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Cellulose nanofiber nanocomposite
for flexible and wireless electronics
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KIMS (Korea Institute of Materials Science) 2

Purpose of Establishment

I B
nst National Research Council ~ To support national research projects and policies and lead the development of the knowledge
of Science & Technology i qystry through supporting, fostering, and systematically managing Government-funded Research
Institutes (hereinafter, "GRIs") in the field of science and technology

Government-funded Research Institutes (GRIs) under the NST

We would like to introduce our 25 research instites
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KIMS (Korea Institute of Materials Science)

Localized manufacturing
technology for the turbocharger blade

Developed localized
metal bearings for automobiles

Developed amorphous
magnetic cores with
the quenching method

Developed manufacturing
technology for Bi-based high-
temperature superconducting wire

Developed sponge titanium
mass production technology

Developed horizontal
continuous casting technology for-
magnesium alloy billets

Developed wind turbine blade
performance test technology

Developed next-generation, high
corrosion-resistant, flame-retardant
magnesiumalloy

Developed newand advanced
technology for the commercialization
of nanostructured ultra-high-strength
titanjum and titanium alloys

Developed high-
sensitiiy flexible metal

Developed multi-material cerarmic
3D printing technology

Developed simultaneous
enhancing technology for precipitation-type
alloy's strength, ductilt, and conductivty by

interfacial control

Nano Conference 2023

Developedthe VTR
Head Drum

Developed constant velocityjoints for
front-wheel-drive vehicles through
precise forging

Developed azirconiawatch case

Developed manufacturing
technology for chromium copper
contact plates

Developed explosion-proof
coating technology for the inner surface
of long-axis high-pressure cylinders

Developed turbine
blades forgas turbines

Developed thin-film aluminum electrode
manufacturing technology using
the wet process

Developed linearion beam source and
process technology for wide surface
treatments

Developed ceramic coating technology
foralarge area using aerosol
depostion

Developed hydrogen-free high-
strength DLC coating process
technology

Developed ultrasensitive sensing
materials for molecular
identification

KIMS MgO Heat-Dissipating Material
with High Thermal Conductity
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As a government funded research institute, our objective at KIMS is to
comprehensively facilitate R&D, test and evaluation and provide technical
support related to materials technology in order to promote innovative
technology and industrial development.






Cellulose |

Cellulose nanomaterials at KIMS

| -Lumber
/ 7 -Cotton
a ~ . -lyocell
Cellulose I\llanoFibers Cellulose NanoCrystals VIFC

s -TOCNF
-CNC

MFC TOCNF

Morpholgy

Uneven width of 10-2000 nm forming  Uniform width 3~5 nm, several um in Uneven width of 5-10 nm, < 300 hm
bundles length in length

Energy consumption in nano-conversion

<700~1400 MJ kg <7 MJ kg1 <7 MJ kg'!

- Fabrication of MFC, TOCNF by using pulp, cotton, and lyocell
- CNC fabrication by using cotton

Nano Conference 2023




KIMS CNF -

Sodium glucuronosyl unit

COOH COONa

0 _ 0
o Kon pH 8-10.5 on
N-Hydroxy-TEMPO A o
OH oH
_ NaOH
NaBrO N—OH 20 NaCIo
NaBrO
CHO
o
N—0e oH
0,
TEMPO
oH
NaBr
+N=0

CH,OH

o
TEMPO* OH
0,

OH
Glucosyl unit

wwwwwwwwwwwwww

TEMPO-mediated oxidation
R-CH,OH + 2NaCIO + NaOH ——————————————> R-COONa + 2NaCl + 2 H,0

Current Opinion in Green and Sustainable Chemistry 2018, 12:15-21 TEM image Zeta pOtentia| reSUIt

Several mm scale fiber

« TEMPO catalyst is introduced to produce TOCNF through electrostatic repulsive force through
substitution of COO- functional groups on the surface of CNF
« Manufacture CNF by the high-pressure homogenizer equipment

