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ABSTRACT

Flexible photovoltaic devices have attracted significant attention due to their
lightweight nature, resilience to complex deformations, applicability on curved
surfaces, compatibility with roll-to-roll manufacturing, and ease of storage and
transportation. These devices hold promising applications in electronics, smart
textiles, electric vehicles, and the aerospace industry. This article addresses the
necessity of harnessing energy from sustainable resources, considering the
limitations of fossil fuels related to both scarcity and environmental concerns. It
then introduces various conductive carbon-based nanostructures, such as
fullerenes, graphene nanosheets, and carbon nanotubes, followed by an overview
of their applications in flexible photovoltaic devices, specifically in dye-sensitized
solar cells (DSSC), organic solar cells (OSC), and perovskite solar cells (PSC).
The discussion focuses primarily on the impacts of these nanostructures on power
conversion efficiency (PCE), flexibility, and the commercialization potential of
photovoltaics. Finally, various coating and printing techniques for preparing
photovoltaic electrodes using carbon nanostructure-containing ink formulations
are reviewed, along with a discussion of their advantages and disadvantages.
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Figure 1: (a) Unrolled SWCNT showing chiral vector C and how different values of the integers n and m affect the electrical property of the
SWCNT. (b) The direction of the chiral vector affects the appearance of the nanotube. Examples of CNTs are shown (c) single-walled CNT
(SWCNT), double-walled CNT (DWCNT), and multi-walled CNT (MWCNT) (7).
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Figure 2: Electronic structures of graphene in single, symmetrically double and unsymmetrically double layer forms (7).
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Figure 6: (a) Schematic illustration to the flexible fiber-shaped DSCs based on CNT composite fibers, (b) The dependence of PCE on bending angle,
and (c) Photovoltaic textile based on the fiber-shaped DSCs (7).
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Figure 7: Pt-modified fiber-shaped DSSC counter electrode (7).

L ITO Y Soy6 5 S,5 5l Jolam o 10 ol ols cans
Slosliiwl Ly oilies hed o aly 2 (598 olCiwd <SG s 35050
ool gy o pdydllani & _liws (sl (55 SWCNTITIO, wigiss
& et 4z Voo ol e (G ool 0 el e g 0
o=l = egdle e o L 1) oYU ples 5 (g piBllasil a5 olas
Slsie & e Sloalglyls o S eolisal b 55 IS5 8 (5laDSSC
&=l s spdydllan] al b ol 155 ilgiss 5 (SaS 0928
Bocee 55 (31,5 pdyillasil GlaDSSC s wisls ojlis as5 511, Jle
4zl S g oo ool (i (M (S8 09 28Ul (0Kl sl
Conglio Ly (HC-GCF) Ll Jloms (53,5 L o odls jiisgy (claty
Lo DSSC ;5 ael S oS 05,2501 Sy lgis 4V QU5 g5 _oebans
ot 635 1 25Ul Cedlnd e ey Jae ol (5)) A ool
2ol b il ot (sl 50 Cuaglie (i i 5 1T sk
ol ot Sl 5 s S g b s s 5B Ceaslio
5 S 39,58l lge 4y HC-GCF L as jo #1AY (oYU Js0u5 003l
5 Sl (e 555 3T s 5o el s & 5oy 23S
Sadlad 1 ol aals Lol (paSTy sl (3992w (695
Sg-n byiye ad (slacisdsn 5 g 4 Ygone T S5 S
ol 5L 9550 G315 (6l el (g ke Dy Sl (S cnl e
L s 5 5 il i g Jald Baae Wlis 10 00 55 slat,
SLaDSSC JLte lyie 4y ol Uy (sloyandy 5 (5508 csloeilyms
4y PEDOT:PSS / TiC / 131,55l (slac jonals asly s 3y Cillasl
O3S Sl Gy (Seadly sl 05 (59 g2 (eS80l lsie
=S 45 Bl Cawd 2o > FID a5 003l 4y olfiws (il 0o
Jra 00300 D sl 09 Sl Sl oolaiw] b asline olSiws oo
s 3,5 il s 55 ey Bllasil GeDSSC (FY) s5; (oo FIY
E RN T SCHPPIREK FESH NI gy 22
ebl, g VT L YT mpa @y 8 /8 glom® JLS> a S ol
ol M Sl 3l b e 0l Lz 1, VT 6 Y TSIem (S S
o iy Gllasil K5 4 (claDSSC oS 35,2501 i a4 b s
bt 5 oSS Colim g Sl e alSeul (V JS2) a8
Sl o 03jly 2o 4 e GBS o nelS S (655U
ogdle 3 Y VY Lo o US55 508 sl DSSC (gl 0oy AIFO s
JUiil 5 5,5 aslsl 55 LaDSSC wSlyisd 4 si e |, 3,5 el
Gilasis Loy DSSC Sy (2l Kos 5 Silg 15,8 g |y (9,21
G d (TIO2 3DGT) (g ,5ligil wlid 5l oolawsl b ¢ 3LI gles jo
azg b asisle (Saadly s (55, » wlsish lyie 4 G35 L BD)
(Sl 1,5 31 ool by s s ol 5 JUiS! ol
g See VW sl Ly BDGT iy cillasil gle DSSC gy aus

