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Abstract: The design of the pore structure in the supercapacitor can provide a large interface area for the electrochemical
reaction of the electrolyte and the electrode. In this study, a thermoplastic polyurethane scaffold having specially designed
macropores of various structures and porosity was manufactured to prepare a flexible electrode polymerized with poly-
pyrrole using a 3D printer with a fused deposition modeling method. The fabricated soft electrode scaffolds were char-
acterized using optical microscope, field emission-scanning electron microscope, energy dispersive X-ray spectroscopy,
and universal testing machine. It could be confirmed that polymerization took place successfully in all structures, and it
was confirmed that mechanical properties tunable according to the pore structure were exhibited. As for the performance
of the electrode, it was concluded that the higher the porosity, the better the performance, and there was no significant
difference by the effect pore structure. The ladder-structured electrode scaffold with 80% porosity, which showed the best
performance, exhibited a capacitance of about 1.31 F/g and an energy density of 0.18 Wh/kg at a current density of 0.5

mA/cm>.
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3L Atk oleigt rHATAIES] = E22 electrochemical
double layer capacitor 542 AU+ B =FHE(CNT), 2
g 5o ea7dt A1 59} pseudo-capacitor544 S AU =
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(PPy),® polythiothene,” polyaniline <] Ax=A 7 E=}
(conductive polymers, CPsy} £5tsle ez A= ot

°]% CPs & Ahsh-ghel whgo] w=Er 1= <ls) W
WA AFS Boln g7 AsET A st v
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St o W2 X E AT ¥ ofzg} o]9] gt ATE FH
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= THANAEHE A 23T Park 52 photocurable
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Figure 1. (a) Porosity variations of TPU-PPy-R composites; (b)
pore structure changes of various TPU-PPy composites; (c) fabri-
cation schematics of electrically modified 3D-printed soft TPU
composites; (d) details dimensions of 3D-printed samples.
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TPU(50), TPU(70y> Z35te] =xbe 71355 9vlstal R
2 71Fo] R FRE 7RIths ouE ofolE A olsle]
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igure 2(c)). 2+ EDSWH-2] ¥+ EDSE 53k 94id A
EE Ve 93 A TPU(80)-RE] 3FHS PPy7f
’J¥l TPU(80)-PPy-R2] AJ++ 3Eolt}. EDS ARloll= &3}
o] thate] mapping £41S X&Y3HATE ©]5S PPy A=
ol =33 5]0] QS tosylate group®] It A3HA 4] F
d?] FeE &R18}7| fJalir{oltt. Mapping ARS <1
J 2 TPU(80)-R] W& ol o] &]3t1 FHo|=
A AA o] EAIBI= A B 4 AUtk TPU Ujiel] &
= S TPUS| A|ZA|ol] ARSE ] AFsPiA| Ao 7]
} Zlo]th? Wi ol TPU(80)-PPy-Re] 73-¢- W5 hH s

ofx ©

T

o F

1

(O o T < 14

Kl

E

Bl
7
2l

o ol

F

Polym. Korea, Vol. 46, No. 3, 2022



392 ZAA] - Samayanan Selvam - %13

TPU-PPy

(b) TPU TPU-PPy

(c)

Element norm C (wt3)

TPU

TPU-PPy

Figure 2. Morphology and chemical characterization of 3D-printed
soft TPU composites (TPU(80)-PPy-R). (a-b) SEM images of TPU
and TPU-PPy, (a) surface; (b) tilted cross-section; (c) EDS elemen-
tal mapping.
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AEFA 3] FEE TPUR0)-RE 0.21 wt%, TPU(80)-
PPy-R= 1.58 wi%e® T8 F S7leIithe 21 ¢ & Uk
4719 AFHER tgA TPU F+2A9 7135 348 5
ato] PPyo] 302 FHEAE 2AS & T Utk
JIA-H71™ &M 24, Figure 3()E 7I5E°] t}E R
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Figure 3. Mechanical and electrical properties of various TPU,
TPU-PPy composites. (a) stress-strain curve for TPU-PPy-R com-
posites with different porosities; (b) stress-strain curve for TPU(80)-
PPy composites with different pore structures; (c) I-V for samples
with different porosities; (d) I-V for samples with different pore
structures.

