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Fabrication and Characterization of Self-Assembled Polyacrylic
Acid/Polyaniline Multilayer Free-Standing Composite Electrodes Based
on Non-Wood Cellulose Nanofibers

Jeong-Woo Kim*, Woo Jeong Kim*, Seungmin Yu™*, Oh Hun Kwon***, Seung Geun Kim™****,

Dong Hun Kim****, Byoung-Suhk Kim***/*%%%t

ABSTRACT: With the increasing demand for next-generation flexible electronic devices, such as personalized mobility
devices, wearable electronics, and intelligent bionic systems, there is growing interest in lightweight, stretchable, and
sustainable materials. In particular, cellulose-based nanocomposites with biodegradability and biocompatibility are
emerging as eco-friendly and high-performance materials. In this study, cellulose nanofibers (CNFs) were extracted
from non-wood natural resources—bamboo (BO) and mulberry fiber (MF)—via chemical and mechanical treatment
processes, and subsequently fabricated into flexible and transparent nanocellulose films through a filtration method. A
comparison between mulberry pulp and bamboo pulp was conducted to investigate their differences in CNF
formation. Subsequently, a conductive multilayer film, (PAA/PANi),/CNF, was formed on the CNF surface by
alternately depositing positively charged polyaniline (PANi) and negatively charged polyacrylic acid (PAA) via a Layer-
by-Layer (LbL) self-assembly technique. UV-vis spectroscopy revealed that the absorbance increased with the number
of (PAA/PANI), bilayers, indicating successful formation of the conductive multilayer films. Furthermore, when
employed as a free-standing (PAA/PANI), /CNF electrode in a neutral electrolyte (1 M Na,SO,), Faradaic redox
reactions associated with the oxidation and reduction of PANi were observed. The areal capacitances measured at a
current density of 50 uA cm™ were 11.4 mF cm™ for (PAA/PANi),/BO-CNF and 7.3 mF cm™ for (PAA/PANi),/MF-
CNF, respectively.
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acid, PAA)S A)
< ZEskglch ALl -7HAIGA (UV-vis) 23 &4
7V o= A, (PAA/PANI), 30| & F4H AL
#, 4 A A (M Na,S0,)o| A PANio| /\Pg}

Layer-by-Layer (LbL) A}7| 2% 4] o= E—EH A 235}0], CNF 9
S E3)] (PAA/PANI), 4 g 57} —7]—61—01] 0E Ea% )
golstal

2ol 27t fj 2fg o] (redox) Wh-E- °l W= o vPdEF

E

5 3o A= ZuhaH(PAA/PANI),

t}. 3} free-standing (PAA/PANI), /CNF A=EX 2

2 50 pA cm?] A Wizol| A 247k 11.4 mF cm? ((PAA/PANI), /BO-CNF), 7.3 mF cm? ((PAA/PANi), /MF-CNF)Z U}

EHL At

Key Words: =2 2 A 14148 (Cellulose nanofiber), Z

o}d 2 (Polyaniline), &&]o}= & Ak(Polyacrylic acid),

Z A7+ 2P H (Layer-by-layer self-assembly), 2| A~EHY] 7 =-(Free-standing electrode)

1. M E

22 A7) WAl Tt S B A% FOlE
AA717], 2ntE dAA o, 2, Fi-7] A QlE #H o] 2~
(Human-Machine Interface, HMI) 5 t}oFsl -8 Hofof| &
5] AN AL QUTH1-4]. o] o whet f-¢14d, A A A
A, A AR T8 SAS Ad Aol tiet 2
A% A o= Foksha Qlek. e, i, 98l Be
2 ¥ g 7] 5o] wo| Bt 7 % A Q] ¢3lo] F o,

A47bs e 287 2 ho] AP oUeHs]

AE 2 2 X (Cellulose)= A|FA ol 71 =X 35HA &R 8}
< 771 = F sk oo A=l A5, A
S, A 7R, 87 Ash, B4 Bol e 71