« Similar CNF morphology to other references
« Width : 5 nm, length : several um

« Zeta potential : -56 + 4.6 mV, Stably dispersed state

Nano Conference 2023 8




KIMS CNF E

CNF dispersion concentration control and aerogel fabrication

8 % CNF dispersion 1% dispersion and aerogel for composite

* High concentration dispersion for nanocomposite applications

» Aerogel or sponge for resin infusion process

Nano Conference 2023 9
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Tracing the fibrillation of cellulose

Scheme of nanofibrillation by ultrasonication and homogenizer
/ Sonication time & Surface charge density control \
HIUS o e,
probe (==
;' '-. g X
“. :
‘e ‘e aan® »*
TOCNF TEIinPOd-meltlllalted Optimized
\ suspension oxidized cellulose nanofibrillation /
(
s{
Ao,

Ref: Cellulose, https://doi.org/10.1007/s10570-020-03410-4, 2020, T.Park
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https://doi.org/10.1007/s10570-020-03410-4

anofibrillation of cellulose

Nanofibrillation process

Ref: Cellulose, https://doi.org/10.1007/s10570-020-03410-4, 2020, T Park.
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Morphology and rheological property of CNF % |
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Fig. TEM images

mmol/g and (c)
charge densities.
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of TOCNF nanofibrillated using (a, b) high-intensity
ultrasonication with surface charge density of (a) 0.879 and (b) 1.24

high-pressure homogenizer with different surface

Fig. Oscillatory strain sweep measurement for 0.5 %

Shear Strain (%)

Shear Strain (%)

TOCNF

suspensions disintegrated by (a-c) HIUS and (d) high-pressure
homogenizer with different surface charge densities

12




Degree of nanofibrillation prediction method

Development of modeling that traces back the fibrillation process from the perspective of rheology

(a) 10",
Table 1 Average width of TOCNF with different nanofibrillation methods and surface charge densities 3 A
Surface charge density (mmol/g cellulose) Nanofibrillation method Fibrillation time (s) Avg. width (nm) SD (nm) ~ 1001 7* —= P— ———
© E e [ ]
0.659 HIUS 120 - 9‘(; *
180 - S 107 - )
360 4.24 0.98 % ] -
600 3.93 0.98 % 1=
High-pressure homogenizer  — 3.86 0.93 p 10'2-:
0.879 HIUS 120 5.46 1.37 1 = 0,658 mmolig|
180 4.34 1.51 P 124 ool |
360 4.13 1.02 102
600 3.82 1.07 Sonication time (s)
High-pressure homogenizer — 3.84 1.10
1.24 HIUS 30 8.23 4.33 (b) 10— —sssrmmors
60 5.48 1.39 2 2ammols.
90 2.88 0.71 8
120 3.04 0.80 g
High-pressure homogenizer — 3.20 0.67 a 6 -
(O]
..(7; A
o 4 |
. o . . . . Q_)
- Yield stress of 0.5 % TOCNF suspensions versus (a) sonication treatment time and (b) average < , L.,
width of the nanofibers as a function of surface charge densities. Solid lines indicate the yield e -
stresses of TOCNF suspensions individualized using high-pressure homogenizer with different os : T . o
surface charge densities. (red: 0.659, blue: 0.879, and black: 1.24 mmol/g) Width (hm)
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CNF for sensor application

Nano Conference 2023

https://setaliste.com.mk

UV Index Map of North America

The following map of North America includes the regions surrounding Vancouver and shows the maximum UV index for

today, 12 May. Inconsistencies with the data represented are very possible as our primary UV index reading factors in
local hourly cloud cover. Source: Weather Online

S
E A
gHAy .

o<

https://'www.uvindex.app/vancouver
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CNF for sensor application

Air pollution (ozone depletion)

Ultraviolet (UV) light exposure on earth increase

Causes harmful diseases (sunburn, skin cancer, cataracts)

hd

Demands for evaluating the intensity of UV in day life

16
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CNF for sensor application

UV lamp applications

POPVIVA

Positive Resist
Negative Resist

-

Wafer (with Photoresist)

Nano Conference 2023
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CNF for sensor application

GLOBAL UV SENSOR MARKET

I
@

KEY TREND MARKET DRIVER MARKET DRIVER FORECAST
Use of UV sensors Growing efficiency High adoption of
in wearables. in automotive smartphones and

segment' tablets gl°ba“y. g'ququa\ %c;‘wll; :JIiMSCELERAE Growth Contriouted by

07 Quw

18
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CNF for sensor application

Research goal (suggested)

magnet for fixing

wearable UV sensor

FPCB and electrodes

conductive paste

Nano Conference 2023 19




ZnO nanomaterials for sensing

ZnO nanostructure for UV-sensing material

| um

An environmentally friendly semiconductor

Band gap of 3.35 eV

Various synthetic methods, diverse processing technologies
Operating at high temperatures and in harsh environments.

