70 °C
S 400 E - 1109 Z10¢ B oc
© 200 E = O 5
C ] (@) 3
O - 1 1 0 O [ TN T T N T T T T N T T T T N T T T 1
20 40 60 80 100 0 500 1000 1500 2000
Temperature (°C) CO, permeance (GPU)

CO, separation performance of the TFC membrane with 600 nm thick ion gel layer
containing 60 wt% [Emim][C(CN);]

The developed TFC membrane has the CO, separation performance
required for CO, capture from coal-fired power plant flue gas after
desulfurization process having the temperature of 50 °C.

14 Membrane Engineering Lab.
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lon gel-based TFC membrane with high CO, separation
performance was successfully developed.

* PDMS membrane with high gas permeance was
successfully fabricated by decreasing the cross-linking density.

* Pebax/[Emim][C(CN),] ion gel has high mechanical strength
and great CO, separation performance.

* Developed ion gel-based TFC membrane has the CO, separation
performance required for practical application.

15 Membrane Engineering Lab.
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Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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Characterization of drying process

A 4

Powder Mixing Mb'

m Electrode

® Drying rate
® Packing density

® Uniformity
® Clack formation
® Migration
® etc..

Stress evolution&

Evaporated mass Surface roughness&

Particle packing
Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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SMEIEME L2 —BRERER@MF KE, 2025.07.30

Multi Layer Ceramic Capacitor (MLCC)
R

v’ Electronic component used to stabilize voltage in electronic devices
v Sandwich structure of dielectric and inner electrode layers

v' Requirement for inner electrodes
® Smooth surface: to avoid short cur between electrodes.
® High packing density: to improve conductivity of electrodes

v Understanding the formation of surface structure and particle
packing during drying is essential

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory

SMETIEME L 2 —BRBEREMF RF, 2025.07.30

Objectives of this study

Displacement sensor
Slurry 2 Laser Electrode

scattering
o,

* The relationship between slurry internal structure and particulate
coating structure is always “black box”

» The simultaneous measurements of film shrinking and surface
roughness evolution has been conducted.

» Revealed the effect of binder on the internal structure of slurry
and particulate coatings

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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Materials of test slurries

Materials [wt%] | [vol%] Ni vol. fraction in NV: 68%
Particle | Ni (200 nm) 65 15 =>» Void §pace lr.Jetw.een Ni particle.s
NV can be filled with binder after drying
Binder EC or PVB 4 7
NV: Nonvolatile component

High b.p. 15 EC:E B: inyl B
Solvent g 78 C: Ethyl Cellulose, PVB: Poly Vinyl Butyral

Low b.p. 16

CH,0OC,H,

Random coil size of binder

Mw Polymerization | Kohn length | D (= wa/6/N) ©
[g/mol] Degree, N [-] b, [nm] [nm]
EC |4.4x10* 220 10 (Cellulose) 120 n
PVB | 2.3x 10 160 1 (PVA) 10.2 EC: Ethyl Cellulose

PVB . CHZ—CIH—CHE—ClH
s ® L P O\ /O
s = . ® cH
* » » CsH; n
® PVB: Poly Vinyl Butyral
3
L ]

ymoda All Rights Reserved. Transport Science and Engineering Laboratory

SMETIEME L 2 —BRBEREMF RF, 2025.07.30 @

Rheological characterization of test slurries

Complete dispersion viscosity -Quemada Eq.-

Nslurry _ (1 _ @ >_2
Nsol ¢@m(= 0.64)

1v v v v

Shear rate, 7[s ]
v' Significant shear-thinning implies
the destruction of Ni aggregates

v Niaggregates in PVB slurry can be completely
dispersed at 103 s’ and the aggregated structure is quickly reconstructed

Ni aggregates in EC slurry remained under shear flow and slowly recovered
after shearing

ymoda All Rights Reserved. Transport Science and Engineering Laboratory
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Internal structure of EC and PVB slurries

O Niparticle Solvent @~ EC < PVB
EC slurry PVB slurry
63822
S O OOQOQQ
9 0g.00
0000000
90, 5000
EXGXN®
O+ o
Dispersion state of Ni particles
EC slurry Inter-conne.ctmg structure b}: bridging f'I’occuIatlon
(Binder works as a “flocculant”)
PVB slurry Can be \{\/ell dispersed by”sh'ear defot’matlon
(Binder works as a “dispersant”)
ymoda All Rights Reserved. Transport Science and Engineering Laboratory -

SMETIEME L 2 —BRBEREMF RF, 2025.07.30

Experimental setup for coated slurry

Temperature and humidity
controlled air supplier
(25 °C & RH 40%)

/

Plate heater

(80 °C)
\ — Slide glass
Ad = =5 um
Coating gap 180 pm \
Wet thickness 90-110 um
Coating speed 30 mm/s )
Coating area 14 mm x 75 mm Applicator

la All Rights Reserved. Transport Science and Engineering Laboratory
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Characterization of drying process
1. Thickness change

_________ AN Confocal laser displacement sensor
——————————— : =>» How does the coated film shrink
% with the evaporation of the solvent

2. Structural change at the surface
» Laser scattering at the surface
=» How does the surface structure

Before drying After drying change with solvent evaporation

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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Analysis of laser scattering pattern

TN

[o]0]
C
=
=)
Gaussian fitting LU 1200
Lyeak (x — pn)? Pixel [-]
I s —— |+
) mae"p< 202 )t

* Peak brightness, [,¢,y, reflects the local
refractive index corresponding to local
composition at the drying surface.