T Qlth o] Y3 EAL /A= MEZ QAL O o=
A2 ALY, BPEE, AE AV 5 chopat Ak RopollA]
H 51 &85 o] ght}6]. H o= AER L AE 55

A W 222 WS B8 Ul 372 ARSe YA E
= @ A(nanocellulose)7} &40k Q1o tq o] Quiro g
Z] 74 o] 100nm ©|3}o]1l, o7} oum =52 1/}1,:/&4

ZE 7HAth YR RAEZ AL MEZ QA Y3
(cellulose nanocrystal, CNC), &2 A Y= H-5 (cellulose
nanofiber, CNF), BFg] 2] o} Al & & @ A (bacterial cellulose,
BC) 50| Ut} o] & CNF= Z# o] ¢F 10-100 nm, ZAo|7}
Fumo]| o|2= A F2E A, dRtde s Bxm
FE 42 Hxo A vk o] A AT HToll= FA 0] 9]¢
HjEA 40 =Y 2Eso] B ATE T
AT YeH7). ONF 2 A4S} WERH, We
gzl A2=o} Wl S3 7k EXS Jlx] 11 9lo] 2L U}
g = 140 4, 7771 7] 5 A] ], o)
], 07| ] B 28 59 AA71712 g
A &&= 3L UTHSI.

Layer-by-layer (LbL) Z}7] 2% (Self-assembly, SA) 7] H-2
P15 e Bata) Aol Do) AFGES 78 34 5
U=, JA7|2 A3 218-(electrostatic interaction), A3} &
(charge transfer), 4~4~Z2 ¢ (hydrogen bonding), v} $| 2%+
cheret HAR A E S Bee

:(o

(coordination bond) %

o] t}Z Bl (multilayer thin film)& & 4J3= 7| o|t}. o]
% AU714 2 s 9% SHeE 2E BAL
2 719 9o FANPORA v vuhe A% B4
o 2 glo] 7154 Bt Alzo) fala o ThaE)
[9,10]. A& L&A 5 sFbel &2 obd 7 (polyaniline,
PANi) & =3 B¢ (doplng/dedopmg) AL 3 ohoF

gk 4tsE A E 7HE 4= Qlew, olof whet st Ade] 7t
&oto] ol| A A% Xol?(l, Bk AR, Sl AlA, A7
2A}F 5 T 58 Eofol] Z8-E AL JloH(11-15]. o] 23t
EXS 7}2%= PANiE LbL SA 7|H< =3 o] Hal=
7}A] &= ALE X (polyacrylic acid, polystyrensulfonic acid,
tannic acid 5)2} AA 7|4 <18 o] &5lo] A7 AEAS
o o ueto e Y45 4 9o, oS Fal 4 A
ool Hg e 7154 LR E x4 9l
t}H{16].

Aol A= 1] 2 A A A AR T L (bamboo) ok
43 (mulberry fiber)2 K¢ 31514 4 7|44 YHS &
| AE2 A U8 (cellulose nanofiber, CNF)S <3}
6] CNF ZE-& A %3519} AlZ% CNF ZEo] LbL SA 7]
W& o]&sto] (PAA/PANI), tH HHahS /53t UV-
vis®} 4-point probZ E3|| A| 2% (PAA/PANI), /CNF2] &%
T 9 HAFGE 2AIY oW, &3 A FH (cydic
voltammetry, CV), A& Z41l#(galvanostatic charge-
discharge, GCD), and #7|3}5} YJu|HA B33 (electrochemical
impedance spectroscopy, EIS) £4-& F 3] (PAA/PANI),/
CNE o] 2718180 B4z whg A3k F44 5% 2
HUEF A4S Bt