S, L9l & 71F 25 7F= TPU H53A 9] 55-HE
E F4(S-S curveyS HERHRATE B Table 1, 2¢14 S-S
curveZ5E AlLkE Tt thad TPU E3tA9] 71414 &
A4S AEsidn. dukdo g adst 4= oAy 7]gEo]
S7HEGE 7AH B4 A3 th(Figure 3(a)). Figure
3(b)ell A YeRd 7] 372 WHalol] WE g¥= AuEd, R,
D, S-type®] A= FAMSE 59 2EFH S 34(2.79-291
MPa)S VERHAI R L-typee] 2~E#|2~ 34(1.62 MPayS 574
3] AT ol 2292 ZAo] FAFE R, D, S-
type®] 7495 &7 ZEH 2 WEk) tisix ReF oz Y
FrzrE 2E#Rle] A AFgS & UAR, L-typee] 74
§ PEEFo R o] YR 27F AT EAjjste] A os

7F vl A =k o] RS R-type] thyA] TPUL WH-+-%
=7 Zter) ekl 45°5 o] F3 913, D-type? Ul
A TPUS| R 224 2= 30°, 60°, 90°F o]Fo] 30°,
60° P ES] 435 akgo] EAsle] HlwE F& AT
= vepdti Azben) whdel] S-typed] 715 FE2E 7
= e TPUS UF-1x 32 e 0°9F 90°= o]Fo]
A o)F 90° FEHES 1 Wl tigh 71e7} glojA] H
WA G2 JIFAEE Ho|H, Ltyped] 7| 725 7=
the4d TPUS Utz 24 Ze 7] Age] 7]
o7 §l7] wiell 7P B AN EE B AxE &
E 34 TPU 2AE 7135302 ppyS 813} A7)
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Table 1. Mechanical Properties Summary of Various Porous
TPU-R and TPU-PPy-R Composites with Different Porosity

Max Stress Max Strain ~ Young's Modulus
(MPa) (%) (MPa)
TPU(30)-R 9.62+0.52 333+14 0.090+0.003
TPU(30)-PPy-R  5.00+0.20 282+16 0.098+0.003
TPU(50)-R 5.54+0.33 307420 0.041+0.002
TPU(50)-PPy-R  3.22+0.06 271+11 0.041+0.003
TPU(70)-R 2.40+0.13 289+18 0.017+0.001
TPU(70)-PPy-R  1.88+0.08 261+11 0.018+0.001

Table 2. Mechanical Properties Summary of Various TPU-PPy
Composites with Different Pore Structure

Max Stress Max Strain ~ Young's Modulus
(MPa) (%) (MPa)
TPU(80)-R 2.91+0.35 272411 0.032+0.003
TPU(80)-PPy-R  1.79+0.22 193+10 0.034+0.001
TPU(80)-D 2.84+0.17 251+6 0.042+0.001
TPU(80)-PPy-D  1.90+0.13 204+18 0.042+0.002
TPU(80)-S 2.79+0.34 232+10 0.047+0.001
TPU(80)-PPy-S  2.29+0.23 197+15 0.048+0.002
TPU(80)-L 1.62+0.19 216+8 0.022+0.001
TPU(80)-PPy-L  1.33+0.03 21127 0.0230.001

A 71AA BAo] AT ol ZINET 384 ARREH
FTSAl AkshAl 7} TPU ®iER] 2 Y R=2 ghikste] TPUZH]
FaATE Welleh B4 AR YehtkS Aozt 3435t
o o] o|de] EdloA B vl o Ax]FE vk
Young’s modulus %t PPy 71 5% & fAkebAY ok =
o ZF B8 S Uit} o)Ae BHEl brittledt EA4
< 7KA= PPy7} TPU WlEZ 2 e} e 53t o
ofut thed B3AI] modulus®] 35S 7EASITiaL Az

Figure 3(c)¢} (dy= 712E3 7|13 7+27} T2 thekst o
34 TPU-PPy 2¢H|9] I-V curveZ VERASIE Alz2d &
€ 3 SAIES AF A2 ohmicst A= E48 B
t}. Figure 3(c)ollA] HolF=%o] 7]g-Eo] WoldsE Y+
Zo TPU ZZHIEZ} P4 =] 9lof PPy 71 d5dS 53t
o JiFeg B A=A HZEE AlEshke CPsE2 3
e 4= 9lo] 1V curved] 7]1L7]7F vk o] 9SS 2
At 71F7E 23E AR AreE vRJEhs 1V curve
71717k D, S, R-type 71 7325 7He A0l =2
= Ltype 713725 7= S8A7F 7P Sk th(Figure
3(d)). °1Ae A= A=27F o = wgke 27t EX)
3= scaffold’t F2A 02 & O A7HxE f2lsh] wit
olg}x FetE ),

] (a) (b)
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Figure 4. Cyclic voltamograms of various TPU-PPy composites. (a-
¢) Porous composites with different porosities (a) TPU(30)-PPy-R;
(b) TPU(50)-PPy-R; (c) TPU(70)-PPy-R, (d-g) Porous composites
with different pore structure; (d) TPU(80)-PPy-R; (e) TPU(80)-PPy-
D; (f) TPU(80)-PPy-S; (g) TPU(80)-PPy-L.

