Development of functional soft materials

on ice surfaces
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SUMMARY

(3 & 2 o B

Title

Development of functional soft materials on ice surfaces

Purpose and Necessity of R&D

O Limitation of conventional synthesis routes for two-dimensional porous

conductive materials in terms of structural control and process
complexity, and the need for their improvement

Development of a low-temperature, eco-friendly ice-surface-based
synthesis platform for two-dimensional porous conductive polymers

and its application to environmental and energy materials

III. Contents and Extent of R&D

O

O

Structural analysis and elucidation of hierarchical structure formation
mechanisms of ice-surface-based porous conductive polymer films
Elucidation of the growth mechanism of two-dimensional porous
conductive polymer films formed through the quasi-liquid layer and
multiple interactions among monomers, ice, and nanoparticles
Demonstration that PEG nanoparticle incorporation modulates
confinement effects, enabling control over polymer -crystallinity,

structural alignment, and hierarchical nanostructure formation

Utilization of porous conductive polymer films as environmental and
energy functional materials

Simultaneous achievement of high removal efficiencies (>90%) for
SARS-CoV-2 and heavy metal ions and excellent mass transport

properties based on large surface area and continuous charge/mass



transport pathways of porous conductive polymer films

- Realization of electronic and lithium-ion conductivity in
PEG-nanoparticle-embedded multifunctional PANI films and their
resulting enhancement of reaction kinetics and cycle stability applied

as interlayers in lithium—sulfur batteries

IV. R&D Results

O Establishment of a novel synthesis strategy for ice-surface-based
porous conductive polymer films
- Development of large-area, uniform two-dimensional porous
conductive polymer films using directionally frozen ice surfaces and
nanoparticles
- Construction of an environmentally friendly synthesis platform
enabling simultaneous removal of nanoparticles and solvents through
ice melting without additional chemical processes
O Investigation of electrochemical activity and crystalline characteristics
induced by porous structures
- Enhancement of current response and electrochemical activity derived
from increased effective surface area of porous conductive polymer
structures
- Systematic identification of the effects of pore formation and
nanoparticle  number ratios on crystalline structure and
electrochemical behavior
O Demonstration of filtration performance of porous conductive polymer
films
- Achievement of a maximum SARS-CoV-2 removal efficiency of 96.3%,
exceeding the performance of conventional filtration materials
- Simultaneous realization of high removal efficiencies (>90%, up to
98%) for Cd*" and Ni** ions and high water flux characteristics
O Dual charge transport and battery applications enabled by PEG
nanoparticle incorporation

- Establishment of a controllable methodology for simultaneous



electronic and ionic conductivity with tunable pore structures and
electrochemical properties depending on nanoparticle content

- Significant enhancement of lithium-ion diffusion, reaction kinetics, and
long-term cycling stability in lithium—sulfur batteries through

application as multifunctional binder/interlayer materials

V. Application Plans of R&D Results

O Establishment of ice-surface-based synthesis mechanisms and design

principles for two-dimensional conductive polymers

- Establishment of ice-surface-based synthesis mechanisms for
two-dimensional conductive polymers through control of water
molecule arrangement and surface chemistry, overcoming solvent
insolubility and morphology control limitations of conventional
conductive polymers

- Systematic elucidation of structure-property relationships between
nanostructure and electrochemical performance and derivation of
design guidelines for high-performance conductive polymer electrode
materials

O Scalability of eco-friendly processes and applications in energy

materials

- Suggestion of an environmentally benign synthesis process minimizing
hazardous solvents and by-products and demonstration of its
scalability and reproducibility for large-area fabrication based on
molecular-level mechanistic understanding

- Expansion of the applicability of two-dimensional conductive polymer
platforms to diverse functional polymer and energy material systems,
including supercapacitors and secondary battery electrodes, leveraging

high surface area and continuous conductive pathways
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A1 d =l 5%

O AW Eg-3t8t4 54 A7

- AdgxHolA ZRAe] g £ FHAY olFxE, & A4S H/D wdk ¥k
2 AdSxEH-F2 7 g 5 A (Ace. Chem. Res. 2005, 38, 893-900).

