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Abstract: Flexible fiber- or yarn-based one-dimensional (1-D) energy storage devices are essential for developing wearable
electronics and have thus attracted considerable attention in various fields including ubiquitous healthcare (U-healthcare)
systems and textile platforms. 1-D supercapacitors (SCs), in particular, are recognized as one of the most promising candidates
to power wearable electronics due to their unique energy storage and high adaptability for the human body. They can be woven
into textiles or effectively designed into diverse architectures for practical use in day-to-day life. This review summarizes recent
important development and advances in fiber-based supercapacitors, concerning the active materials, fiber configuration, and
applications. Active materials intended to enhance energy storage capability including carbon nanomaterials, metal oxides, and
conductive polymers, are first discussed. With their loading methods for fiber electrodes, a summary of the four main types of
fiber SCs (e.g., coil, supercoil, buckle, and hybrid structures) is then provided, followed by demonstrations of some practical

applications including wearability and power supplies. Finally, the current challenges and perspectives in this field are made for
future works.
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Fig. 1. (a) Evolution of wearable devices, (b) schematic illustration of the application of wearable devices in healthcare and biomedical
monitoring systems, and (c) schematic illustration of the portable medical and healthcare devices worn on body parts (reproduced under the
terms of the CC BY 4.0 license [5]).
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Fig. 2. Photographs of (a) smart contact lens sensor that can check blood sugar with tears in real time and send it to an external smart device
(reproduced with permission [9]. Copyright 2014, Wiley-VCH), (b) skin implantable sensors that are implanted into the skin to measure body
temperature and heart rate (reproduced with permission [10]. Copyright 2016, Wiley-VCH), and (c) wearable based smart clothing (reproduced

under the terms of the CC BY 4.0 license [11]).
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Fig. 3. Supercapacitor types: electrochemical double-layer capacitors, pseudocapacitors, hybrid capacitors defined over their designs.
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Fig. 4. Schematic illustration of the different mechanisms of capacitive energy storage [electric double layer capacitance (EDLC) develops at
electrodes comprising (a) porous carbon, (b) noble metal, (c) intercalation host material, and (d) redox pseudocapacitance material (reproduced

with permission [17]. Copyright 2021, Wiley-VCH)].
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Fig. 6. (a) Schematic illustration of the fabrication of coaxial EDLC fiber based on CNT fiber and sheet as two electrodes (reproduced with
permission [21]. Copyright 2013, Wiley-VCH), (b) schematic and SEM images of the graphene fiber covered with 3D porous network graphene
(reproduced with permission [22]. Copyright 2013, Wiley-VCH), (c) experimental setup for the continuous fabrication of rGO/CNT
supercapacitor fiber (reproduced with permission [25]. Copyright 2015, Wiley-VCH), and (d) schematic and SEM images of the
MWCNTs/carbon micro-fiber bundle wrapped with separator and CNF film (reproduced with permission [26]. Copyright 2013, American

Chemical Society).

Yo gl ook QYA Ql 4] YA S AHESl
o] GO #4t ke 4 U]E] Zolo] GO 492 AxsIHO
of, o] % AF 8L ALGS BfBLA Aelg 5o 12jue
FUAA Aol B3 1A o] 943 rGO 7|
v 2o g HTS stk [24).
o Uob}, § F89 282 ST SYA e /1%
#uATAE E 805 9lck T3 6(c) rGO/CNT &3
Hoj&oh CNT

AR 719 HATAY AR 5
array0ﬂ/\1 FPlwSh) CNT %] O% 3

=
&*ﬁ}%q. 0] Ei OJ 47@% 5 CNT A&
g 1 g A2l o] rGOe CNT7F &= B3 Mo 7)
g A5 HAWAIE S A &E5HY
T 5 Aol A "ol &
AP A5d FHAMAIEE LdsHA T
LS|

HL/CNT EA] ol =, 71+ ofo] 2

S

o4l

=

o

N
o 3
ok
(RO

|4 m9=°.‘='

e oﬁL’

7IRF A 22 ARERF 59

A FHARAE =
2 5t A7gArE o g Al Ae Hatted
Aoz dA 59 25 F7dsk3d
L2 2R S5 Alole xR A IAE
/cm”e] WA tfju] £2F 9.8 yWh/cm?9] o]
A ‘:”E 2 189.4 pW/cm?] ﬁa—i U s Eon, &
Y ¥ig 5448 HolFol aaxolil {5t A

Al5-s8ck [26].

T AT ATE]

PR

ujn

tlo E fg
oM 1y
0z 39 o
lo 11 |_>

e
oj
o
©
= -lﬂi

0]
»

oo 4> L rr L2 do rE H1 un
0
o b
8 @
I a

et oAl AR 7=

2.2 2% MEES 0128 MRY FHHAE 17
98 #HATAE S 2E]
t}. e Aol mo] 24 At
2mste 249 dxte] Aat P
Aol oA WE R Q) ge A



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 36, No. 4, pp. 303-325, July 2023: Lee et al.

