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=5 B d7E 3D ZEgE Ik Z$EE(TPU) 719l 1I1-VE BE=x] 7|4k ol EAslol= U1y
(indium phosphide quantum dots, InP QDs)Z} A=A H7kA|¢l 223 SAlo] = (graphene oxide, GO) =& 2|3
E(polypyrrole, PPy)& B3 3l5te] HAHNAIE(SC) AFo2A 9] A7]818H4 F5e PPA712AF sideh. B3
Aol 7IAA B H7|skekd] EAE vlwdt A3, GOo 53 B¥ 877 Algeke AW A%y 9 s} o)A
FX @32 I8 TPU-GO-QD EdA7t 7P 93¢ 548 velllth a3 E4AIE 300% o’3e] AGE &
AFeR =2 AT B FES B3lom, W8 38 dH 54.09 mFlem’E 7Y 2 3 VeI g
L3 Alo)E AR FelEdT). 31, TPU-QD EgA|oA= InP QD $Hek =710l whel Axfako] Pite=
AL BHom B3] 25 wt% IA7F Al AHEFo] 147.04 mF/em7HA] F7138laL Alo]E8] oA (&1 60003
o]F 2= FALHFE: 91%)= TFaIsith oSt Aabe A=A A7HASH InP QDL HA ZFo] HANAIE
A9 A5s 23 E 4 AL S AARS

Abstract: We are focusing on a substantial electrochemical enhancement of the supercapacitor (SC) electrodes, by an
addition of III-V semiconductor-based indium phosphide quantum dots (InP QDs) together with the conductive additives
including graphene oxide (GO) or polypyrrole (PPy) onto a 3D-printed thermoplastic polyurethane (TPU) material.
Comparative studies of mechanical and electrochemical properties showed that the TPU-GO-QD composites exhibited
superior performance, due to the rich surface active groups of GO for improving interfacial secondary bonds and fast
charge transfer. The elongation at break of this composition significantly exceeded 300%, while tensile strength and
Young’s modulus showed fairly high values. The sample also demonstrated the highest areal capacitance of 54.09 mF/cm?
with good cycling stability. The capacitance of the TPU-QD composite was highly dependent on the InP QD content.
The maximum areal capacitance achieved could be as high as or 147.04 mF/cm?” along with excellent cycling stability
and maintaining 91% of its initial capacitance after 6000 cycles at 25 wt% loading. The findings of this study suggest that
the optimal combination of the conductive additive and InP QDs is a key factor determining the performance of super-
capacitor electrodes.

Keywords: 3D printer, thermoplastic polyurethane, polypyrrole, graphene oxide, indium phosphide quantum dot,
supercapacitor.

M E

"To whom correspondence should be addressed. PARARCRE XY
choijongseob@kongju.ac.kr, ORC 0000-0003-1621-1497
Jjhyim@kongju.ac.kr, ORCID?0000-0002-3557-9564

©2026 The Polymer Society of Korea. All rights reserved. A7t s R Qo FHAIMAE (SO 2lF ol

N

o= 31374
5| &

167

gt ST ARglA frefE A7k wiEe Al
o] 7i&3ke 2l oIS aiAsty] A%k
A AR ef A& The A7 ool thek

oL X


https://orcid.org/0000-0002-3557-9564
https://orcid.org/0000-0002-3557-9564
https://orcid.org/0000-0002-3557-9564
https://orcid.org/0000-0002-3557-9564
https://orcid.org/0000-0003-1621-1497
https://orcid.org/0000-0003-1621-1497
https://orcid.org/0000-0003-1621-1497
https://orcid.org/0000-0003-1621-1497

168 oA - HF

whEle) o] T gero 2 AlRkEle] IRl AT A
A NZHOE FEN ek 55 £ A2 W} we
FUA &, 70 5, Flolt DA, A QP e A
B2 7R3 Qor, ek AR TS Bl AN & 9
o olele A AEAIAEE Fehg ARP1], A