— [

2. M2 L

2.1 Ale o J2

AZZ QA L A-8 (cellulose nanofiber, CNF) &2 9]
3 AR 2L o L THFAT AT AR ()]
A2 o uF(bamboo, BO)2} 4 - (mulberry fiber,
MF)E AHE-3FG ow, B il © & = 4§ CNF (MOVIC,
Republic of Korea)E ARE-5I3ATE. 31et4] A 2|& I8l A
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Sh}EH(NaOH, 98%, Samchun chemical, Korea), 3}A8l4>
242(H,0,, 35%, Tokyo Chemical Industry Co., Ltd., Japan)E
AHE-SEGA T E ] obd | (PAND)S /] ol = T4kt &
((NH,),S,0,, Sigma-Aldrich), o}'d H(C,H,NH,, Junsei),
HUol(NH,OH, 30-33%, Sigma-Aldrich)E AFE-515T). T
gk LbL SA 7|®¥Z o]- 83t Y= &ehA] Al=ofl= HuEot
A|Eotn]| = (DMAc, anhydrous, 99.8%, Junsei), Z2|ofgdlo|
W(PEL, Mw = 25 kDa, Sigma-Aldrich), & 2] o} = EAHPAA,
Mw = 250 kDa, Wako Pure Chemical Industry)& AR5}

22 MEZ22 L=HROND HE d

AEZ 2 Yk F(CNF)O Al2E 98 dfu-+(BO)
o S G MIRRE he 50 A% Belshe THE
44 A A 2] (hydrothermal pre-treatment), &Z+a] 2], Ak
X Fhsgel Helo) spAR TAstTt WA, 4RE
0] 2 4>(deionized water, Elga DI water system, ~18.2 MQ)
of 7] 160°CollA] 2417 -2 WA RIS o) M T2
ASIAIFATE 0], 5 wt% NaOH -89 (200 mL)o]| x|gk 5
80°CoA] 2417k 0k WHIBHTL, 5 with THALBRA(H,0,)
A7¥eteo] F71R 2417F wukE HePsiiet. vhe- Fol= '
o] 2E o]-g5to] AlA W oS 3PTh & 60°Cofl A s}
T 5o AxAT 42 YRBRE 22H ATROA
£ 0.5 wt%®] T2 ol FAMIZ &, 27| (HG-
15-D, DATHAN Co., Seoul, Korea)E ©]-&3}o] 10,000 rpm
oA 153 B 1A WS AW, olojx ¥
(PULVERISETTE 23, FRITSCH, Germany) ©]-8-3}o] AJ7t
B0, 1, 24102 23 £alE Aysteon, o] Fa) o
A 54] e D748 7 AER 0 A Ll §(CNPS
A3tk o1 F A AR S Fol B ES AzehA 0,
AZE CNFe 9a9) 2 9 X2 4708 71508 slo] 2t
Z} BO-BMx2} MF-BMx (tju}#: BO, &8 ME x =2 9
A2 AlZh= #7]5H3ATh

2.3 LbL SA 7|HE S5} C}& gtol &N
PANisalr PAA 71| A

2 o] g5Fo] ONE 71| LpieBab a2 4 25heich. ¥
7& PANIE gAI517] Y3l IM ofd 3} 0.166M 134kt
252 717t 1M HCl g0 §aj5t 5 E3ks}o] 5°Co) A
3A17F wutskgith A A= PANi 2 AE-S 1M HCly} ghol
258 o] Hi Al2s}a Axa9ic 0%, Uizl PANI
ALY} (emeraldine salt, PANi-ES)E 0.1M QR U o}<=0f A
15A]7F %=t wHFs}al PANi emeraldine base (PANi-EB)=
M 5, A= B 60°Co| A 48417k 2125k A 2 8
PANi-EBZ 40 mL DMAco] 54|71 &, 1247} muka}
8AIZE 2SS AAISHL, ofTste] E ARES AATE
T}, FojR Akl o) 2=9) 1.9 H|-E(DMACc : DI-water)
2 3|43 &, IM HCIZ o]|-83}o] pH 258 ZZ3FOZH

1 Bilayer
PEI PAA PANi T
: $ P o
¢ % { 1A) and (B}
N — e e SE —
v
(A) % (B) % =
BO-BM2 (PAASPANI) /CNF multilayer film
MEEMz

Fig. 1. Schematic diagram of fabrication processes for (PAA/
PANi),/CNF multilayer film

