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In the past two decades, organic solar cells (OSCs) have begun to attract attention as the efficiency of
inorganic solar cells gradually approaches the theoretical limit. In the early development stage of OSCs,
p-type conjugated polymers and n-type fullerene derivatives were the most commonly used electron
donors and acceptors. However, with further research, the shortcomings of fullerene materials have
become increasingly apparent. In recent years, non-fullerene acceptor materials, including small
molecules and polymers, have emerged as promising alternatives to fullerene derivatives. This review
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1 Introduction

Globally, energy and environmental issues have become a major
challenge for mankind in the 21st century. Developing green,
renewable and clean energy sources such as hydropower, solar
energy, wind energy, tidal energy and bioenergy to replace fossil
fuels is an effective way to achieve sustainable development and
address the increasingly serious environmental problems."
Among them, solar energy, as one of the new clean energy
sources, has attracted much attention because of its abun-
dance, high energy yield, pollution-free production, renew-
ability and other characteristics. Since 1954, G. L. Pearson et al.”
at the American Bell Laboratory reported on monocrystalline
silicon solar cells with a photoelectric conversion efficiency of
about 6%. Since then, humanity has entered a new era of solar
energy utilization.

Traditional solar cells, such as silicon-based and composite
solar cells, have disadvantages such as complex preparation
processes, significant pollution, and low efficiency.® Therefore,
researchers have developed a new generation of solar cells, such
as organic semiconductor solar cells and organic/inorganic
hybrid solar cells. Among these, organic semiconductor solar
cells have attracted widespread attention due to their simple
material preparation, wide availability of materials, and the
ability to achieve wet processing methods (such as the roll-to-
roll method, and spin coating method).

The organic semiconductor solar cell is a type of solar cell
that uses organic compound molecules with a large conjugate
system, instead of conventional inorganic semiconductor, and
employs organic compounds to undergo electron level transi-
tions under light. Compared with traditional inorganic
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semiconductor materials, it is difficult to form a periodic lattice
structure. Furthermore, the intermolecular interactions are
mainly dominated by van der Waals forces and m-m stacking,
making it difficult to form a continuous energy band. Organic
semiconductor solar cells are similar to traditional solar cells in
that their donor and acceptor components resemble the p-n
heterojunction in inorganic solar cells, with the electron donor
being p-type and the electron acceptor being n-type. When light
interacts with donor molecules, the excited electron donor
absorbs photons, causing an electron from its HOMO to tran-
sition to the LUMO, thereby forming an exciton. Typically, due
to the lower ionization potential of the donor's LUMO than that
of the acceptor's LUMO, electrons are transferred from the
donor to the acceptor, completing the electron transfer and
achieving exciton separation, as shown in Fig. 1.

There are many types of acceptors for organic solar cells,
such as fullerene, non-fullerene, and polymers. In 1958, based
on studies of photochemical processes in living organisms,
Kearns and Calvin® first proposed the use of magnesium
phthalocyanine (MgPc) and tetramethyl p-phenylenediamine
(TM¢D) oxidized by air as active substances to build a solar cell.
The maximum voltage of the device is 200 mV. However, the
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Fig.1 Working principle of organic solar cells.
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traditional Schottky battery construction method is essentially
adopted, and the energy conversion efficiency is low. By 1986,
on the basis of previous studies, Tang® used CuPc and imide
(PV) as the active layer material to build a double-layer hetero-
junction battery. Its open circuit voltage (Voc) was about
450 mV, and the energy conversion efficiency (PCE) was nearly
1%. Owing to these research studies, organic solar cells then
entered a new stage. In 1992, Sariciftci et al.® first applied Ce to
organic solar cells, paving the way for the application of
fullerenes and their derivative acceptors in organic solar cells.
The first polymer acceptor cyanogen-modified polyethylene
(CN-PPV) was produced in 1995 by Yu and Heeger.” However,
small molecule non-fullerene acceptors appeared later at the
beginning of the 21st century. The first reported small molecule
non-fullerene acceptor was a thick polycyclic aromatic diimide
acceptor. Among these, amides (PDIs) are the most widely
studied. In recent years, organic solar cells have experienced
rapid development. Owing to the development of small-
molecule non-fullerene acceptor materials, the PCE of single-
layer organic solar cells has exceeded 18%.® Its PCE is already
comparable to that of early silicon-based solar cells, reaching
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Fig. 2 Structure of OSCs: (a) double-layer heterojunction cell; (b)
bulk-heterojunction cell.
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the commercial threshold. There are mainly two types of
organic solar cells that are prepared based on the electron
donor/acceptor system. One is a double-layer or multi-layer
heterojunction organic solar cell, in which the electron donor
and electron acceptor are sequentially stacked in the form of
layered thin films to form a photoelectric conversion active
layer. Another approach is to blend donor and acceptor mate-
rials to form a photovoltaic active layer, known as bulk hetero-
junction organic solar cells (BH]J-OSC) (Fig. 2).

Nowadays, increasingly more scientists are conducting
research on OCS acceptor materials. Taking ScienceDirect as an
example, by 2024, publications on “organic solar cell acceptor
materials” increased by nearly threefold compared to 10 years
ago (Fig. 3). This article introduces the development of OSCs
and focuses on the research progress of high-performance
acceptor materials for OSCs, including fullerenes and their
derivatives, and non-fullerene acceptor materials (Table 1). In
addition, we discuss the typical applications of high-
performance acceptor materials in OSCs. Finally, we summa-
rize the prospects and challenges of high-performance OSCs
acceptor materials.