PEO-YAY ¥ (1EF)NE /555 s )3 lsllas ele &y puins



o Saillg9igd Sl )3 Lluws) Sy S LELWGIL 3915 3 S900 /UKD 9 il (izxe

Jhail gloyr JUa fals @ joie Wl 0 a5 350 o0ls Cond
035 4 ol (1 (FA) 595 (FF) (0 53y 5 (ISC) obssS
PET/Ag-mesh/PH1000/PEDOT:PSS/ jasue Lol Vb o
a5 o lgaiy pdylasl PSC (gl perovskite/ PC61BM/AI
o gl o g 00l agi PCE 05y 0o 0 VEIY ] haus ool
ao 3 AN 5 ol s o oagl o 20l g Lo fiesls ¥
LS ol 5 oo ool (4 JS2) o5 L | adgl ke
5 phd 35d58)90 ilwante L plyioe | g bllasil SLPSC
O, 3ls Ly e oy e a0l 5y PCa1BM S 5

poly([N,NO-bis(2-octyldodecyl)-1,4,5,8-  naphthalene  bis
4 L (dicarboximide) -2,6- diyl]- alt-5,50-(2,20-bithiophene))

Sl S5 Sl elgm Lsas PCaBM Ll ,o (PNDI-2T) )le
(F) 3l ulidl @l PCaiBM L alie 4o 58 SlSe (g luly
0055 IS 0 PCaiBM (slwojsx ST 3l gulos ol &dlg 5o
O Loy xSl jge LSl a5 05 oo Juol> PNDI-2T (5 oy
ymsunzo |y PNDI2T (glmojg> (SilSo i iole, g Laojg>
il e 3 Jylons g, 4 o5 (s3lge 51 S (S 5 e
Pl & Gy o)l &l » (Jsse SzoF slge cosl 0uds (5 51,8
SO lee an b ool o,lg 99,2501 g PCe1BM (4 45 aiiws C3
ol 33l 1y oled haw €3 50,5 o)l (V+) oS Joe a¥Y ST 430
oielS 1y 0 xSl g PCa1BM (1 S o rhaws (slacaglin g oolo
ailgi oo 00 baSgl C3 4y a8 0l etk dio (pizmed OB 0
Loy oSt cBlo JSCi 5 widy 0gupn |, PCa1BM mhavs coaS
2l st e o iy 5 sl 58 rba
Sy Gled o0 deo O VYITY o ool b g PEN/ITO ol 5
o3le S 59,5 31y b 0850 g ez ;K00 g 0]
PCatBMULETL alfgo Y LSis (gl 550 9,581 oaums Jlal

(a)

e 10F ’A
g /
< °[ illumination sido 4
E ETA/GR /,
2 % - TFSAGR 7
(7] ¥ i
& -5} Fi4
U “‘
s 4
g -10
5

5L A ;

-04 0.0 04
Voltage (V)

0.8

Normalized PCE

sOSC il slp w5 5 Wl Glee a4 uimen o815
351 slas 5o Kt JUl g, oo 5l Slabnsi 5 iy llas
Sl ol g Blas lasg oIl oS5 L (V) ob oolaul
o3l 5 Sy b o3l y0 ey £V Bl 6,5 les
30 69 @z Sras Jlolge ael cews 4y sy YIA-TN Lo
5 Blad dod SOSC .aisils F g8 4 Suo3 9 hanlyd 4l
sloss 55N eniiogs GBS sloed I 55 s pisillad
5 (Jli, aY) PBHT:PCBM (ETL) ZnO  sl5/usl 4 il
S8 Glas w5 g Wl gl ol as-le (HTL) PEDOT:PSS
ol 65 5 (TFSA) (el Uidsilsms (liogpsld (5 5) i &
Al Jols asye YNY Lo oosl ol g (TETA) (el 5
sk k55 pmeiangll oazlB3l azl (5,53 b &5 (A 2 JS2)
Dhed glapysesl 4 az g b eizmen 28l (il o0 FIVY 4
Cowd & oYL Sl (g pdyBllasil ialies slisul glagled ;o

(A D USE) ol

= o Sllasl ColSwg p g yes sl Jgbw —F-1-Y
x5 Eslugl al

ol Sliie 5 by b 5 ETL 4 assliz 3 Cllassl cPSC s
2 Ll s LSl i aime gl o opdle 955 s
ey amiley Jlte Glyte 4 09do0 jue b 58 slales
PET/ITO/PEDOT:PSS/Perovskite/PC61BMITIOX/Al .S 5
Gt U e Conglin b s 50l sles 10 PCS lgs e ol
Joaw 003l sadaislus 8y Cllassl olSiws 0,8 angs |y iy oy
o ol 00jls s (B plomil 5l e 45 05 g | oo FIF
NTO &l s alive sl Jshos b dglin ;5 .8l ial33l 0oy /Y
SloolKiws ol o 033l caoys VIO s ool b aded
YL (s Cemglie 4y Censl Sae PET/ITO aly 4 pydyillass]

(b)

Outer bending
1.00f O—u - . .
— —
095+ 4
Outer
0.90
0.85}

12 10 8 6
Curvature radius (mm)

Flat

(V) 81,5 wl5TWT Blass slasg iSIl (g5, cies slosiole;] (B) TETA 3 TFSA L oo wgo (,81,5@) :A S
Figure 8: (a)TFSA and TETA doped graphene, (b) Bending tests on transparent graphene anode/cathode electrodes(right) (7).
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Figure 11: Conversion efficiency under bending and tensile strain (7).
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Figure 12: Current-voltage density curves of flexible devices with conversion efficiency above 16.8% (7).
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Table 1: Various printing and coating technologies for preparation of anod in solar cells (76).

Deposition Method Photoanode Materials PCE, n(%)

Electrospray Deposition TiO2 3.65

Spin-Coating Luminescent Species TiO2 5.02

Dip-Coating Sn02-MgO 4.14

Electrospray Deposition TiO2 NPs 1.674

Dip-Coating Nb20s- TiO2 6.31

Dip-Coating AgNPs- TiO2 0.0071

Doctor-Blade Printing Mesoporous TiOz 4.20

Doctor-Blade Printing TiO2 1.14

Doctor-Blade Printing ZnO NS 2.00

Screen-Printing Al-doped Hematite 0.198
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