OPASIE W= PANI-ES B41042 A|2390c}. 71, 2.5 mg/
mLQ] PEL, PAA §MLE 7}7} pH 48 2A5}o] 4|55t o]
%, 2% CNF ZEo] %A35}= w]i= PANI-ESQ} S5}t
= 71—1— PAAE o}Q_ ].o:] LbL SA 7]1:149_ EOH X—]E/K‘] r,]._
Hhak(PAA/PANI), & A| 231t Al 2H CNF 258 HA
PEI golo]] 557 21| §F 5 gro] 2422 157k 4|25}, o
ol FATH P02 PAA Golof He]shs TS 29w
Holgith o] % YT WA o2 PSS Hi= PANISF &
A8lS mi= PAAS W2 SZA|A CNF 7]utke] th3ut
ul = ((PAA/PANI) /CNF)S A% %21, Fig. 12 o] 2|3t
AzTpYE w4sket Aol

24 7= 24

Al&o] 1 HERA = AAPARE FARIAEY] (Field
Emission-Scanning Electron Microscope, FE-SEM; SU-70,
Hitachi, Japan): o] 6319131, S}5td 7% 9l A% 54L
o W3k oA R (Fourier transform infrared
spectroscopy, FT-IR; Bruker, Germany)Z ©]-835}o] &5}
th AR FE = gRAE 54 £47] (Mitutoyo 547-401A,
Mitutoyo Corp., Japan)E AF-&3}43l, HAF2 4-point
probe(Keithley 2460 sourcemeter)2 ©]-23}o] ALoix] =
SR ZEA A B 2] M /ZEAIA B (UV-
Vis Spectroscopy, UV-vis; UV-1800, SHIMADZU, Japan) 2.
2 2xaigc),

2.5 J"|7|-‘?’-f%—| =4
upal B5LAA ((PAA/PANI), /CNF; (PAA/PANI) /BO-
CNE (PAA/PANl)n/MF—CNF).J A718ketd &AL 3-HF
Al 2H](3-electrode system)2 ©]-8-5}0] 1M Na,SO, 44| A
siaolA WoAsiedch AT oRE AxH Ze s
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(free-standing) TF5EMS 1 cm x 1 cm®] 7|2 £H|514
oo, A=} 7|EHFo 2= 217 Pt mesh, Ag/AgCl
=S o] 8513t 3 S (eyclic voltammetry, CV),
A5 %47 (galvanostatic charge-discharge, GCD) A|¥
9 A 7)3bskA ] u E A B A (electrochemical impedance
spectroscopy, EIS) #1713J5} A E|o]4 (Versastat 4 potentiostat,
Princeton)of|A -0.2~0.8 V oA 4=88=]¢ict. CVE= 5, 10,
30, 50, 100 mV s'9] A} =2 43051 0, EIS= 10°Hz
oA 102 Hz W 9lol 4 AR5t

3. 21t ¥ EQ

31 4E2oA Liilg 7x

Fig. 28 3 1 Xj2] Alzko] w2 cubie} il fm e
%29 CNFY| FE-SEM o]u] {2 MojEth. mE A|Ro|A]
A e BAEon], B U R A7) Z7kte] wf
o dbRet A AR BT ololaRuE 459 A
7h AR 3L, e 0] AR AekEe AL 3k
& 4 9k o2 Bl B W A2l Agho] /A4S, urk
HJAIRE el g FE7F BB & 4 ek
M A7 WBEE H45E7] 915, FE-SEM o] u] 4| 2 g
Fhe) AlRolAl 8074e] A% MBS AR HESto] 4
ZAstgomn, olg Bal Bt A7 BERAE A
fltt Fig 3t b Re} S AR Y Qe ABEe
w9 27 BEEolm, tfubrel e g By
el Azbol F7he4E Bat AAo] 4

A

4
49 Ho| FobAt TS 2l & 4 k. 53]

on, NN

3 o

4k
24
|
iz

(a) BO-BM¢

Fig. 2. FE-SEM images of cellulose nanofibers (CNFs) from (a-c)
bamboos and (d-f) mulberry fibers vs. ball-milling times
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Fig. 3. Distribution of the diameter of cellulose nanofibers from
(a) bamboos and (b) mulberry fibers