2 Fullerenes and their derivatives

In 1995, Lepeq et al.® used Hummelen-optimized PC61BM™ as
the acceptor material and mixed it with MEH-PPV to prepare
organic photovoltaic devices. Since then, fullerene derivatives
have been the most important organic photovoltaic acceptor
materials. Fullerene and its derivative acceptor materials are the
first kind of acceptor materials used in organic solar cell
devices. Because of their conjugated spherical structure, they
have good electron transmission properties. However, they also
have disadvantages, such as a narrow absorption band and ease
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Fig. 3 Changes in the number of relevant literature publications over the years.
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Table 1 Solar cell parameters of important acceptor materials

Acceptor Donor Jsc (mA ecm™?) Voc (V) FF (%) PCE (%)
[70]PCBM*> MDMO-PPV 7.6 0.77 51 3
PCBM?*° P3HT 11.3 0.65 57 4.2
FP*° P3HT 7.85 0.66 66.2 3.44
SIMEF?*? BP 10.5 0.75 65 5.2
ICBA*? P3HT 9.67 0.84 67 5.44
NC60BA** P3HT 9.88 0.82 67 5.37
P(PDI-BDT-0)** PTB7-Th 11.51 0.8 51.1 4.71
PZ1 (ref. 45) PBDBT-T 16.05 0.83 68.99 9.19
PF3-DTC* DTCO 15.75 0.943 68.2 10.13
PJ1 (ref. 51) PBDB-T 20.7 0.9 70 14.4
FG6 (ref. 53) PBDB-T 24.48 0.88 70 15.08
dBTICy-EH>* PM6 21.43 0.92 73.28 14.48
2BTP-2F-T>® PM6 25.5 0.911 78.28 18.19
IE-4CI°® PBDB-T 21.49 0.86 60 11.1
Phenyl-PDI"* PBTI3T 6.56 1.024 54.59 3.67
INIC3 (ref. 96) FTAZ 19.44 0.857 67.4 11.5
IC-C6IDT-IC®® PDBT-T1 14.21 0.9 61 7.8
L8-BO'** PM1 27.15 0.881 80.14 18.7
N3 (ref. 106) PM6 26.2 0.862 72.7 16.42
BTP-4F-P3EH'"” PBDB-T-2F 25.85 0.88 80.08 17.57

of aggregation within the visible light range." To overcome
these shortcomings, researchers have focused on the develop-
ment of fullerene derivative acceptors represented by PCBM on
the basis of Cgy, C5 and other fullerene molecules.

2.1 The PCBM class of acceptors

PCBM materials are derived from fullerenes, so variations of the
fullerene parent body can lead to different properties within the
PCBM materials. The most common acceptor materials are
PCs,BM and PC,;BM for both materials.

PCs;BM quickly gained much attention after being synthe-
sized and successfully applied in organic photovoltaic devices.
The Wienk group** then tried to use Cy, to replace Cgp as the
parent for the synthesis of PC,;BM. Furthermore, organic
photovoltaic devices were prepared with the polystyrene deriv-
ative MDMO-PPV as an electronic delivery system. Compared to
PC¢:BM, studies have shown that the absorption peak of
PC,,BM is obviously redshifted in the UV-visible region, and the
absorption range is wider, thus improving the photovoltaic
performance. For photovoltaic devices with PC,;BM as an
acceptor and MDMO-PPV as a donor, the Jsc value is more than
50% higher than that of those with PCs;BM as an acceptor
under the same conditions. Meanwhile, the Vo and PCE of the
two devices are comparable. As a result, increasing the number
of carbon atoms of the parent fullerene may improve the
photovoltaic performance of the PCBM acceptor. In another
study, Hummelen et al.** further used Cg, as the parent mole-
cule to prepare the PCgsBM material. However, the performance
decreased significantly for the organic photovoltaic devices that
used PCgsBM as an acceptor material. Hummelen believed that
the decrease of the HOMO-LUMO energy level difference of
PCgsBM may have led to the decrease of Vi¢, and the large
difference of the carrier mobility to the acceptant material may
have resulted in the inability to achieve effective separation of
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the photo excitons, thus reducing the overall performance of
the device.