PWONR

Nanostructure®™ Large surface area ™ High sensitivity

Nano Conference 2023 20
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ZnO nanomaterials for sensing N

UV sensing mechanism of ZnO devices

= Oxygen molecules are adsorbed onto ZnO surfaces by
capturing free electrons which creates a low-conductivity
depletion layer

_[02(~g)-!- e - 02'_(ad)]

0:

;- 07 Oy 0:- O~ o, g

o = Upon UV illumination, hole discharge the negatively
Suvn'ght

charged adsorbed oxygen ions to photodesorb oxygen from
the surfaces or effectively get trapped at the ZnO surfaces,
resulting in an increase in the free carrier concentration

0 o\

[h*+ O0,"— 0,(g)]

Objectives

To synthesize ZnO nanorods by solution-processing method with
controlling the length of them to understand the affects of the length of
ZnO nanorods on ZnO nanorods based UV sensors.

Nano Conference 2023 21




Research results

Zinc
precursor

4

Base
material

Seeding Step Growth Step

High Different

concentration concentration

- ) & )
tow o) )
>

concentration -, 9

—

Nano Conference 2023

ZnO NRs synthesis by controlling the
concentration of zinc precursors in the
seeding and growth processes, respectively.

FE-SEM images of ZnO nanomaterials
synthesized from different Zinc precursor
concentrations of the growth reactions. (a) 0.5M,
(b) 1M, (c) 2M, and (d) 3M concentration (Scale
bar = 1 um). Enlarged images (50,000x
magnification) of the ZnO products (e) 0.5M, (f)
1M, (g) 2M, and (h) 3M respectively (Scale bar =
200 nm).



Research results

TEM images of ZnO nanomaterials with different aspect ratio synthesized from controlled precursor
concentration such as (a) 0.5M, (b) 1M, (c) 2M, and (d) 3M. The crystal structure images and
diffraction pattern of the product (e) 0.5M, (f) 1M, (g) 2M, and (h) 3M respectively.
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Research results
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TEM and XRD pattern of ZnO nanomaterials with different aspect ratio
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Research results -~

— 0.5M 2.0x10°F ___
M X107 0.5M

0 200 400 600 800 1000 30 -20 -10 0 10 20 30

Time (sec) Voltage (V)
Growth reaction Aspect ratio ! lae  Response  Reset  Responsivity
precursor (average/maximum) time(s) time(s) (A/W)
concentration
0.5M - 2.62 x 102 5.15 1.10 9.46x 103
™ 45/5.5 1.08 x 10° 2.6 1.61 2.75x 102
2M 13.5/20.1 1.35x 103 3.00 1.50 7.58 x 102
3M 18.6/27.3 1.09x 104 3.10 1.25 5.55x 10

Optoelectric properties of ZnO NRs unger repeated UV irradiation on and off

Nano Conference 2023



Research results

(a) (b)
—~ - Experiment data
, \ 4o0x10°F °
m ﬂ ﬂ m — 840uW/em* é X Linear fit (R*=0.99)
> = .
S L L L [ e | B soa ,
—-— >
C O .
S e 1 M ‘el ] 368uWiom? @ 20x10°
= c
o)
O e N o B o N o B o B G 1.010°F
h'd
e ' N\ 7\ L —— 16|2uW/cm2 0.0 N T S ST SR
0 200 400 600 800 1000 0 2°°_ 4°°_ 600 320 1000
Time (sec) UV intensity (uW/cm®)

Figure. (a) Five times repeated photocurrent measurement under different UV intensity

irradiation (162—840 uW/cm?) (b) The photocurrent vs. UV intensity plot and linear fit for
the calibration curve. (R? = 0.99)
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Research results

(a) e DC-DC
USB Converter
(30V)

Buck
Booster
(~3.3V)

Battery
Charging
Circuit

Lithium
Polymer
3.7V

Regulator
(3.3V)
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LDO
Adjustable Voltage

(10V) ZnO NR

UV Sensor

Current Sensing
Adjustable Range

Pattern
Antenna

Micro
Processor

27

(a) A schematic diagram of the
circuitry for wireless ZnO NR UV
sensor platform connected with
a smartphone.