» Standard deviation, o, related to the surface \%i ?/ Drying front

roughness and is used for nano-meter order : _
accurate surface roughness measurement. T e

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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Shrinkage of EC and PVB slurries

byoia = 0.33

dn-
Pvoia =1 — 0d¢NV @

(===

byoid = 0.214_____ :

* Two constant drying rate periods correspond to the evaporation

of high and low b.p. components

* Binder does not affect the drying rate.

e ECslurry produced less packed film after drying

* ONLY for PVB slurry, the falling drying rate was observed during

drying of the low b.p. component

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory

SMETIEME L 2 —BRBEREMF RF, 2025.07.30

Particle concentration at the surface

v The steady brightness
increase in the coated EC
slurry before drying front
invasion suggests uniform
concentration in this stage.

v" The constant brightness of coated
PVB slurry implies that Ni particles
were evenly distributed at the
surface while evaporating low b.p.
solvent.

l_ Drying front invasion

v" No significant difference after the
invasion of the drying front into
particle particle-packed layer

v’ Large brightness of EC slurry indicates
a higher packing density at the surface

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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SMEIEME L2 —BRERER@MF KE, 2025.07.30

Surface roughness evolution

v Roughness begins
increasing during the
2nd constant drying
rate period.

v' EC slurry showed a
moderate roughness
increase and reached _/"—>
the final state at the
drying front invasion. v

v’ PVB slurry exhibited a
pronounce roughness _
increase as the drying
front advanced.

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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Difference in particle packing process
A

A: Initial state

B: 2nd constant drying rate period
C: Drying front invasion

D: End of particle packing

B

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory
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SMEIEME L2 —BRERER@MF KE, 2025.07.30

Effect of binder on the drying process @

Rheology:

Internal structure of slurry

Thickness:
Particles packing

Brightness:
Surface concentration

Standard deviation:
Surface roughness

Inter-connecting structure

¢voia = 0.33

Locally concentrated until
the drying front invasion

Roughness increased with
particle concentration

Uniform dispersion

®yoia = 0.21
—> Drying rate reduction

No concentration in the 1st
constant drying rate period

Roughness increase after
the drying front invasion

® What happens in the drying process of coated Ni slurries

v During the constant drying rate period, well-dispersed slurry concentrates uniformly,
enhancing packing density. The onset of the falling drying rate period signals this
densification.

v’ As particles become tightly packed, lateral capillary forces emerge, promoting
particle aggregation and increasing surface roughness.

Copyright 2025 Y. Komoda All Rights Reserved. Transport Science and Engineering Laboratory

SMETIEME L 2 —BRBEREMF RF, 2025.07.30

Conclusions

v’ In-situ observations revealed that Ni particle slurries with differing internal
structures produced distinct surface morphologies and packing densities.

® EC binder promoted inter-particle connections, inducing gel-like
rheology that limited particle mobility. This led to surface accumulation,
forming a flat but porous layer.

® PVB binder enabled better dispersion and uniform condensation,
resulting in higher packing density. However, strong capillary forces
during drying caused the surface to become rough.

v’ Effective dispersion enhances packing density. Once loosely packed, binder-
induced immobilization helps minimize surface roughness during drying.

EC slurry PVB slurry

Sa=73.7nm Sa=120.3 nm
L—F—HBHEDER Acknowledgement
Ms. Miyauchi, Mr. Nakaki
___100um _ 100pm Sumitomo Metal Mining

< > < 1
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1. R FHOoRIBREE (F2T1 v 7. XA T4 v 18)
BRDAAIT14v7H-TF% ¥ ) TBHE (~0.1 cm?Vs) FET ~DOcH
FRT4v I, ALRTV Y I - RABRRENARTF. ARERLRTF

T, 25O O O

CsH7 “CiH,
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BEBEBAED/NILYILEREBE AR — Beyond Shockley-Quiesser Limit
BEETORMER > BRMBICLHIATER

Anode\
h
Internal €——
Internal <_H0MO Electric
Electric V°c= 0-5 ~ 0-8 V Field V. =P d/€> E
Field /. b-¢-A oc r 9
fitkDp-niESIC L B KEEM BEBHONENIER

NI SR RN L, e iy & o) |
G EE

P, =20 nC/cm?
n~0.5% (I <5 nAlcm?)

kRN PVF
V.~ 104V
n~0.25% (1< 0.1 nA/cm?)
H. Sasabe et al, Polym. J., 13, 967-973 (1981).

A. Sugita, K. Suzuki, S. Tasaka, Phys.
Rev. B, 2004, 69, 212201.
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«— 500 . Photocurrent(posilivelypolarized)‘
E 400
g 300 :
> ~
2 V,.,~1.2V
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& .
E o .
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200 b—L = A S - - 70 ° C (M* phase) cooling under a DC bias
Applied Voltage (V) (Polarized M* phase)

EREEMMT., SmA*EL 5MHE~HH
> SMEFE - BERE
M. Funahashi, Mater. Chem. Front., 5, 8265-8274 (2021).
== == e 14 *
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