In addition to changing the parent molecule, using different
modified structures is another common design strategy for
optimizing PCBM. Research on modified structures mainly
focuses on three aspects, namely the aromatic ring species,
carbon chain length, and substituted ester groups.** Hummelen
et al.*® introduced methoxy, methyl sulfur, or fluorine atoms to
the benzene ring of PCs;BM. It was found that the introduction
of different substituents can change the LUMO level of the
PCBM material. The introduction of a methoxy group to the
electron group can improve the LUMO level of the PCBM
material, so as to get a higher Voc. Yong and colleagues™®
substituted the structure of triarylamine and 9,9-dimethyl flu-
orene for the benzene ring to synthesize TPA-PC4;BM and MF-
PCsBM. Benefiting from the triarylamine and 9,9-dimethyl
fluorene having stronger electron-donating properties than the
benzene ring, they were able to increase the LUMO level of the
molecules and Voc. However, the larger volume of trianiline and
9,9-dimethylfluorene will reduce the electron mobility of the
material. Furthermore, their effects cancel each other, such that
there is little difference in the PCE between photovoltaic devices
using TPA-PC¢;BM and MF-PC4BM as acceptors and those
using PCe;BM as acceptors. Most importantly, it is precisely
because of the increase of the molecular volume and the
destruction of symmetry that the crystallization property of the
material is greatly reduced. Thus, the crystallization phenom-
enon of the active layer of the organic photovoltaic device is
inhibited when the temperature increases, avoiding the
destructive phase separation of the donor/acceptor and
improving the thermal stability of the organic photovoltaic
device. In addition to the above studies, the benzene ring can be
replaced with thiophene,””*® selenophene,”® pyrene' and
others. The molecular structures of some PCBM acceptors are
shown in Fig. 4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Yongfang Li's group® studied the effect of the side alkyl
chain length on the performance of PCsBM. Studies have
shown that the length of the side alkyl chain has little effect on
the HOMO and LUMO energy levels of PCqBM, but has
significant effects on the absorption strength, electron mobility,
morphology of the doped P3HT films and the interface struc-
ture of P3HT/PCBM, thus affecting the overall performance of
photovoltaic devices. In this work, five acceptor molecules, F1-
F5, were synthesized, and the side alkyl chain was successively

Tris-PCBM

Fig. 4 Molecular structures of PCBM acceptors.
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increased, as shown in Fig. 4. The PCE values of the devices with
F1, F2 and F4 as acceptors were more than 3.5%. Conversely, the
PCE values of the devices with F3 and F5 were lower than 3.0%.
It can be seen from this result that the influence of the side alkyl
chain length on the performance of PCBM is not linear.
Therefore, the performance of PCBM cannot be analyzed simply
from the length of the side alkyl chain.

In addition to changing the aromatic ring and side chain
alkyl chain lengths, the properties of the molecule can be

LuzN@Cgo

CH2-PCBM
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adjusted by replacing the ester group. Zheng et al.** replaced the
ester methoxy in PCBM with a longer alkoxy carbon chain. They
found that the electron mobility of the accepter material grad-
ually decreased with increasing alkoxy carbon chain length in
the ester. Furthermore, the compatibility with the donor
material MEH-PPV gradually improved, while the HOMO and
LUMO energy levels remained almost unchanged. The overall
performance of the photovoltaic devices increased first and
then decreased. Thus, an appropriate growth of the alkoxy
carbon chain is a reasonable means to improve the photovoltaic
performance of the acceptor materials. Li and his colleagues®
replaced the methyl ester group in PCBM with the N-butyl
amide group, and synthesized PCB-n-BA, PCB-¢-BA and MPCB-t-
BA. Due to the presence of amino groups, hydrogen bonds of
certain strength can be formed between molecules, thereby
promoting the ordered arrangement of acceptor molecules. The
effective intermolecular energy and electron transfer between
the donor and the acceptor unit can be realized, which improves
the photovoltaic performance of the device to a certain extent.
The PCE of P3HT:PCB-n-BA reached 0.78%, higher than that of
P3HT:PCBM by 0.59%. Mikroyannidis et al.>® synthesized PCBC-
NHCs containing a styrene vinyl phenol ester structure, which
not only improved the solubility of the acceptant material in
organic solvents, but also made the material have stronger
absorption than PCBM in the range of 250-900 nm, showing
better photovoltaic performance. In a recent study, Andrea
et al** introduced selenophenol, thiophene, and furan at the
methyl ester group of PCBM, and compared their performance
differences. The experimental results showed that compared
with thiophene and furan, selenophenol substitution has
higher stability. Thus, it can better reduce interface recombi-
nation in solar cells, optimize electron mobility, and charge
extraction process.

Besides several research directions, embedded fullerene
derivative acceptors were developed.*® On the basis of PCBM to
obtain two-addition, three-addition molding PCBM acceptor
molecules is also an effective means to design new acceptor
materials.”*>*

2.2 Non-PCBM class of fullerene derivative acceptors

A non-PCBM fullerene derivative acceptor material was first
obtained by Backer et al.*® through the reaction of Ceo with 3,4-
dibromomethyl benzoate, and modified to obtain the acceptor
G1 of the dihydronaphthalene derivative. Although the photo-
voltaic performance of the acceptor was not significantly
improved, the solubility of the acceptor material was greatly
improved, providing a new approach for the modification of
fullerene acceptor materials. The biggest difference between
non-PCBM fullerene derivative acceptor materials and PCBM is
whether the ternary ring can be obtained after the reaction of
fullerene and modified molecules. In non-PCBM-like fullerene
derivative acceptor materials, side chains are generally con-
nected to the main body by means of five-membered rings, six-
membered rings or open chains.

Matsumoto et al.*® prepared a series of fullerpyrrolidine
acceptor materials (FP). It has been found that halogen atoms in

2474 | RSC Adv, 2025, 15, 2470-2489
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the o-substituted compounds have better photovoltaic perfor-
mance than the corresponding intermediate or para-substituted
compounds. Compared with PCgBM, the PCE of fluoro-
substituted fullerpyrrolidine is slightly increased, but the
strong electron-taking group trifluoromethyl substitution will
lead to a significant reduction of PCE. In contrast, the methoxy-
substituted fullerpyrrolidine acceptor obtained a high Js¢ (7.85
mA cm %) and an optimal PCE value (3.44%).