(b) A photographic image of the
Bluetooth-connected ZnO NRs
UV sensor module (left) and a
smartphone display showing the
dark current value in real time
(right).

(c) Photographic images of the
wireless ZnO NRs UV sensor
operation under repeated UV
light on/off.




Research results

How to make a flexible sensor? A fiber type?

Nano Conference 2023 28
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Further research

PDMS +ZnO nanorods Composite (1:1 weight ratio) (a) —
r’“-’:—_:,\_;:-\ . ——
= / / ’ » . ~
B :\; l "> ‘ l - - et
PTEE \ / Transferred ZnO NRs
container High Microwave 7n0 Filter paper on PDMS
pressure assisted nanorods
vessel reaction
2.5x10°10
2.0x10"01
<
T 1.5x1010
o
5
O 1.0x1010 4
5.0x10"" Zn0O NR/PDMS composite
0 1000 2000 3000 4000
Time (s)
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Research results = .
Iz '
sl Et \ﬁ 1{\ 3
Transferred Composite (ZnO nanorods embedded PDMS)
Zn NW
Zn NW PDMS
I Filter paper
4.0x1 06 Transferred ZnO NR/PDMS Com posite
3.2x10%4
<
- 2.4x10%-
[ -
o
S 16x10°-
@)
8.0x107 -
0-0 T T T T T T T T
0 1000 2000 3000 4000
Time (s)
Dark current On current On/off ratio
Zn0O NRs/PDMS - - 1.84
Transferred ZnO NRs/PDMS  3.74x 10® 3.26x10° 88.9

The optoelectronic properties of ZnO NRs/PDMS composite sensor
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Research results -

<Zn0 nanorods and CNF composite film for a flexible sensor

ZnO Nanorods Cellulose Nanofibers

e

e et
ST .- N
SRR )

e RN AN R
R N R 0K
B L e

A schematic image of the fabrication of
flexible CNF+ZnO NRs composite sheet UV
sensor operating appropriately under
atmospheric conditions based on the
porous matrix materials.
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Research results

Optical property of ZnO nanorods and CNF composite films

a ; e 2
(@) cettuto ofiber & (d) 0 ———
ZnO Nanorod Composite | —— CNF+ZnO SNR
o —&— CNF+ZnO LNR
. S~ 15+
Cellulose Nanofiber & -
Zn0O Naniorod Compoﬂ &
e T 10
(bzfellulos" ~fiber & g
ZnO N7 | ‘posite S 5
o =
Cellul 0/aer &
nO Nanoi <. Composit 0900009000™ . . .
200 300 400 500 600 700 800
(Czenulc» “iber & Wavelength (nm)

' Josite
£neily Photographic images of free-standing (a) CNF sheet, (b) CNF-ZnO SNR

composite sheet, and (c) CNF-ZnO LNR composite sheet. (d) UV-Vis

Cellul. _ .
(Transmittance) spectra of CNF sheet and CNF+ZnO NR composite sheets.

nO Nano. -

Nano Conterence 2023
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Research results

Crystal structure and thermal analysis of the composite sensor

——CNF
—— CNF+ZnO SNR 100 -
—~ —— CNF+ZnO LNR -
= . 80 -
s s |
= — 60
K7 c
C 5
9 O 40}
ch = - —— CNF
_ 20 | —— CNF_ZnO 200nm
| —— CNF_ZnO 800nm
Zn0O
0 i N 1 N 1 N 1 N 1 N 1 N 1 N
1|0 2|0 3|0 4|0 5|0 6|0 7'0 80 0 100 200 300 400 500 600 700
20 (degree) Temperature (°C)
XRD pattern of CNF film and CNF-ZnO NR TGA spectra of CNF, ZnO, and composites

composite films with different lengths of ZnO
NRs.
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Research results ‘