2
ARE 7 I T A TRIAE ] 718 e
W Ao dEde AME AlRe] Eu-3kehy S0 9

5o EAJol wel dexlng Hdd AT A2

g ety o Bel, TS £8 R Ave @
4 A% 3 s
7

d IEAHCP)E 7o R
g 53 U A 57 SCol A=l HgEe] YAl =2 HIR

o)
A5 AFZ F5S 9o Quhf 53k, gk A9l e 4k
SHE GOy 78 71A14 Aot A7) Me Yo 2
Al A AFZ AAZILE A NE, 22 F = o]
Ui A|EQ] Ao 2 Q3] o]0 ATz A& Wallsted]
A7188HA o] Wl ehrt @ $ . o] BAIE s E
s17] 98l v 2 B4 2253 o] st
371 olff = 0 FERE 7= YA (QDsyr A
A= A52ZA digte] & & AUtk QDsE F Y vlE A
719 U Ao 7 wo ¥, 953 ogA ¢ A3}
2 A4S 7R3 ek QDse] 24 Z7)E mj$- nlA g
FHole] A AL|E Aol F 71 gie). e A A
S 218 45, QDs GA] A 9 AHFo] A3t
& 5= Q) ol o)l M718keHA Aol =g
= 21 WElgith. mEks QDse] A@F HAIE 7iAdskr]
18] QDse] ®H Aol &3t A7t R A}
QDse] Wi A4 Z7]e AF 584 U9 148 53 A
7138}8F A= E87VsA SHoNAM FEUYTE QDsE H2
Zd|o], ufo] QAIA, FHA; =] & H77) WA dES 9IS
g A8 5o HopollA] s AFE L okt 53], QF
olsHE(InP)& 1II-VZ: QDs= 37 131491 QDsZ, W &
At ek A8 S 7T VS REEA| €]
-, s A ole 8 At A T 7tk
oA ohst A wiAlete] B3sE B3 45 S
71hE 5= Utk QDse WS H|3HE gl ¥H 4kel-3ke)
Hkgo] 7HEE, PAb - a3E S W At o)
7Fs3hct. BEgt ZnSeSet 22 =22 A &EslE A (shell) =
*H 27 (ligand) 23S B3 HalE el 7] A=dst
S E3E 4 Uk mEtA] InP QDseF GO 2 CPe]
HS Zall ARFE AT AR ARSI eh A5 B
] G35 53l Srst A sIsHA Aeg B o= o gt

o, i et
sy
W o ¢

o

i

N

¢

2N

Zan, 4504 A15, 2026\

o] AellN= Gk ZE9-HEHTPU) 3D ZHH-S 531
ABIaL TR d TPU 719HE YHESL GO HE= CPole] 2312
3l InP QDsE =935t 71A1A Zi=et 718184 49
AZ BolFua . TPUE 973 71413 542 W)
23S 7HAL JAEE, o] A71sek AL mgsit o8

QDs ¥ GO E+= polypyrrole(PPy)E EZ3Hst CP9} 242
Ax REAE EYste] A71slerd 548 oS /st
st A=A H7HlE A28 s 3, A v
ojEA 713 s, B9 A5 71AAA71A <t

Sl A=A

-

i oft 4o

1e

2

Al |
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eTPU-95AEE =1.75 mm)S AF-31912™ Sigma AldrichA}
(®1=H¢] iron(Il)-p-toluenesulfonate hexahydrate(FTS)E 7]
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239t} TPU-PPy-QDE ethanold &7 2 3+ 10 wt% 2]
Iron(ITI) p-toluenesulfonate(FTS, Sigma-Aldirich), ©]3} FTS
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Figure 1. (a) fabrication process of various 3D printed TPU based functional composites; (b) photographs of quantum dot emission with UV

light turned ON and OFF.
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Figure 2. HRTEM images of prepared InP QD with various magnification: (a) 500 k; (b) 5000 k; (c) lattice spacing measurement with digital

micrograph (USA, Gatan).
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Figure 3. FTIR spectra of prepared hydrophilic nitrogen-doped InP
QD with various synthesis time.
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A3 =21 1533, 1450 cm'(Py ring stretching vibration), 1301 cm™
(C-N stretching vibrations), 1150, 1030, 782 cm(aromatic
ring bending vibrations), 962 ¢cm(C-C deformation), 678 cm’
(out-of-plane pyrrole ring deformation)”} &<1=| AT} 222
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Table 1. Comparisons of the Elemental Analysis for Various TPU Based Composites Prepared with Different Fabrication Processes

Atomic concentration (wt%) TPU TPU-GO TPU-GO-QD TPU-PPy-QD

C 76.74 62.37 46.93 44.84
o 18.62 34.05 7 6.64
N 3.86 222 2.85 5.04
In 0 0.01 0.77 0.8

P 0.73 0.17 3.99 3.55
Zn 0.02 0 21.53 21.87
Se 0 0.13 11.21 11.98
S 0.03 0.5 571 5.25
Fe 0 0.54 0.01 0.03
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Figure 4. SEM images of various TPU-based composite filaments: [up panel] (a, b, ¢, d, e) — Surface of TPU, TPU-QD, TPU-GO, TPU-GO-
QD, TPU-PPy-QD; [down panel] (f, g, h, i, j) — Cross-section of TPU, TPU-QD, TPU-GO, TPU-GO-QD, TPU-PPy-QD.
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fabrication process; (b) elongation; (c) tensile strength; (d) Young’s modulus.