In 2008, Matsuo et al.** synthesized fullersilane derivatives
for the first time, and used SIMEF as the acceptor and porphyrin
as the donor to construct p-i-n type photovoltaic devices.** The
results show that SIMEF has suitable crystallization properties,
and can form staggered cylindrical structures with porphyrins
at the interface. Moreover, the size of the crystal column is
suitable for charge separation and carrier transport, so better
device performance can be obtained (Voc = 0.75 V, Js¢c = 10.5
mA cm %, PCE = 5.2%).

As with PCBM-like acceptors, the multiple addition of
fullerenes is also an effective way to design new acceptor
materials for non-PCBM-like fullerenes derivatives. Li et al.*®
reported on a kind of inden-Cg, double adduct (IC¢,BA, struc-
ture shown in Fig. 5). Compared with PCBM, the LUMO energy
level of this new acceptor was significantly higher than that of
PCBM, so it could effectively increase the Voc of photovoltaic
devices. The Vyc of the ICsBA device reached 0.84 V, an
increase of 0.26 V. At the same time, IC4,BA also has greater
absorption intensity in the visible region. In terms of visible
light absorption, ICsBA has better photovoltaic performance
than PCBM. The experimental determination of the
P3HT:ICs,BA device reached 5.44%. Chunru Wang et al>*
synthesized a Cgo double adduct based on dihydronaphthol
(NCgoBA, structure shown in Fig. 5). Compared with the PCBM
material, NCsoBA has a significantly improved LUMO energy
level and stronger absorption in the visible region. Further-
more, due to the introduction of two dihydronaphthalene
groups, the molecular crystallization property is reduced. Thus,
the aggregation will not easily occur during heating, which
improves the thermal stability of organic photovoltaic devices.

In addition to optimizing fullerene molecules as mentioned
above, introducing metal ions into fullerenes is an important
method for regulating their properties. Metal ions can increase
the LUMO level of fullerenes, making them more conducive to
electron reverse transfer.’® Feng et al.>* demonstrated through
calculations that the addition of rare earth metals such as Er
has higher and more tunable LUMO orbital energy character-
istic values than fullerene itself, and results in considerable
kinetic stability. These results provide favorable conditions for
photovoltaic devices as innovative acceptor materials to match
donor acceptor system energy levels. The favorable conditions
for metal fullerene as an electron acceptor in organic solar cell
devices have been demonstrated.

3 Non-fullerene acceptor materials
3.1 Polymer acceptor materials

Polymer acceptor materials are another very important organic
photovoltaic acceptor materials. Compared with fullerene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NCgoBA

NC,,BA

Fig. 5 Molecular structures of non-PCBM acceptors.

acceptor materials, polymer acceptors can more conveniently
regulate HOMO and LUMO energy levels, so as to obtain
acceptor materials with different properties. At the same time,
the polymer has certain advantages in thermal properties and
stability of the molecular morphology, which is convenient for
the preparation of large-area devices. In recent years, the
strategy of the narrow band gap small molecule acceptor
(PSMA) proposed by Yongfang Li's research group at the
Chinese Academy of Sciences has further advanced the poly-
merized small molecule acceptor (PSMA) materials to new
limits.?”

3.1.1 The PPV derivative acceptor. As mentioned earlier,
the PPV derivative acceptor is the earliest used polymer
acceptor. Yu and Heeger’ first used MEH-PPV as a donor and
CN-PPV as an acceptor to prepare all-polymer organic photo-
voltaic cells with PCE values of 0.25% under light irradiation at
20 mW c¢cm 2. Furthermore, Li et al.*® synthesized DOCN-PPV by
moving the modification position of the cyano group from the
vinylidene unit to the benzene ring. The UV-visible absorption
band edge was 625 nm, and the corresponding band gap was
about 2.0 eV. With DOCN-PPV as an acceptor and PTZV-PT as
the donor, the PCE of organic photovoltaic devices reached
0.8% (Fig. 6).%

3.1.2 A D-A copolymer acceptor based on dense polycyclic
aromatic diimides. The D-A copolymer is a polymer organic

OC6H13 NC OC3H17
\ \
CeH130 NG D CH7O ©oN "

Fig. 6 Molecular structures of CN-PPV and DOCN-PPV.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photovoltaic material formed by the co-polymerization of the
donor unit and the acceptor unit. Because of the push-pull
effect of electrons inside the molecules, the effective separation
of light excitons can be promoted. At the same time, the energy
level and photovoltaic performance of the polymer can be
effectively regulated by changing the donor unit and the
acceptor unit.*

Zhan et al* synthesized a D-A copolymerized acceptor
material PDI-DTT by using perylene diimide (PDI) derivatives
and trithiophene as raw materials. The electron mobility of this
material reached 1.3 x 1072 em® (V! s™%), with a certain
absorption throughout the visible light region and extending to
the near-infrared region (about 850 nm), exhibiting better
photovoltaic performance. With PDI-DTT as an acceptor and
double (thiophene vinyl-substituted polythiophene) as the
donor, the Vi of photovoltaic devices is 0.63 V and the PCE is
more than 1%. On this basis, the influence of the molar ratio of
donor/acceptor units on the properties of acceptor materials
was further studied. When the molar ratio of the donor/acceptor
units is 2:1, the device performance is highest and the effi-
ciency (PCE) is 1.48%.