. Lithiated
1 1Tthi
Current  Activated carbon Activated araghils
collector electrodes A collector
:
l ,
BU* Uty
R
'—_"+ b “—"T’ Hybrid capacitor
EDLC
C
Single rGO/SWCNT Fiber
- g MnO, "
83 ured couing, W reotrode
5g NSl
+ 3 =0
83
ge . UM"’% single N-Doped [\,
Sc Ire egative
3 a, N dop; rGOISWCNT | o ode
- ng Fiber

SWCNT

rGO-MoS, hybrid fiber

™1 coating with
%7 PVA-H,S0, gel electrolyte

™1 slight twisting of
<7 two coated hybrid fibers

®

4+
H PVA-H,SO,

Ag paste gel electrolyte

309

Current Transition metal oxide/ b

conducting polymer

Area capacitance mF/cny

18V
Asymmetric

All-Solid-State

Fiber Micro-SC

'\A

Hybrid

00 02 04 06 08
Voltage (V)

10 12
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[27]), (b) SEM images of aligned MWCNT fibers after electrodeposition of MnO2 nanoparticles and electrochemical performance comparison
between bare and composite fibers with the increasing MnO> weight percentage at a current (reproduced with permission [28]. Copyright 2012,
Wiley-VCH), (c) fabrication of the asymmetric fiber-based MnO2/rGO/SWCNT electrode micro-supercapacitor and SEM image of the fiber
supercapacitor (reproduced with permission [30]. Copyright 2017, Wiley-VCH), and (d) fabrication of an rGO/MoS: hybrid fiber
supercapacitor and electrochemical performance of fiber supercapacitor (reproduced with permission [32]. Copyright 2014, Wiley-VCH).
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(reproduced with permission [33]. Copyright 2012, American Chemical

Society), (b) optical images of a two-meter-long SWCNTs coated cotton thread wound on a Teflon rod. Cross-sectional SEM image of a
SWCNTs coated micro-fibril (reproduced with permission [35]. Copyright 2013, Wiley-VCH), and (c) SEM images of PANI/CNT composite
yarn. Ordered PANI nanowire arrays can be seen on the surface of CNT yarn in the PANI/CNT composite yarn. CV curves at various scan
rates ranging from 0 to 0.8 V/s (reproduced with permission [36]. Copyright 2013, Wiley-VCH).
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Table 1. Comparison of the electrochemical energy storing performances using various materials.

Category Fiber or yarn electrode CL Ca . Cy \ Cyp
(Ref. no.) (mF/cm) (mF/cm?) (F/em?) (F/g)
Carbon CNT fiber/CNT sheet coaxial fiber [21] 0.029 8.66 32.09 59
materials G aphene fiber/3D-graphene hybrid fiber [22] 0.02 1.2~1.7 - 25~40
rGO-GO-rGO all-in one fiber electrode [23] - 1.2~2 - -
Wet spinning rGO continuous fiber electrode [24] - - 340 279
CNT/rGO composite fiber electrode [25] - - 68.4 126.7
Carbon fiber/MWCNT coaxial fiber electrode [26] 6.3 86.8 14.1 3.6~11.1
Metal MnO2/MWCNT composite fiber electrodes [28] 0.015 3.01 - 13.31
oxides MnO: nanowire/graphene hybrid fiber electrodes [29] - 82.6 66.1 -
MnO./GCF (rGO/SWCNT) fiber electrodes [30] 1.76~3.30 - - -
RuO»/carbon fiber composite electrodes [31] - - - 544
MoS2/rGO hybrid fiber-based electrodes [32] - - 30 -
Conductive  PEDOT/CNS hybrid yarn electrode [33] - - 40 21.5
polymer PEDOT/MWNT biscrolled yarn electrode [34] - - 179 -
PPy/MnO2/CNT/cotton thread cable electrode [35] - 1,490 - -
PANI/CNT composite yarn electrode [36] - 38 - -
PANI/Au/CNT fiber electrode [37] - - - 8.7
PAN@PANY/CNT fiber electrode [38] - 560 - -
Astoict. Hgd #HAWAE Q] AN A2 Y54 Huisheng Peng AIAeH 464 #HAmA|E 0] A2
71E 488 0 Alete A2, olgete] sEdol Wast Fol AAY Uol Hsae AT I 9(b)e AALE
o AR A= AE U H AR AR Y U A= = Aae Aetd dRe A AR UE AE2 ¢ofd
2 71AA A= AR LSS0l ARl SR A5l o 2 olUR|F e =AM ALE TH5dS BoETh [25]. AlE
st AEAQN FAQlo] 7HiA17] fizof] F2eh 714" & Qo= PANI/CNT 7|8t 58 fm7ujAEl] ]
FEot 5, 2Eal P AQl RA] sl BaAlolt. Y AAS &l 10719 LEDE 5 7t A s &R
I3 9(a)2 42 7tHo] 991 CNT A& 718F oA shlct. EoF thefet 2= o] 5] MigoM = 4d52] A5t
AlH A=2 HoEoh A59 124 9Y glo] 58AQA 7SS FUstd d/3 aHATAIE S Sl AR
ZIAR Hgo] 7kttt [21]. A AR 342 ol Hulo]A9] o] Vhede (Mg o2 Ho Rl [38].
A3 AHAWAIES] g A 7S BolRld