Sample | Mean | Standard desiation
MOVIC |30.0877 TI2366

MOVIC

.’f \
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Fig. 4. (a) FE-SEM image and (b) diameter distribution of com-
mercial CNF

W A RIS S19E A ool SHig 242 915 nm
(F&#HA} = 117.7 nm), 108.9 nm (FFHA} = 122.6 nm)2]
A 17 ey on, olelg Aake Birae] 4471

3.2 LbL SA 7|&& 0|8¢%t CI& uiet €E 84
24 7F B 1 2= 3 27}%] CNF % Z(BO-CNE, ME-
CNF) Aeiato], LbL SA 7]4-<S 8h835}o] PAA/PANI T}
< 44t 3 5((PAA/PANI), /CNF)& & AJsltt. Fig. 5+
(PAA/PANI), TFZ- Blato] A% 2 RIs] 28l (PAA/
PANI), 2 3142(n = 0, 5, 10, 20, 30)0] W2 UV-vis T
~HEYS BojErt Fig 5at AF o] AHE-E PANiQ] 4t
Aol e E EAS HojFn, oF 600 nm Fof A
PANi EB 129} 800 nm E-Loj|x] PANi ES 5|22 77}
ERAT}H[18]. 0|2 E3) 1M HCES o]-83}0] PANi EB7} =
©]o] PANi ESZ Hghe 42 918 4= Qlrh. Fig. 5b & 5¢
o A (PAA/PANI), &2} Sl4=of| wlgslo] 2| HZ o2 T3
T=7F Z71HS BolEu, 53] PANI ESS] £l 7=l

800 nm 32o] A ] 7] 27} F 35 Z7FEHS 2GS B
(PAA/PANi), T} dhat FElo] A o2 o|FPH 2L o

= it

Fig. 6= A28 £ 71X T} uteh LE (PAA/PAND),/
BO-CNE, (PAA/PANI),/MF-CNF)9] 3 H-Z 22|} 55}
H 7z 9 A% A4S UEiT. Fig 6a 2 6b9] FE-SEM
olulx|o] A £ WE BF PANi FHO2 15t A W1 0
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Fig. 5. UV-vis absorbance spectra of (a) PANi, (b) (PAA/PANi),/
BO-CNF and (PAA/PANi),/MF-CNF LbL films, and (c) plot
of the absorbance (800 nm) of LbL films as a function of
the number of bilayers
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Fig. 6. FE-SEM images of (a) (PAA/PANi),,/BO-CNF and (b) (PAA/
PANi);o/MF-CNF and FT-IR spectrum of LbL multilayer
film

Table 1. Thickness and Sheet resistance of BO-CNF, (PAA/PANi),,/
BO-CNF, MF-CNF and (PAA/PANi),,/MF-CNF

Sample Thickness Sheet resistance
(pm) (Q/sq.)
BO-CNF 19.4 -
(PAA/PANi),,/BO-CNF 31.7 8.43 x 10°
ME-CNF 22.6 -
(PAA/PANi),,/MF-CNF 35.0 9.03 x 10°

TZ27F #EE Gl o, o]= PANi7} CNF o]
FRHE AZ 2T 4= ot E3 Fig 6¢2] FT-
A dH E Hof A PANi ESQ] A& & 9] JL2 2l quinoid2}
benzenoid ringx} & %l C=N (1556 cm™), C=C (1505 cm™),
C-N (1311 cm™), C-H (1158 cm™)Q] 4= 9| =37} 2A)31=
A & 5 UH17].

(PAA/PANI), t}5- Hdto] g Ho) whaf BF9| FA=
F7eh, A7) Ao e o3 Hhte] mE AR
o] =7 (PAA/PANi),/BO-CNES} (PAA/PANI),/ME-
CNF7} 242} 31.7 um, 35.0 ym& Lpehgo.mi, o= 2]
CNF 212 SRt o 12 um 27k 2XJo|ck. 3, 4-point
probeE o]8-5}o] A3 WA Fh Z+7f 8.43 x 10° (Q/
8q.), 9.03 x 10° (Q/sq.)S el ¢ith(Table 1).