Zhang and his colleagues* synthesized one-dimensional
conjugated polymer acceptor P(PDI-BDT-O) and two-
dimensional conjugated polymer acceptor P(PDI-BDT-T) using
PDI derivatives and benzodithiophene as raw materials. The
study showed that the two-dimensional structure of the N-type
conjugated polymer was also superior to the corresponding
one-dimensional polymer. The absorption spectrum of the
P(PDI-BDT-T) film is redshifted by about 10 nm compared with
P(PDI-BDT-O), which is due to the presence of conjugate side
chains in the two-dimensional polymer P(PDI-BDT-T). The
bandgap widths of P(PDI-BDT-O) and P(PDI-BDT-T) are 1.66 eV

RSC Adv, 2025, 15, 2470-2489 | 2475
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and 1.64 eV, respectively. With P(PDI-BDT-T) as an acceptor and
PTB7-Th as the donor, the PV devices can reach a maximum
PCE of 4.71% and Vg of 0.80 V (Fig. 7).

In 2008, Guo et al.* first synthesized a new polymer acceptor
N2200 using naphthalimide (NDI). Since then, N2200 has been
widely studied as a classic polymer acceptor material in the field
of solar cells. In a recent study, researchers developed a high-
performance non-fullerene ternary PSC by incorporating
N2200 into a binary blend membrane composed of the wide
bandgap conjugated polymer PTzBI-2FP and small molecule
non-fullerene acceptor ITIC-4F. Attributed to the effective
energy transfer, enhanced charge carrier mobility, and
improved morphology, the three obtained components showed
an excellent power conversion efficiency of 13.0%.**

3.1.3 The PSMA acceptor. Since 2015, the narrow band gap
small molecule acceptor has replaced the traditional fullerene
acceptors because of its characteristics of controllable elec-
tronic energy level and strong absorption of the visible light
area. Based on these characteristics, researchers proposed the
PSMA strategy in 2017, hoping to synthesize new acceptors with
the advantages of both non-fullerene small molecule acceptor
and polymer acceptors.*

In 2017, based on the small-molecule acceptor IDIC-C16, the
PSMA acceptor PZ1 was synthesized by Li et al.** In order to
facilitate polymerization, researchers prepared PZ1 through the
copolymerization of idic-C16-Br and thiophenone. Compared
with IDIC-C16, the absorption spectrum of PZ1 is redshifted by
about 50 nm, and the absorption band edge is 800 nm. Mean-
while, the LUMO level of PZ1 is slightly higher than that of IDIC-
C16. The all-polymer organic photovoltaic cell with PZ1 as the
accepter and PBDBT-T as the donor exhibits a Voc of 0.83 V, Jsc
of 16.05 mA cm™2, FF of 68.99%, and 9.19% PCE, which is
significantly higher than the PCE of the corresponding IDIC-
C16-based device (3.96%). It was also found that PZ1 has good
solubility in organic solvents, and has good film-forming
performance. Compared with IDIC-C16, PZ1 has improved
thermal stability, showing the advantages of both polymer
acceptor and non-fullerene small molecule acceptor. This
research led to a new strategy for the design of polymer accep-
tors, receiving extensive attention.

OFEt

CoHs
C4Hg

C1oHa1
PTB7-Th

IH/CsHﬁ CqHg

P(PDI-BPT-O)
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Yao et al*® made improvements on the basis of PZ1 by
replaced the thiophene unit with a structural unit based on
benzodithiophene, and synthesized PFBDT-IDTIC, which can
achieve 10.3% PCE at 0.97 V high Vo by pairing with PM6.
Ultraviolet-visible spectroscopy showed that the absorption
band edge of the PFBDT-IDTIC thin film was about 767 nm,
corresponding to a band gap of 1.62 eV. Compared with the
absorption band edge of PZ1, there was a certain blue shift. At
the same time, there was an obvious feature at 648 nm. These
indicates that the PFBDT-IDTIC solid polymer molecular chains
have strong aggregation and efficient stacking properties.

Li et al*” and Fan et al.*® replaced the donor units copoly-
merized with IDIC with the derivatives of thiophene (BT), and
synthesized the PIDIC2T series of acceptors and PF2-DT series
of acceptors respectively. Li et al.*” synthesized PIDIC2T2F and
PIDIC2T2Cl by halogenation modification on the basis of the
simple BT unit. They found that halogen substitution could
enhance m-m stacking between molecules, which was specu-
lated to be due to C-X:--H-C and C-X:--S, which indicates the
existence of two non-covalent interaction forces. Fan et al.*®
used IVA group elements (C, Si, Ge) to bridge two thiophene
rings in the BT unit, and synthesized three polymer acceptant
materials, PF2-DTC, PF2-DTSi and PF2-DTGe, respectively.
Through research studies, it was found that the bridging atoms
had little effect on the molecular energy level. However, it can
significantly affect the absorption coefficient, crystallization
capacity and electron mobility of the polymer acceptors. Fan
et al.*® also increased the number of thiophene rings in IDIC
units on the basis of PF2-DTC, and synthesized two acceptor
materials, PF3-DTC and PF3-DTCO. Compared with PF2-DTC-
based devices, PF3-DTC-based devices show similar Jsc but
significantly reduced FF. This may be due to the strong self-
aggregation of PF3-DTC in the blend film, leading to excessive
phase separation. Nevertheless, PF3-DTCO-based blend films
show better -1 packing distance and phase separation size.
The performance of PF3-DTCO acceptor devices also reached
a good level (Voc = 0.943 V, Jsc = 15.75 mA cm 2, FF = 68.2%,
PCE = 10.13%) (Fig. 8).