Fig. 9. (a) SEM image of several EDLC fibers (CNT fiber/CNT sheet) being woven into a textile structure (reproduced with permission [21].
Copyright 2013, Wiley-VCH) and (b) photograph of the knitting process and integrated fabric woven from cotton yarns (white fibers) and
supercapacitor fibers (black fibers) (reproduced with permission [25]. Copyright 2015, Wiley-VCH).
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Fig. 11. (a) Schematic illustrations showing the fabrication processes of biscrolled MnO2 deposited MWNT yarn supercapacitor (reproduced
with permission [44]. Copyright 2019, Springer Nature), (b) SEM images of the surface of a 70 wt% MnO- embedded yarn cathode (scale bar
=300 pum) and high magnification (inset, scale bar = 600 um) image showing well dispersion MnO: particle. Cross-sectional SEM images of
MnO: embedded yarn (reproduced with permission [45]. Copyright 2018, Royal Society of Chemistry), and (c) schematic illustration of the
fabrication method for MBW yarns. MXene dispersion drop cast on CNT sheet and biscrolled to form a composite yarn (reproduced with

permission [48]. Copyright 2018, Wiley-VCH).

Table 2. Comparison of the electrochemical energy storing performances using various yarn structures.

Category Fiber O(rR}g’gIIllg)e ctrode (mFC/Lcm) (mF%mZ) (F/ggf) (Fcié)
Core-shell * NT/MnO, composite yarn [39] ; 3.707 254 ;
Single MnOo/CFs fiber [40] ; ; 58.7 428
MnO/carbon fiber [41] 24 - - 63
MnO»/G/GF [42] 0.143 9.6 - 36
Ag/MnO: composite sheath yarn [43] - 322.2 208.1 -
Embedded - pppoT/MWNT yam [32] 0.47 73 179 ;
MnO»/CNT fiber [44] ; 3,540 ; ;
rGO/CNT-MnO,/CNT fiber [45] ; 3224 57.2 ;
Fe;04/CNT yarn (BFY) [46] ; 8.28 134 ;
PEDOT:PSS/ferritin/MWNT fiber [47] - 329 12.0 24.1
MXene/CNT (BMX) yarns [48] 118 3,188 1083 428
Upie AJ0] 29] MnO,, GO 21012 5 At efel & A7lal vol 2289 whgo Qultls 258 79
278 PAEOLS ONT AE0] EE7)AE ¢ & 0e 4 Stk 18 11(b)e MnO; U Y7} 98 493
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Fig. 12. (a) TSC can power Blue LED (scale bar = 4 cm) (reproduced with permission [45]. Copyright 2018, Royal Society of Chemistry) and
(b) schematic illustration of the energy textile prototype. Photographs showing energy textile prototype can power an LED, a digital timer, and
a digital watch (reproduced with permission [48]. Copyright 2018, Wiley-VCH).
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Fig. 13. (a) Schematic illustration to the fabrication of coiled CNT yarn (reproduced with permission [49]. Copyright 2012, Wiley-VCH), (b)
SEM and optical images of MnO2/CNT core—shell-structured coiled electrode (reproduced with permission [50]. Copyright 2016, Wiley-VCH),
(c) photographs of (i) entangled pristine coiled yarn and (ii) tensionally stable ECO-treated coiled yarn placed on both palms, respectively, and
optical images of its magnification (scale bars =300 um) (reproduced with permission [52]. Copyright 2022, American Chemical Society), (d)
schematic for the fabrication of coiled CNT/polymer composite fibers. CV curves measured at applied strain (up to 300%) (reproduced under
the terms of the CC BY 4.0 license [53]), and (e) schematic illustration of coiled MnO2/CNT/nylon fiber electrodes. Capacitance retention is
plotted during a stretch-release cycle (reproduced with permission [54]. Copyright 2015, Springer Nature).
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Fig. 14. (a) Schematic illustration and SEM image of supercoiled CNT/spandex fiber. Optical image showing loop opening process of
supercoiled fiber under stretching (reproduced with permission [55]. Copyright 2019, Springer Nature).
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Fig. 15. (a) Fabrication steps of a buckled SWNT macrofilm on the elastomeric PDMS substrate (reproduced with permission [57]. Copyright
2009, Wiley-VCH), (b) fabrication process of buckled nanotube sheets on an elastomeric fiber (reproduced with permission [59]. Copyright
2015, Wiley-VCH), (c¢) Schematic illustration of fabricating stretchable conducting wire. Photograph showing a typical wire-shaped
supercapacitor with a being stretched from strains of 0% to 370% (reproduced with permission [60]. Copyright 2015, Wiley-VCH), (d)
schematic illustration of a twist-inserted rectangular sandwich fiber (reproduced with permission [61]. Copyright 2016, American Chemical
Society), and (e) fabrication process and SEM images of buckled MnO2/RuO,/CNT fiber (reproduced with permission [62]. Copyright 2017,