3.3 (PAA/PANI);o/CNF CFE Hiaf "Eo| M7|stety Sd
A7)15ketd B4 A2 3-45 A A"E o]8-5te] 213
3}t e AE Y (free-standing) 1=+ 2 A thZ dful o
2((PAA/PANI), /CNF)o] 2215 PANi= E= 37} 2e5 uf
Soll ofat kel Ashae WSS o) Mok A% B4
£ 7}Ath Fig. 7a 9 7b= FAME Lo 2 thEebdl &
9] CV 2+41S YEHYH, 0.2~0.6 V FL710]| A= emeraldine

@
E o
LE)
g 0.10.
< o0s
g 0.00-
8 008 —
T 010 i
§ 016 et
%2 00 02 04 08 08 62 op 0z 04 08 08
(c) Potential (V vs. Ag/AgCl) (d) Potential (V vs. Ag/AgCI)
H 4 e (PRAIPAN,HO-ENF el T :
2 08 —— (PRSP MF CHF m & PRAPANI o MF-CNF .
3 08 s e
g‘ 0.4 g 0 o:'-
% 02 by -
3 200
€
§ 0.0 100
B 100 200 300 400 500 800 TOO om:wmmmmm
© Time (s) z (@)
fou
T =2 R
# ASY
OO0 000, = o000

N

(PAAIPAN),/CHF multilayer fm

Fig.7. CV curves of (a) (PAA/PANi),,/BO-CNFand (b) (PAA/
PANi);o/MF-CNF, (c) GCD curves at 50 pA/cm? and (d)
Nyquist plots at frequency ranging between 102-10° Hz
of LbL films. (e) Schematic illustration for electrochemical
redox reaction of PANi coated on LbL films
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salto]| A pernigraniline base 2 @] & F A A} 5} wh-8-(A+3)) 1
0~0.4 V L7 o] A= leucoemeraldine base= 2] oFAz}&} dt
(@)l ¥HEH o Lpehrt19,20]. EE, 50 pA cm?
O A7 Lol A F-sto] v H&=FS AL At
(Fig. 7c), (PAA/PANi),/BO-CNF= 114 mF cm?, (PAA/
PANi),/ME-CNEX 7.3 mF cm? 8252 LFE 0.0, (PAA/
PANI),/BO-CNF/} o -4t 27| 8tet 4] 4%-& e
Fig. 7di= (PAA/PANi), /BO-CNE2} (PAA/PANi),/MF-CNE
B34 A9 Nyquist plotg W o] 2o}, 11304 o o
oA 2] M35} A A} (charge transfer resistance, R )2] gk
o] (PAA/PANi),/BO-CNF<- 288.25 Q, (PAA/PANI),/MEF-
CNF&= 34451 OF Uet i) o] 83t Avte e 73t
7} © o] o]Fo]Xl BO-CNF €-59| o] wj11 7] uf
ol PANi9| Z2to| Bt #dstA o]Folxl o 7|1gt A
S & g

4.4 B

2 AFoA = 271A] HIEAA A ARl et =
A= CNFE Al25}al, LbL A7k 7]1&S o835
o] CNF 7|9ke] Ll B3t S Al2sk3inh. aksh4] 9l 714
A A2 5 S8l Aol llut e Bl 9 A& 7=
CNFE 9= = U3 o] & Uit St S
27}2] (BO-CNE, MF-CNF)E A A3}11, S#351S == PAA
of A H= PANKHY] FA 714 ¢1¥& &85t 30
39 t5 HH((PAA/PANI),/CNF)S B33t 2 &
A A3}, LbL 7|Rke] o3 viuf Bt S EA o= A
23S AT A2 2744 th5abe Bk
o] #M7|3}et# gAE A3}, (PAA/PANI),/BO-CNF=
114 mF cm?, (PAA/PANi),)/MF-CNF 7.3 mF cm™?9] &
T2 eI o]2gh A Aik= Al2% (PAA/PANI);,/
CNF 38 B9tz 14 dakadz 2849 4= 3l
o= HolEoh

{0

7|

B AT 20220 E AR @14 REAY AU
2 gEATATe] UL wol
2022M3C1C5A02094313).

