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Abstract: Perovskite solar cells have become a key development direction for the next generation of solar
cell due to their advantages of solution-processing, low cost and high theoretical efficiency. Long-term
stability and large-scale production are the bottleneck to commercialization of perovskite solar cells. Carbon
nanomaterials are ideal for improvement in device efficiency and stability because of their high electron
mobility, tunable Fermi energy levels, and excellent stability. Herein, the research progress of three typical
carbon nanomaterials, including graphene, carbon nanotubes and fullerenes, as electron transport materials
in the application of perovskite solar cells was summarized. The mechanisms involved in several carbon
nanomaterials for enhancing the efficiency and stability of perovskite solar cell devices were analyzed.
Finally, the development prospect of carbon nanomaterials in the field of perovskite solar cells was
discussed, and it was pointed out that the future application of carbon nanomaterials could focus on rational
structural modification to develop new carbon nanomaterials with low-cost, solution-processing and rich
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Table 1 Fundamental properties and device properties of fullerene-based electron transport materials

{5 PR BT FEREK  HOMOLUMORER DLt
[em™/(V-s)] eV BHS %

Ceo CH;NH;Pbl; . CL, — -5.7/-3.9 8.82 [36]
Cro CH;NH;PbI; Cl, — ~-5.9/-4.2 8.53

PCsBM CH;NH;PbI; ,Cl, 1.3x107° -5.9/-3.8 12.4 [37]
PC, BM CH;NH;Pbl;,Cl, 1.0x1073 —6.1/-4.0 13.0

Cg0-DPM-OE CH;NH;Pbl; ,Cl, 5.0x107* ~5.93/-3.88 15.5

Ce0-(DPM-OE), CH;NH;Pbl, ,CL, 1.8x107° ~5.86/-3.99 13.8

C.-DPM-OE CH;NH;Pbl;,Cl, 3.3x107* ~5.88/-3.86 16.0

Cs0-(DPM-OE), CH;NH;Pbl; ,Cl, 1.7x107° ~5.80/-4.01 14.0

Cs0-DPM-OC oH,; CH;NH;Pbl, ,CL, 1.1x107* -6.23/-3.81 10.8

PC4 BBz CH;NH;PbI, 3.70x107* -5.6/-3.8 16.57 [38]
PCe BTh CH;NH;Pbl; 3.65x107* -5.5/-3.7 15.74

PC¢ BPy CH;NH;Pbl; 3.66x107 ~5.4/-3.7 17.46

Ceo-PDI-I CH;NH;PbI, 4.3x1072 ~5.8/-4.2 18.29 [39]
Ceo-TAME CH;NH;Pbl; 4.8x1072 -5.7/-3.9 17.38 [40]
Cg¢o-BAME CH;NH;Pbl, 2.2x1072 ~5.9/-4.0 14.48

Cg0-PMME CH,;NH;Pbl, 6.2x107 ~5.9/-3.9 18.38

F1 CsFAMAPbIBr — —/-3.85 — [41]
F2 CsFAMAPbIBr — —/-3.88 —

F3 CsFAMAPbIBr — —/-3.89 —

F4 CsFAMAPbHIBr 6.0x107* —/-3.87 20.36

F5 CsFAMAPDIBr 4.3x10™ —/-3.89 18.28

F6 CsFAMAPbIBr 3.7x107* —/-3.90 16.65

F7 CsFAMAPbIBr 4.7x107* —/-3.87 18.52

FP-C4 Cs0.0sFA9.00MA osPbL, ssBro. 5 3.4x107* —/-4.08 15.70 [42]
FP-C8 Cs0.0sFA9.00MAg osPbL, ssBro.1 5 4.9x107 —/-4.15 20.82

FP-C12 Cs0.0sFA9.00MAg 0sPbl, ssBro 1 5 2.6x107 —/-4.17 20.08

Ceo-TMA Cs0.0sFA9.00MA osPbL, ssBro. 5 — ~5.89/-4.15 24.89 [20]

DPCsBM %j[6,6]'#§%'C61'TE§Eﬁ fig , PC\BM %1[6,6]-%%-(:71-]_‘@3‘5%@5 , Cso-DPM-OE 2}y Ceo-— F AL ZE ik, Ce0-(DPM-OE),
FRM B Coo- — R IE-R Sk, C7-DPM-OE H Cro- Z H R BE- R EL ik, Cr0-(DPM-OE), N XN K Cro- = HF 2K 356 - 3 55 ik
Cs0-DPM-OC (Hy, i Ceo- - FF K 3E-28 it , PCs BBz ﬂﬂﬁ%-Cm-Tgﬁa-T%)qﬂEE, PC¢BTh ﬂv%%-cal-T@Zﬁ(L%%%WﬂEE, PCqBPy
FARFE-Cor- TERQ-MEMEFL)F R, Coo-PDI-1 N Coo-Tblk W NE-BULIb 5L LR, F1 A Coo-2-(WEM-2-H1 ) ML I5E, F2 24 Coo-2-(BRMEMY-2-H
BN LE, F3 R Ceo-2-(ZMEW-2-F IL) LK S, F4 O Coo-2-(MEWY-2-Z FIE)MEIEHE, F5 2 Coo-2-(HEMEWY-2- L FUIE) ML HE, F6
Ceo-2-(ZWEW}-2- L) MEIELE, F7 24 Coo-2-(H 7R-2- L) MEIELE, FP-C4 -y Coo-4-{4-[(2,2' : 6',2"-=HRMLIE)-4- BRI 7 TR &
fi§, FP-C8 4 Cep-4-{4-[(2,2' : 6'2"-=HRILNE)-4'-FL PRI IR LW, FP-C12 J Ceo-4-{4-[(2,2' : 6'2"-=HRNLIE)-4'-FE PR H L 7+ =
i .1, Coo-TMA H[6,6]-KIE-Co - T R N DU EE = NG AR TR ; @QMA S H IZIEH, FA MHBRIER]; “—Fom AL BN EYE, T,
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Fig. 6 Molecular structure design template (a); Molecular structure of fullerene pyrrolidine derivatives F1~F7 (b); Crystal

stacking mode: F1 (c), F2 (d), F4 (e), F5 ()"
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Fig. 7 Device structure (left) and schematic diagram of
action mechanism (right) based on Ceo-TMAPY
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Fig.8 Schematic diagram (left) and SEM image (right) of cross section of device based on TiO, NPs-SWCNTs modifications
(a); Schematic illustration of TiO, NPs-SWCNTs improving charge transport process (b)*"

SWCNTs

— 20.4% PCE
PTAA SR (=J5M); mp-TiOy N L4k fik; cp-TiO, K
ZARER
Bl 9 FET CNTs 19 ZfFiE W SEM &1
Fig. 9 Cross-section SEM image of device based on CNTs
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Fig. 10 Current-voltage curves of device based on TiO,/
SWCNTs composite photoelectrodet™™
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Fig. 11  Schematic diagram of charge-transfer processes of
multi-wall carbon nanotube-graphene-TiO, film**
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Fig. 12 Steady-state fluorescence spectra of devices based
on different electron transport materials®®
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Fig. 13 Energy level arrangement of all materials used in
device based on graphene and TiO, composite
electron transport material "
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Fig. 14 Structure (a) and current-voltage curves (b) of devices based on rGO/mp-TiO, nanocomposites with different rGO

dopping amount(®"
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Fig. 16 Schematic diagram of preparation process of 3D G-CulnS, composites
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