Springer Nature).
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Fig. 16. (a) SEM image of the buckled coiled fiber and its magnification (reproduced with permission [63]. Copyright 2017, Wiley-VCH).
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Table 3. Comparison of the electrochemical energy storing performances using various stretchable yarn structures.
Fiber or yarn electrode CL Cy Cy Cyp Stretchability
Category ) ;
(Ref. no.) (mF/cm) (mF/cm?) (F/em?) (F/g) (%)
Coil Coiled MnO2/CNT yarn [50] 5.4 40.9 3.8 - 37.5
Coiled, biscrolled MnO2/CNT yarn [51] 17.7 382.2 104.7 - 30
ECO-treated coiled CNT yarn [52] 12.48 172.93 - - 80
Coiled CNT/polymer fiber [53] 1.12 11.89 - - 300
Coiled MnO2/CNT/nylon fiber [54] 54 40.9 3.8 - 150
Coiled CNT/graphene/PANI fiber [66] 10.3 273.7 91.2 137.5 800
Supercoil MnO2/CNT/spandex supercoil [55] 21.7 92.1 - - 1,000
9-ply CNT/spandex supercoil [56] 1.32 3.74 - - 800
Buckle Buckled CNT/ecoflex fiber [58] 0.47 - - - 600
Buckled CNT/rubber fiber [59] - - - =40 300
Buckled CNT/polyurethane wire [60] - - - 30.7 350
Buckled MnO2/CNT/rubber sandwich [61] 2.38 11.88 - - 200
Buckled MnO2/RuO2/CNT fiber [62] - - - 25 200
Buckled PANI/CNT/rubber fiber [65] - 50.1 - 111.6 400
Others Buckled, Coiled MnO»/CNT/rubber [63] 4.8~1.2 22.8~5.1 - - 400~800
Plied, Coiled PPy/H;PO4/CNT yarn [64] - - - 63.6 150
4.5 MY M7E AW AMES S22 7IsY 24 glol FEE & /Als = =elstat (19
17(c)] [65].
Yol dH 2 A&5d 47 AHAHAES A2 7]
who] UA| TF $AOIH ALGRO 2N S8 AL B
olstgict. 22 17(a)o] MAIR vte} o], RALR o] 2of 5. 7|4 o|re} M
A 2l 719 2L % 29 2K L 60% o] 4] 7]
AR Aol = A Fo] 24 glo] P L oA AR s 51 7IEH Olw
2 gxlsteict [61). ®3h 499 N4 e 82§ A
upATe} e AUF BT AXVL ISRL S5t e dol2lE AEARAEE H2Y L YA &
Atk 551, 40P AnAMAE ] AF A2L S5 & A A AT 1E A L B 7129 =Qoz YA
ot 5 A S FEsti, o] 5 &5l LEDE F5d2z QIS o] AR T AA| loj2l=E 717] H o 7ol A&
WS 2EARAE ] B8 7H5AS AFSHATH [T 517] YsiAE otk IR} & A7t Wt
Y 17(0b)] [52]. bRl o 2, M eo) FER P2 S8t AU, 2A1E BEA CNT % T2hH 59 Hatbier)
of A2 20| AR S HAUYT. 187he0] 154 A8 B /AHOR SASIUAL 944 A7 AR o] o]
Ao] h2-A2 o2 watshs WA A2 Axst Aed AuAWAE ] AHAZ AL§5t710] 0h.$- 48t
AL, 100%9] AFHPNME d5 A= L A9 Ad AT, AR 71& £+F 02 o2t Uke AKX S i AJ4tst
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Fig. 17. (a) Photograph showing buckled CNT/rubber fiber supercapacitors woven into a work glove (reproduced with permission [61].
Copyright 2016, American Chemical Society), (b) photograph showing ECO-treated coiled yarn supercapacitors woven into a mask
(reproduced with permission [52]. Copyright 2022, American Chemical Society), and (c) photograph of stretchable textile woven with 18
buckled CNT fibers (reproduced with permission [65]. Copyright 2015, Wiley-VCH).
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