Fan et al®® also introduced non-conjugated units into the
polymer acceptor skeleton in a pioneering study to synthesize

C4H9

CioHz1

P(PDI-BDT-T)

Fig. 7 Molecular structures of D—A copolymer acceptors based on polycyclic aromatic diimide.
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Fig. 8 Molecular structures of the PSMA series of acceptors.

PF1-TS4. It was found that PF1-TS4 exhibits physical properties 10° ecm™", as well as a high LUMO energy level and suitable

similar to those of conjugated polymers, with an optical band crystallinity. After coordination with the polymer donor PM6,
gap of 1.58 eV and an absorption coefficient higher than 8.63% PCE was achieved, which was a great improvement
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compared with the small-molecule acceptor material IDIC-16C.
In addition, PF1-TS4-based all-polymer solar cells have good
thermal stability, with a PCE retention rate of 70% after 180 h at
85 °C. This provides a new approach for the design of polymer
acceptor materials.

In recent years, with the emergence of the star molecule Y6,
PSMA acceptor materials based on Y6 have received increased
attention. Yong Cao et al.** synthesized a novel PSMA acceptor
PJ1 by copolymerizing Y6 with thiophene, which has a narrow
band gap of 1.4 eV and a high absorption coefficient of 1.39 x
10° cm~'. When PJ1 was blended with PbDBT-T, the PCE value
of the device was 14.4%. This was mainly due to the wide
absorption, efficient charge separation, and low energy loss of
PJ1. With further research developments, many polymer solar
cells composed of PSMA-based acceptor materials now
currently have PCE values exceeding 18%. Bi et al.>® systemati-
cally studied the effect of the molecular weight of polymer
acceptors on the phase transition process, morphology, and
photovoltaic properties by using the PYIT monomer (PYIT1),
and low molecular weight PYIT and high molecular weight
PYIT. The study showed that adjusting the molecular weight can
effectively regulate the phase transition process of polymer
acceptors and their interaction with polymer donors. When
PBQx Cl is used as the donor and low molecular weight PYIT is
used as the acceptor, binary All PSC with PCE = 18.39% can be
achieved.

3.2 Oligo non-fullerene small molecule acceptor materials

Recently, Guijarro et al.®® designed several materials having
different  terminal  wunits, but the same cyclo-
pentadienylthiophene vinylene (CPDTV) trimer as the electron-
donating units (FG10 as IC, FG6 as IC-4Cl, FG8 as IC-4F). FG6
and FGS8 exhibit redshifted absorption spectra and higher
electron mobility. With the increased halogenation at the IC
end, the dielectric constant of these materials will also increase,
leading to a decrease in the exciton binding energy. This is
beneficial for the dissociation of excitons and subsequent
charge transfer. When using these acceptor materials to
construct OSCs with PBDB-T, FG6 and FG8 exhibited high PCE
values of 15.08% and 12.56%, respectively.

In May 2022, Feng et al.>* synthesized a series of acceptors,
including small molecule acceptors, oligomeric acceptors and
polymer acceptors, known as BTIC-EH, dBTICy-EH, dBTICy-
BO, tBTICY-BO and pBTICy-OD. It was found that the oligomer
acceptor has almost the same thermal stability as the polymer
acceptor, and that both oligomerization and polymerization can
lower the energy level and thus provide a higher probability of
exciton dissociation than the small molecule acceptor. When
combined with PM6, these oligomer acceptor-based BH]J
devices showed higher charge-carrier mobility and lower charge
recombination compared to the BTIC-EH and pBTICy-OD
devices, indicating better charge transport capacity. Meanwhile,
0OSCs based on dBTICYy-EH:PA6, dBTICB-BO:PM6 and tBTICy-
Bo:PM16 showed better photovoltaic performance. Among
these devices, dBTICa-EH:PM16 obtained the best PCE of

14.48%. dBTICYy-EH also showed better photovoltaic
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performance in Q-PHJ devices than BTIC-EH and pBTICy-OD
when combined with PBQx-H-TF, the polymer donor. The
device based on dBTICy-EH: PBQx-H-TF showed 16.06% PCE,
which is the highest value of oligo-acceptor-based OSC reported
in the literature.

Zhixiang Wei et al.>® designed an N-II-N type oligomeric
acceptor 2BTP-2F-T in June 2022. Using its corresponding
monomers and polymers as references, the advantages of
2BTP2F-T were demonstrated, including higher absorption
coefficients, improved electron mobility, less dependence on
molecular filling, and easier morphological control using
polymer donors. When PM6 was used as a donor, PM6/2BTP-2F-
T exhibited superior advantages over their monomer and poly-
mer blends: (1) more favorable morphology, including
a minimal energy disorder m-m stack and an appropriate
interpenetrating network; (2) improved charge characteristics,
including higher hole/electron mobility, longer charge lifetime
and faster charge extraction; (3) more efficient generation with
the same energy loss; (4) compared with similar polymer
products, it has better photo dip stability and thermal stability.
With an efficiency of more than 18% combined with increased
stability, the 2BTP-2F-T OSCs are indicative of a bright future for
N-TI-N oligo acceptor OSCs.