[

e PPN BoE FALeTT B mE
InP QD7} A7 AEZES InP QD2 B7ka el &) 7]7:11X4
Jo] e Ao= welth Z2u TPU-PPy-QD] 74
nP QD! 7} z47}il E]ﬁ—: ggq_,_ g2 7]741;4 __/\—Io] 71-/\
F Axgto] ZEUL). o3 A=A EAIR1 PPy2] brittle
F 2245} VPP Aloll E0171= FTSA AHkAl7F TPUS] F2fol
AN GBS op7| ] Woleta BerEm o) ]Ee| B
Oﬂ ;q. °]’342:] 011—/} 26,27 o]g E—O‘H 7] ];H E}H 3’,}140]]}\-]_‘:_
LA Z2o07 =% GO9 PPy2te] BHlwE GO7F AhE
98 /Wit Bokan. FgEes Az A TPU
S 1A S8 842 Fol] AT, AU, 9F
Zm o)A TPU GO-QD7} 7F¢ 93t

]_

-

o L e % o 5
O_u

lm

_l

Flgure 6> A ZE HYA 2zl thigk AT E 249
X718k :**é < Yehli= EIS, CV, GCD Zj=elt}. 54

A AR A5 7 BIAE Ixlem® 272 e}
Whatman $#A & #2202 AMg-sle] ME=QX] Fej= A
=& AlFste] A& Figure 6(a)= EIS 542 53

Bl o] A=/A8)3 A As) o= _,,}xq _4 A& BAI3
ZAztolt}. EIS 4de 275} Oﬂoﬂoﬂ/ﬁ 2 e, A0 o

Aol 45K} 2 7187]e] B & —I—/Kﬁ Y= 714 )

Zan, 4504 A15, 2026\

St BAEHF ATS ol Alxd EA| BT TPU v
Eg 2o Hlg)| H7 ]ﬁJ.JJ} £ B4= 715 £ k. 1
F3F J] YollA EIS 4 (Figure 6(a)2] A 29)9] x
AR A 5o FAAS onjaly HJA 27 H|s=3h
FHAT S 7= Ao® wdkE

Figure 6(2)= 53l 2t A1) EIS vlo|B& 43 A
A} ol s 2ol F4, A 2%k, Fak A 247t S35
el wEt 21 2lol& ioﬂ\i}zg £ Nyquist plotol] 4]

FFuL goo] AqE wHE B AES M /HF A3
TPU-GO-QD7} 0.335 Q= 7P wekom, H3a} olso] 7H¢
A& AT AE FAshe Aoz EYsioirt. v
TPU-PPy-QD(0.6128 Q)= ©lel] W]l &t 2og =& A3
S B, °ol= PPy R wE AW vjdAol o3
Aoz Adssict.

it A g v S "ol TPU-GO-QD7} 48 Qs'P=
7P S S 71A ol Sl 7FE o]fe] & HHAIR &
A3kt TPU-PPy-QD(lOS O R O
Ags Hglom, ol PPye] XUe 9T B4 H= @Y QD

7]k Hﬂzﬂ«l W St A= AR} vk Zos ®elrh
AE 434S Yeh= AW X4 &3F TPU-GO-QD



HM-VE HEA] Inp 9 2 A Sloluelest Zlh TPU Yietigh] A5 ol88 49 Piie g 34 47 173

400 3
(a) Sl 1.04 —TPU
- ——TPU-GO —TPU-GO
3004 1PU-GO 24 — TPU-GO-QD — TPU-GO-QD
—trucoap| _ | ——TPU-PPy-aD ——TPU.PPy-GD
—— TPU-PPy-OD _
£ g s
9 y £ 1
q 2004 A 7 g Z 05
= P ._.'"." 5 pd %
' = SR ° 5
100 Y &l
r' - 34 4
1 / b
] e e ] C
0 |mmagmzzoocooom D L i e e B -2 ( }u T T T T 0.0 ( ) T T T T T
(1] 100 200 300 400 0.0 0.2 0.4 0.6 0.8 0 50 100 150 200 250 300
Re(Z)iOhm Voltage (V) Time (sec)

Figure 6. Comparisons of electrochemical impedance spectroscopy (EIS) of various TPU composites prepared with different fabrication pro-
cesses: (a) full range of EIS; (b) extended range of EIS from 0 to 15; (c) cyclic voltammetry curve in 250 mV/s; (d) galvanostatic charge—dis-

charge profile in 0.25 mA.
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Figure 7. Comparisons of Electrochemical stability, Capacitance Retention, Areal Capacitance of various TPU composites prepared with dif-
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Figure 8. Behaviors of electrical and electrochemical analysis of various TPU based composites with prepared with different QD concen-
tration: (a) electrochemical impedance spectroscopy curve; (b) cyclic voltammetry curve @250 mV/s; (c) galvanostatic charge—discharge pro-

file @0.25 mA; (d) electrochemical stability.
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