Optoelectronic properties

a b
@) 8.0x10°° (b) 103 ;
—0— 128 —0— 215 —— 273 —0— 469 —o— 645
104 &
6.0x107° -
2 2 105t
€ 4.0x10%| g 1%
o) o
| S | -
S S 107 ¢
O 2.0x10%} © 100
§ 10° ¢
0.0 ¢ :
1 1 | 1 1 1 1 1 1 1 1 1 10-10 ] A ] . 1 . 1 A 1 . 1 . 1
0 200 400 600 800 1000 1200 30 -20 -10 0 10 20 30
Time (s) Voltage (V)

(a) Optoelectronic properties of ZnO NRs under repeated UV irradiation on and off

(Intensity: from 128 to 645 pW/cm?). (b) I-V curve of ZnO NR UV sensors.
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Research results

Optoelectronic properties

@ 5 ox10 ®) g ox10°
| m o5y @ 10V
e 10V < - - - - Linear fit (R?=0.99)
1.6x10*| 4 15V
N v 20V . 6.0x107° - -9
< ¢ 25V < z
~ 1.2x10%} < 30V S Q"'
‘E [ ’ v 'E "I
© G 4.0x10°}
5 8.0x107° < A = @
O b * A @) g
* v ° 51 -
4.0x10% ¢y 4 o 2.0x10 é
A: ® - L
o |
0_0 . F. 1.. 1 . 1 . 1 . 1 . 1 . 0.0 X | X | X | X | X 1 . 1 . 1 .
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
UV intensity (uW/cm?) UV intensity (uW/cm?)

(a) Optoelectric properties of ZnO NRs under different UV irradiation and bias potential.

(b) The photocurrent vs. UV intensity plot and linear fit for the calibration curve. (R> = 0.99)
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Research results -

=l
Verification of flexibility and implementation of the wireless platform
Cellulose Nanofiber & ‘ _
ZnO Nanorod Composite sl e

Cellulose Nanofiber & Cellulose Nang
T»0 Nanorod Comg

(b) 1207 |

—— CNF/ZnO LNR

Cellulose N
ZnO Nanorod Composite

¢ Cellulose Nanofiber &
ite  ZnO Nanorod Composite

Cellulose Nanofiber & Cellulose Nanofiber & Cellulose Nanofiber &
ZnO Nanorod Composite  ZnO Nanorod Composite ZnO Nanorod Composite

90 -
8o 0 560 1600 15b0 20b0 25|00 3600 35‘00 4000
Time (s) * Design and manufacture of
(c) 120 (d) 120
—— CNF/ZnO LNR ——CNF/ZnO LNR
110 Unbending  Rebending 110 Unbending Rebending WII"e|ESS CII"CUItS

* Development of a prototype in

RIR, (%)
RIR, (%)

the form of a smartwatch

90 A A 90 A A
5 10 15 20 25

80
0

* Development of a smartphone-

80 ‘ : :
3600 3610 3620 3630 3640
Time (s) Time (s)

linked wireless sensing platform
Photographic images of the bending test and

resistance change plot 36
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Conclusion

= Cellulose nanofibers were fabricated by delicate nano fibrillization.
= The rheology properties were suggested to estimate the degree of nano fibrillization.
= Aspect ratio controlled ZnO nanorods were successfully synthesized via two-step processes.

= As the length of ZnO nanorods was longer, UV responsivity was 58.5 times higher.

= Flexible sensors with high sensitivity based on inorganic and organic 1-dimensional nanomaterials.

= Cellulose nanofibers can make a porous nano matrix for inorganic sensing materials.

=  Composites sensor was successfully prepared for wearable devices.
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Conductive polymer synthesis and their applications
Flexible energy harvester
Organic photo-electric materials

CNT & Graphene composites

Carbon fiber composites

Fiber-based energy storage, sensor

Sustainable polymer composite

Cellulose-based nano-composite (Insulation, SAP)
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