3.3 Small-molecule acceptor material

The non-fullerene small molecule acceptor (NFSMAS) is one of
the latest organic photovoltaic acceptor materials. It is charac-
terized by a controllable energy level, convenient synthesis, easy
processing and good solubility.*® NFSMAs have better absorp-
tion properties in the visible region than fullerenes and their
derivative acceptor materials, so they have received extensive
attention.

3.3.1 Non-heavy ring-like small molecule acceptors. In
addition to creating large fusion ring systems, another strategy
for hardening the acceptor backbone is to use “conformational
locking”, which utilizes non-covalent interactions such as
intramolecular hydrogen bonding to lock the coplanar confor-
mation. This strategy has previously been used to design poly-
mers with high carrier mobility. Since adjacent aromatic rings
are connected by single bonds, the synthesis of such
conformation-locked NFA is easier than ring fusion.

3.3.1.1 IEIC acceptor. IECE is a non-fullerene electron
acceptor based on indeno [1,2-:5,6-b'] dithiophene (IDT) and 2-
(3-0x0-2,3-dihydroindenyl-1-ethylidene) malondinitrile (INIC).
In 2014, the Lin group® reported that IECE achieved improved
electronic performance due to its terminal being blocked by
electron-withdrawing INCN groups, unlike fullerene acceptors
with poor electronic performance. Meanwhile, IEIC acceptors
have high thermal stability and strong light absorption in the
range of 500 to 700 nm. Most importantly, IEIC has energy levels
that match some traditional narrow bandgap donor polymers,
such as PTB7-TH. In PSC without fullerene based on both
donors and acceptors, with perylene diimide derivatives as the
cathode interlayers, a 6.3% PCE was observed. In another study,
Hong® conducted research on the performance of IEIC and its
halogen derivatives. Researchers combined these three

© 2025 The Author(s). Published by the Royal Society of Chemistry
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acceptors with PBDB-T and PBDB-TF donor polymers to form
six sets of OSC devices, which were influenced by the similar
chemical structure of the D/A combination, bringing similar
charge transfer properties to these OSCs. Among the three
acceptor materials mentioned above, chlorinated IEIC (IE-4Cl)
achieved a suitable molecular energy arrangement by adjust-
ing its bandgap structure, exhibiting 11.1% PCE and 0.64 eV of
Ejoss, which were all higher than that of IECE (Fig. 9).

3.3.1.2 Tertiary thiophene [3,2-b] thiophene type acceptor. The
molecular stacking of organic semiconductors has a great
influence on the exciton and charge properties of their solid
films, which strongly influences the photovoltaic performance
of the derived solar cells. The Y-series of acceptors have been
ring-fused to form a three-dimensional (3D) stacking network in
the crystal, constructing channels and interconnection nodes to
enhance the exciton and charge transport. However, it has been
reported that most NFREAs are stacked into 2D layered lattices
and lack interlayer continuity, which may limit the carrier and
exciton dynamics of NFREAs. Recent studies have shown that
a class of non-fusion acceptors characterized by spatial
obstruction of aromatic side chains, such as A4T-16 and 2BTh-
2F,>>% exhibit 3D networks in crystals, achieving about 15% of
the prominent PCE of NFREAs-based OSC.

On this basis, Changzhi Li et al.** selected symmetric and
asymmetric diarylamine chloride as spatial aromatic chains on
the main chain of the tertiary thiophene [3,2-b] thiophene. They
successfully synthesized two high-performance non-thick ring
electron acceptors (L1 and L2), and revealed that halogen
substituents on aromatic chains promote the densely stacked
3D networks of molecules in solid form. The successful

X=H, IEIC
X=F, IE-4F
X=Cl, IE-4Cl

PBDB-T

Fig. 9 Molecular structures of IEIC and some donor polymers.
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synthesis resulted in an efficiency of 16.2% for the derived
OSCs. It is by far the highest number of OSCs composed of
NFREAs. It provides multiple intermolecular interactions via
chlorinated aromatic chains on NFREAs to interlock cross-
molecular arrays to construct tic-tac-toe type 3D stacking
networks. Furthermore, in contrast to symmetrical L1 (which
has four chlorine atoms), the asymmetric chlorination of L2
(methyl groups replacing half chlorine atoms) allows for fine
regulation of molecular interactions and the photoelectric
properties of the acceptor, while preserving the required 3D
stacking, thus improving the optical voltage parameters for
high-performance OSCs. Meanwhile, L2-based OSCS demon-
strated excellent operational stability at one solar equivalent
without UV filtration, revealing a T80 lifetime of 17 241 hours
from linear extrapolation. This study demonstrates that new
design principles for organic semiconductors have the potential
to lead to efficient, stable and low-cost organic photovoltaics.

3.3.2 Thick ring-like small molecule acceptors. Electron
acceptors are a key component of the active layer of organic
solar cells. From the development of electron acceptor mate-
rials, thick ring acceptor materials mainly include aromatic
diimide acceptors, fullerene acceptors, A-D-A type thick ring
acceptors and A-DA'D-A type thick ring acceptors. Fullerene
derivatives and thick aromatic diimine acceptors were widely
used as electron acceptors in early studies on OSCs. However,
both recipients had inevitable drawbacks, and the efficiency of
the organic photovoltaic devices was greatly improved upon the
proposed use of A-D-A and A-DA’D-A-type acceptors.