O g5 Ul 2sE &5 5EA4AT

- dgol THAE 5% A (sE w5 A4, pH W3k 33 wkE FE dA)d
e 2slE &5 5% o Wgt AR (Environ. Sci. Technol. 2010, 44,

4142-4148; Environ. Sci. Technol 2019, 53, 7355-7362).
O daolA dojut= st AA=E 19
- A4 93 eHdEAEET L9E4, T
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Mater. 2017, 329, 330-338; Environ. Sci. Technol. 2018, 52, 5378-5385).
O d&3tst 543 &8 A F4 A7 2 duA 24 &8 A+
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g 2 BYARAZ S8 (Angew. Chem. Int. Ed. 2015, 54, 10497-10501; ACS
Nano 2019, 13, 3953-3963).
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S dAEEE W (ACS Appl Mater. Interfaces 2020, 12, 24298-24307).
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—— Emeraldine salt

0.40 —— Emeraldine base + Li
j - .
o 035 =
3
c 030+
] polaron—=’ H
2 i m — polaron
o
o 025
e!
<

0.20 1

i T

200 300 400 500 600 700 800 900
wavelength (nm)

a9 6. A2 =3 % emeraldine salt form¥ 2] &F ©]2°] =3 3H emeraldine

base forme] A &HA-7pAFPH By ~HEH,

B aTde 99 EWA 2R T2 A4 TRAS FAE AL A
Hoz Qg wviel 54 BA 2 AEAE AR el nEAY Tz 24y
el AREAS APk cRA) ATE AP G obsh, ¥ AT Al
d T8 B AL 34 nEA bePRAZ A4 Y 22 28347 Askel
ZREHAS A /& AAER] g5 vlas A83Y S B g
4 o wut ohet AY FWAA Qg B3} Awe) AV TeAse FHS

2. A2 vto]Z 2 AA Y ANEHNY &8

COVID-19 #dg= S A7|2, ¥ A4S 100 nm =79 7]3& 7k o
a4 PANI YXAlE(pPN-10002 283 nlolg]lxa FHE 7teAde 1n2e9)
o]& 93, pPN-100S PTFE A h %’401 27 =21 blo]lg] s FEH AAE )

=

gte], SARS-CoV-2 Hlole] o] AR &S AFA oz st oy e #
Al glo] ARk o2 90% o] 49 E=e& AALEE YeUden, 05 bare] & 9
M= 96.3%9] =& AFE&S vEblth B8 pPN-1009] o3 Hee 7E
°] 100 nm 7]&& 7} ALOs AlEte 2 ZE]7tRdolE wrc 538 vl &
Atk (19 7(a) Yozl o3 & pPN-1002 =% W gk o g ol A Wl
7} #EE Qo) ol PANIS} SARS-CoV-2 Atole] AH74 Aazgor 93

WA A4S AN AL B AAEG e Famac (2 Tb)

11— T 1=



hydrophillic PTFE membrane
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PEDOTPSS ANEE d& "HZdold o= A %3} supercapacitor 242 283}
Ae. (ACS Nano 2021, 15, 8370-8382)

- 45 Z¥Y F=IA4FES Ud=-gdHE &8l T 989

ot o A E 2D PANIZ A 2F3F chemiresistive AA7F A-th7] FolA o+
BuelE 10 pptZhAl HEF Tbestd 54 AEAd-rEAdSs BIsil S

(Macromol. Rapid Commun. 2024, 45, 2400037)

d

o

O 23 A=A 9 wiolzjx HE/AA &E AL

- Az s wAsts] 48 dxmAld 9 vHEal, SARS-CoV-2 H
A wpel = AA BeS AAF. (). Mater. Chem. A, 2023, 11, 22178-22186)

- oA A T Yead WEYQlS o &d) nlelE s Z3 &HolA wholH &

AA 7VedE ARE. (Polymer Journal 2022, 54, 821-825)

RS MRRIG/EAAE sAl &&3] A5 AxE desd F
NS BHAoew, 3 Aristst 5A4E& yEhdl. (ACS Nano 2016, 10,
3702-3713)
- Polysaccharide 7|%F 25 viltl= &8s Li-S wigeo] A5 /a3 3
A FA &4 719 J3H dAT Az 7hsAEES ANE. (Communications

Materials 2025, 6, 17.)
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