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Abstract Bulk heterojunction organic photovoltaics have been the subject of intensive academic interest over the past two
decades. Numerous recent efforts have been directed towards this area with the vision of developing next-generation low-cost
solar cells. In the field of bulk heterojunction organic photovoltaics, fullerene and its derivatives are an important class of
n-type electron acceptor materials. However, their disadvantages such as narrow wavelength absorption, high affinity, poor
solubility, have severely limited their wide application as electron acceptors for organic solar cells and have largely hampered
further improvement of the device performance. Recently, a number of research efforts have been focused on the develop-
ment of novel non-fullerene n-type small-molecule acceptors. Various design rules and interesting new materials have been
explored. The non-fullerene n-type small-molecule acceptors usually appear to possess lots of attractive advantages, such as
adjustable energy levels, facile synthesis, good solubility, low processing cost. More important, when compared to the
fullerene and its derivatives, this kind of small-molecule acceptors has wider spectral absorption that allows to absorb more
sunlight to generate electricity. Recent breakthroughs rely mostly on the development of novel high-performance acceptor
materials and optimization of the device structures. The up-to-date power conversion efficiencies exceeding 4% with using
non-fullerene small-molecule acceptor materials in bulk heterojunction organic solar cells have been achieved. In this review,
recent advances of non-fullerene small-molecule n-type acceptor materials for organic solar cells are reviewed, including
rylene diimide-based acceptors, pentacene-based acceptors, benzothiadiazole-based acceptors, 1,4-diketopyrrolo-[3,4-c]-
pyrrole (DPP)-based acceptors, fluorene-based acceptors, fluoranthene-fused imide-based acceptors and so on. Meanwhile,
the future trends on material design and development have also been discussed. This review on illustrating the influence of
the molecular structures and corresponding photovoltaic properties would thus be helpful to further unravel the role of elec-
tron acceptors and shed light on exploring efficient n-type electron acceptor materials for high performance organic photo-
voltaic devices.
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Figure 1 Two basic p-n heterojunction structures of OPV devices
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Figure 2 Chemical structures of rylene diimide-based acceptors
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Table 1 Photovoltaic properties of rylene diimide-based acceptors
Acceptor Blend HOMO/LUMO/eV Jsc/(mA'cmfz) Voo IV FF/% PCE/%
1 P3HT 1 1(1:4) —5.82/—3.69 0.21 0.25 22 0.01
2 P3HT : 2(1 : 4) —5.8/—3.8 1.49 0.48 35 0.25
2 M:2(1:1) —5.8/—3.8 7.4 0.78 52 3.0
3 P3HT :3(1:1) — 1.74 0.75 38 0.50
4 P3HT :4(1:2) —5.79/—3.73 2.95 0.60 52 0.91
5 P3HT :5(1: 1) —5.55/—3.63 2.86 0.67 50 0.96
6 HLBATE —6.2/—3.9 5 — 63 2.0
7 AUk . 5 — 40 1.0
8 el — 3 — — 1.1
9a Ni9a(l:1) —5.65/—3.84 8.86 0.85 54.1 4.03
9b P3HT :9b (251 1) —5.48/—3.84 5.69 0.68 50.0 1.93
10 Xi10(1:1) —6.0/—3.85 6.8 0.88 47 2.85
11 Y 11(1:3.5) —59/—3.8 6.3 0.95 53 3.17
12 Z:12(1:1) —5.90/—3.95 8.30 0.90 52 3.88
13a P3HT 1 13a(1: 1) —5.53/—4.05 3.43 0.82 53 1.5
13b P3HT : 13b (1 : 2) —5.83/—4.12 0.81 0.83 34 0.19
13c P3HT : 13c (1 : 3) —5.60/—4.14 0.45 0.64 33 0.09
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Figure 3 The active position of perylenediimide core
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Figure 4 Chemical structures of pentacene-based acceptors
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Table 2 Photovoltaic properties of pentacene-based acceptors

17a: R = butyl
17b: R = hexyl
17c: R = octyl
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) 18 F1 19 1] PCE 43514 0.73%#1 1.43%.

Acceptor Blend HOMO/LUMO/eV Ji/(mA*cm %) Voe IV FF/% PCE/%
14 P3HT : 14(1: 1) —5.29/—3.50 3.72 0.84 41 1.29
15 P3HT :15(1 : 1) — 3.17 0.80 50 1.26
16 P3HT : 16 (5 : 3) —5.34/—3.21 — — — 0.09
17a P3HT : 17a (1 : 1) —5.75/—4.00 1.45 0.40 48 0.28
17b P3HT :17b(1 : 1) —5.80/—4.00 1.43 0.42 49 0.30
17¢ P3HT : 17c¢ (1 : 1) —5.90/—4.10 5.72 0.48 57 1.57
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Figure 5 Chemical structures of benzothiadiazole-based acceptors
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Table 3 Photovoltaic properties of benzothiadiazole-based acceptors
Acceptor Blend HOMO/LUMO/eV Ji/(mA*cm %) Voo IV FF/% PCE/%
18 P3HT : 18 (1 : 2) —6.2/—3.6 5.7 0.62 50 1.4
19 P3HT : 19 (1 : 1.5) —5.4/—3.7 4.85 0.54 54.7 1.43
20 P3HT :20(1 - 1.4) —6.0/—34 1.9 0.77 11 0.73
21 P3HT : 21 (1 : 1.4) —5.8/—3.3 4.7 0.96 41 0.12
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Figure 6 Chemical structures of DPP-based acceptors
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Table 4 Photovoltaic properties of DPP-based acceptors