REFERENCES

1. Mahalingam, S., Manap, A., Lau, K.S,, Floresyona, D., Rachman,
R.M., Pradanawati, S.A., Rabeya, R., Chia, CH., Afandi, N,
and Nugroho, A., “Review of bioresource-based conductive
composites for portable flexible electronic devices,” Renewable
and Sustainable Energy Reviews, Vol. 189, 2024, pp. 113999.

10.

11.

12.

13.

14.

. Zhang, S., Chhetry, A., Zahed, M.A., Sharma, S., Park, C., Yoon,

S., and Park, J.Y., “On-skin ultrathin and stretchable multifunc-
tional sensor for smart healthcare wearables,” npj Flexible Elec-
tronics, Vol. 6, No.1, 2022, 11.

. Wang, Z., Wu, Y,, Zhu, B., Chen, Q., Wang, L., Zhao, Y., and

Wu, D., “A magnetic soft robot with multimodal sensing capa-
bility by multimaterial direct ink writing” Additive Manufac-
turing, Vol. 61, 2023, 103320.

. Heng, W,, Solomon, S., and Gao, W.,, “Flexible electronics and

devices as human-machine interfaces for medical robotics,”
Advanced Materials, Vol. 34, No. 16, 2022, pp. 2107902.

. Jahirul, M.I, Rasul, M.G., Schaller, D., Khan, M.M.K., Hasan,

M.M., and Hazrat, M.A., “Transport fuel from waste plastics
pyrolysis—-A review on technologies, challenges and opportuni-
ties,” Energy Conversion and Management, Vol. 258, 2022, pp.
115451.

. Zhu, H., Luo, W, Ciesielski, PN., Fang, Z., Zhu, J.Y., Henriksson,

G., Himmel, M.E., and Hu, L., “Wood-derived materials for
green electronics, biological devices, and energy applications,”
Chemical Reviews, Vol. 116, No. 16, 2016, pp. 9305-9374.

. Pennells, ], Godwin, I.D., Amiralian, N., and Martin, D.].

“Trends in the production of cellulose nanofibers from non-
wood sources,” Cellulose, Vol. 27, No. 2, 2020, pp. 575-593.

. Eichhorn, S.J., Dufresne, A., Aranguren, M., Marcovich, N.E,,

Capadona, J.R., Rowan, S.J., Weder, C., Thielemans, W,
Roman, M., Renneckar, S., Gindl, W., Veigel, S., Keckes, J.,
Yano, H., Abe, K., Nogi, M., Nakagaito, A.N., Mangalam, A.,
Simonsen, J., Benight, A.S., Bismarck, A., Berglund, L.A., and
Peijs, T., “Review: current international research into cellulose
nanofibres and nanocomposites,” Journal of Materials Science,
Vol. 45, No. 1, 2010, pp. 1-33.

. Hu, Z.,, Huang, E, and Cao, Y., “Layer-by-Layer Assembly of

Multilayer Thin Films for Organic Optoelectronic Devices,”
Small Methods, Vol. 1, No. 12, 2017, pp. 1700264.
Richardson, J.J., Cui, J., Bjornmalm, M., Braunger, J.A., Ejima,
H., and Caruso, E, “Innovation in Layer-by-Layer Assembly;’
Chem. Rev., Vol. 116, No. 23, 2016, pp. 14828-14867.