M7|stety SN B4, thg4d TPU-PPy &9 1737
A EoA 2] A= scaffold2 3-8 93+ 77)318H8 EA
< Na,SO, Al dolA H718t5Ath. Figure 4(a), (b), (c)°lIA]
ThFet 270 SolA st 719ES 7= ted TPU-
PPy-R -39 cyclic voltammetry(CV) Z231A-S- WS
ATE 0-1.0 V] A9} 10 mV/se] 270 ol de mE
CV curve?] Ats}-3H9l g8 ALY R 2] pseudo-
capacitance 5442 A UMW, 270 £ 5 10 mV/sell A 200
mV/s2 S7R7|HEE 593 548 X8I AAe
< e E Aks-3kg WAS TPU30)-PPy-R7} 71 who
™ TPU(50)-PPy-R9} TPU(70)-PPy-R& H]$231 M %S 7171
AE & F Utk oA = 71FEC] 7P =2 TPU(30)-PPy-
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Figure 5. Nyquist Plots of various TPU-PPy composites: (a) porous
composites with different porosities; (b) porous composites with
different pore structure.
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FEE olgg 7127} A&l AAE HlwA Y 4kst
2 4 WAL B} Figure 4(d), (o), (), (2= ThFst
2WETAN A 80%2] 7EES THAE FR7F OE ol
TPU-PPy 5349 CV Z2IAESS BT 73720l
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EA4S AU okt 2SR e 54S AU 2
MR OE e 7E2E 7HEelE BT 80%2] =
= 718ES AU o] S A WA s 7| ZAAEARTE
FTUste] vl Absh-std Fd WAL TR RS ¢ T
AU, ES AbslSh AR 2 S=7t Sl met
F7rete] gEg AL SEHS & F UTh oRS &
gt 2 ATE Folo] AxE 71FE 80%E 7= tHd
TPU-PPy E§HlolX = 71352] 2= 52 Hd-8-7l
BIS TA BT

AR O] A7]318H Heg T she thE WY
electrochemical impedance spectroscopy(EIS)©| t}. EI
Nyquist plot®= el XZF4Ho] Al5o] FHAFgS
ERlim %7] vkl Halde] o] A g vEehdnh. B35k =
7] ¥ o]F o] 341S Warburg FA10|2}aL 3T}, Figure 5(a),
(b= 2t 713EH 715127 v ths/d TPU-PPy 534
£9] Nyquist plotS HoJETh Alge] Age Yeplles 25
5} 9Jolol|A] BE TPU-PPy E3HA1E Warburg 2410 1014
9] 71€71& 7FAi= semi-infinite warburg impedance <41
Uepo] Axx EAo] SFsiint gt 7380 WET
S(TPU30)-PPy-R), 71&TFZ7} R-types 7= Aol
Warburg 27319] 71-&717} &0} & ¢ 978 A= =g Bt

Figure 69 71353} 7|2 1%27} T2 th34 TPU-PPy
E3HAE2] Galvanostatic charge/discharge(GCD) curveE 1
ERARITE. GCDE 0.5, 1.0, 2.5, 2.0, 2.5 mA/em?®] o8] A7
Aol A=At 0.5 mA/em®IA 2 GCD 42 H]
0 AEEE AY o] Al d7)skeE S 54
AFNE BT WA Zke] Ao 93 AN E o] EAS

o

KeR
p
L
.

Z2H, Al46d A3, 202214

Selvam - 9718

(a) (b)
T -
1
{1\ X v
1 ¥ .
= [ =2
Al @
3 { \ g
3 \ =
. Time (s) .
(c) (d)
s s
g g
25 2
Time ts).
(e) )]
fl.’ \
%’ I %
-l N\ s \
= (1 N = ™
| * \\
i N N
| | - . i
L] L] 00 150 50 100 150 ™
Time (s) Time (s}
(@
=
o ° \
o AN
& \
R ™,
£ \
Time (s-} .

Figure 6. Galvanostatic charge-discharge profile of various TPU-
PPy composites. (a-c) Porous composites with different porosities
(a) TPU(30)-PPy-R; (b) TPU(50)-PPy-R; (c) TPU(70)-PPy-R; (d-g)
Porous composites with different pore structure; (d) TPU(80)-PPy-
r; (e) TPU(80)-PPy-D; (f) TPU(80)-PPy-S; (g) TPU(80)-PPy-L.
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