Acceptor Blend HOMO/LUMO/eV Ji/(mA*cm %) Voo IV FF/% PCE/%

22a P3HT : 22a (1 : 1.5) —5.55/—3.59 0.79 0.85 25 0.17
22b P3HT : 22b (1 : 1) —5.90/—4.09 1.93 0.52 31 0.31
23a P3HT : 23a (1 :2) —5.39/—3.68 0.87 0.85 32 0.24
23b P3HT : 23b (1 : 2) —5.54/—3.94 0.86 0.60 29 0.15
24 P3HT : 24 (1 :2) —5.26/—3.52 2.36 0.81 52 1.00
25 P3HT : 25(1 : 2) —5.28/—3.57 0.85 0.71 23 0.14
26 P3HT : 26 (1 : 2) —5.31/—3.68 2.70 0.71 32 0.56
27 P3HT :27(1:2) —5.18/—3.55 1.70 0.64 53 0.58
28 P3HT :27(1: 1) —5.26/—3.26 2.68 1.18 38 1.20
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Figure 7 Chemical structures of fluorene-based acceptors
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2.6 WERRBITREETEYBFZAEMR

Pei VR A410 00 58 BUR BRIV I &5 04, {E OPV /Ny
T Z AR IAT TR R AR R. AT — &
H1| 5 B BE Y R A 2R (i 8 ). F P3HT 1E A
ARREL I BB RS RIE R AL, 1R
MR I 2 RCR IR B T 2.89%. £ 6 FI%SH T H#E4r
ST 2 R IR B RL AT AN T BTS2 AR KL
7 OPV etk g,

RS VHEATEYNG TR T SZFDEE OPV 840 d DR AR i

Table 5 Photovoltaic properties of fluorene-based acceptors

W )57 o BB (AFM) T X 52RO L T RE R
(XPSYXS Fadfig 2 vk 1 J2 3 T A 24 (i 9, R IR AT A
Y) 34~39 5 P3IHT LI 136 12 A ARACL) 26 A RS
FERIZT 4y 3X 52 BT IR AT A= M H A AH [ 11 ¢ 1
PHIRIE W i 28, FURERURIE ] AT B/ AE 5
. HIE X-FERATHXRD)MNR, XF LS AT A
[ AT OB, SO RT A PTG 1 )2 1 PIHT &5 & A
JAR], B ECT SRR B A AR R ). 2t
— IR R (SCLO) K I AEY) 36 KA f it
FIGER R, KW T4 36 A fm J. IR,
TCAMAT AP 23 7GR R SR A A RS 2 A 2R T
FNRIE BE, IXAE IR 25 S e 2 P BT AN [R) 5% B R A I
Wi 4 OPV #341- HA AN ) PCE.

XYL T JE TSNS 9 BB PR 0 i S A R
OPV ZfFrh ke 45 v s /e, Wit o+
BV LA 5 PR 2 T 50 B 8 2E 2 A% H e g AN
PCE M E &%

Acceptor Blend HOMO/LUMO/eV Ji/(mA*cm %) Voo IV FF/% PCE/%
29 P3HT : 28(1.5: 1) —5.17/—3.24 3.9 1.10 40 1.70
30 P3HT :29(1:0.4) —5.81/—3.49 1.20 0.70 30 0.26
31 P3HT :30(1: 1) —6.5/—3.2 0.211 0.905 18.4 0.035
32 MEH-PPV :31(1:1) —5.47/—3.42 0.68 1.14 25 0.19
33 P3HT :32(12:1) —5.30/—3.28 491 0.97 43 2.05

C|;8H17 C|:3H17 C|:8H17
O~_N__0O o _N_ _o Oo._N__o
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CN CN CN
34 35 36
CgHi7 CgHi7 CgHyq7

' I I
Os_N__0O o. N__o o _N__o
O~
CN CN CN
37 38 39
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Figure 8 Chemical structures of fluoranthene-fused imide-based acceptors
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Table 6 Photovoltaic properties of fluoranthene-fused imide-based acceptors
Acceptor Blend HOMO/LUMO/eV Jo/(mA*cm %) Voo IV FF/% PCE/%
34 P3HT 1 34(1: 1) —6.23/—3.48 4.83 0.88 53 225
35 P3HT 1 35(1 : 1) —5.24/—3.43 5.60 0.96 49 2.61
36 P3HT 1 36(1 : 1) —6.27/—3.44 6.35 0.95 48 2.89
37 P3HT 1 37(1 . 1) —6.04/—3.40 4.63 0.96 48 2.12
38 P3HT :38(1: 1) —6.15/—3.43 5.85 0.94 47 2.58
39 P3HT 1 39(1 : 1) —6.12/—3.43 4.59 0.93 49 2.11

27 BEEREMRETEYBFZEMR

EiBE I AIT HOR—FF, SR MEm 2 R AE
4 OPV [ n-BU L 52 AR KL [FI, WEWy-S,S- 5k
BT AW A 3 R WE Wy Ak & LT DL 3 B v T S
el Barbarella PEZH A Bl T A K VRS bk
(R ERY -S,S- AT AN o3 1 n- TR R 40 5 410
Kl 9 FR). LeZUAbGW) 40 BT A R SR AR A )
T p-n G, HOPV #4111 PCE #4608 47 0.06%; V
RSB W) 41 A0 T8 A0 G 1) 40 JEILH LA ) 45
b LA I IR R A 2, By AR K A 3 5 LA e
1% 0.3%~0.4%.

R
0. 0 R

S/ \ s/ s
WA S\ N\ /
R CgHis

CeHiz R

B9 ZEIRWEM) K IAT AN T 0T SRR A2 454
Figure 9 Chemical structures of oligothiophene-based acceptors
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