Zare, EN., Makvandi, P, Ashtari, B., Rossi, F, Motahari, A.,
and Perale, G., “Progress in Conductive Polyaniline-Based
Nanocomposites for Biomedical Applications: A Review;” Jour-
nal of Medicinal Chemistry, Vol. 63, No. 1, 2020, pp. 1-22.
Mei, Y., Shen, Z., Kundu, S., Dennis, E., Pang, S., Tan, E, Yue,
G., Gao, Y,, Dong, C,, Liu, R., Zhang, W., and Saidaminov, M.L,
“Perovskite solar cells with polyaniline hole transport layers
surpassing a 20% power conversion efficiency,; Chemistry of
Materials, Vol. 33, No. 12, 2021, pp. 4679-4687.

Li, G., Shehzad, M.A.,, Ge, Z., Wang, H., Yasmin, A., Yang, X,,
Ge, X., Wu, L,, and Xu, T., “In-situ grown polyaniline catalytic
interfacial layer improves water dissociation in bipolar mem-
branes,” Separation and Purification Technology, Vol. 275, 2021,
119167.

Wen, J., Wang, S., Feng, J., Ma, J., Zhang, H., Wu, P, Li, G., Wu,
Z., Meng, E, Li, L., and Tian, Y., “Recent progress in polyani-
line-based chemiresistive flexible gas sensors: design, nano-
structures, and composite materials,” Journal of Materials



Fabrication and Characterization of Self-Assembled Polyacrylic Acid/Polyaniline Multilayer Free-Standing...

669

15.

16.

17.

Chemistry A, Vol. 12, No. 11, 2024, pp. 6190-6210.

Lu, D, Li, J., Zhang, D,, Li, L., Tong, Z., Ji, H., Wang, J., Chi, C,,
and Qu, H.Y., “Layer-by-layer-assembled polyaniline/ MXene
thin film and device for improved electrochromic and energy
storage capabilities,” ACS Applied Polymer Materials, Vol. 6, No.
20, 2024, pp. 12492-12502.

Firda, PB.D,, and Jeon, J.-W,, “Recovery of Electrochemical
Properties of Polyaniline-Based Multilayer Films with
Improved Electrochemical Stability, ACS Applied Polymer
Materials, Vol. 4, No. 7, 2022, pp. 4850-4859.

Jamadade, V.S., Dhawale, D.S., and Lokhande, C.D., “Studies on
electrosynthesized leucoemeraldine, emeraldine and pernigra-
niline forms of polyaniline films and their supercapacitive
behavior;” Synthetic Metals, Vol. 160, No. 9-10, 2010, pp. 955-

18.

19.

20.

960.

Stejskal, J., Trchovd, M., Bober, P., Humpolicek, P., Kasparkova,
V., Sapurina, L, Shishov, M.A., and Varga, M., “Conducting
polymers: polyaniline,” Encyclopedia of Polymer Science and
Technology, 2002, pp. 1-44.

Huang, W.S., Humphrey, B.D., and MacDiarmid, A.G., “Poly-
aniline, a novel conducting polymer. Morphology and chemis-
try of its oxidation and reduction in aqueous electrolytes,” J.
Chem. SOC., Faraday Trans. 1: Physical Chemistry in Con-
densed Phases, Vol. 82, No. 8, 1986, pp. 2385-2400.
Ramkumar, R., Sundaram, M.M.,, “Electrochemical synthesis of
polyaniline cross-linked NiMoO4 nanofibre dendrites for
energy storage devices, New Journal of Chemistry, Vol. 40,
2016, pp. 7456-7464.



	비목재 셀룰로오스 나노섬유 기반의 프리스탠딩 전극용 Polyacrylic acid/Polyaniline 다층자기조립 복합재 제조 및 특성
	1. 서 론
	2. 재료 및 방법
	2.1 시약 및 재료
	2.2 셀룰로오스 나노섬유(CNF) 제조 방법
	2.3 LbL SA 기법을 통한 다층 박막 형성
	2.4 구조 분석
	2.5 전기화학 분석

	3. 결과 및 토의
	3.1 셀룰로오스 나노섬유 구조
	3.2 LbL SA 기술을 이용한 다층 박막 필름 형성
	3.3 (PAA/PANi)30/CNF 다층 박막 필름의 전기화학적 특성

	4. 결 론
	후 기
	References