3.3.3 Gelled polycyclic aromatic diimide acceptors. Gelled
polycyclic aromatic diimide, especially naphthalene diimide
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(NDI) and perylene diimide (PDI), were first applied in various
organic electronic devices due to their high electron affinity,
electron mobility and good stability.®* Albertus et al.®® also self-
assembled perylene diimide derivatives with the small donor
molecule oligophene (OPV) into nanofibers through hydrogen
bonding, so as to study the photoelectric properties of perylene
diimide. This was the first attempt to use a gelled polycyclic
aromatic diimide as an organic photovoltaic acceptor material.

Although dense polycyclic aromatic diimide acceptor mole-
cules have the abovementioned advantages, the rigid plane
structure of the aromatic system determines the strong m-m
stacking between the acceptor molecules. This leads to the
excessive phase separation of the mixed film with thick poly-
cyclic aromatic diimide, which reduces the charge transport
performance. There are two solutions: one is to introduce large
barrier groups into the molecule to distort the molecule and
destroy the plane structure; the other is to connect multiple
acceptor molecules through a central unit or single bond to
construct a non-planar structure.

3.3.4 Small molecule acceptor materials based on NDI. In
2011, Jenekhe et al.®* synthesized the NDI-nTH and NDI-nT
series of novel acceptor molecules by introducing oligo-
thiophene units with different degrees of polymerization into
two opposite B sites of the naphthalene ring. The results show
that both NDI-nTH and NDI-nT materials have high electron
mobility, and the NDI-4TH film has the highest electron
mobility (9.0 x 10~* em? (V' s7")), while the NDI-2TH film has
the lowest electron mobility (5.0 x 107® em® (V7' s ).
However, the solar cells prepared by blending with P3HT have
a higher Voc (up to 830 mvV), but a lower Jsc (up to 3.43 mA
cm?), and a maximum PCE of 1.5% (P3HT:NDI-3TH), which
was the highest efficiency ever achieved by a small-molecule
acceptor based BHJ cell at the time.

Roshan and his colleagues® studied the effects of nitrogen
atoms of NDI and substituents on naphthalene rings on the
photovoltaic performance. By introducing different linking
groups between thiophene and NDI imide nitrogen atoms, six
small molecule acceptor molecules RF1-RF6 were synthesized.
The substituent group on the naphthalene ring in RF1, RF3 and
RF5 was cyclohexyl amino, while the substituent group on the
naphthalene ring in RF2, RF4 and RF6 was 2-ethylhexyl amino.
Roshan believed that the changes of these substituents had
little influence on the optical and electrochemical properties of
the acceptor molecules, and had significant influence on the
morphology of the blend film and device properties. The results
show that the six RF1-RF6 molecules have similar absorption
spectra and CV curves, but exhibited very different photovoltaic
properties. The best device performance is achieved by using
a methylene group as the connecting group and a naphthalene
ring substituent group as the cyclohexyl amino. The second is
the molecule (RF5) with phenyl as the linking group and
naphthalene as the cyclohexyl amino group. Through AFM
characterization, it was found that different substituents
strongly influenced the phase separation size. The phase sepa-
ration between ethyl and phenyl as linking groups (RF4-RF6)
and P3HT was smaller than that between methyl and methyl as
linking groups (RF1 and RF2). Therefore, it could be inferred
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that the miscibility of P3HT and methyl as linking groups was
poor.

In addition to modification on the basis of the NDI mono-
mer, the use of a small molecular unit to connect two NDI
molecules is another strategy for designing acceptor materials.
This approach can destroy the overall planarity of the molecule,
and thus reduce excessive aggregation between acceptor mole-
cules. In 2014, Zhan et al.*® synthesized two kinds of non-
fullerene small molecule acceptor materials with a NDI dimer
structure, Bis-NDI-T-EG and Bis-NDI-BDT-EG, using thiophene
(T) and benzodithiophene (BDT) as the linking units. The DFT
calculation showed that both acceptor molecules showed a dis-
torted main chain conformation, which is beneficial to reducing
the aggregation capacity. Furthermore, they showed weak
absorption in the visible region, which is an improvement over
the acceptor materials based on the NDI monomer. For
PBDTTT-C-T:Bis-NDI-T-EG and PBDTTT-C-T, the PCE of the Bis-
NDI-BDT-EG photovoltaic devices is 1.31% and 1.24%, respec-
tively. Later, non-fullerene small molecule acceptor materials
with a NDI dimer structure such as dibenzoxiloxane®” and
vinylidene®® were synthesized.

3.3.5 Small molecule acceptor materials based on PDI. PDI
has received widespread attention due to its excellent electron
acceptor properties, potential high conductivity along the -
stacking axis, and advantages such as robustness, thermal
stability, and affordability.®® In the PDI acceptor design, the
strategy of introducing large steric groups into the molecule is
relatively common, and chemical modifications are usually
performed at the imide, ortho and bay sites in PDI,” as shown in
Fig. 10.

As early as 1999, Dittmer et al.”* prepared small molecule
acceptor PPEI based on PDI through phenylethylation of the
imine nitrogen. However, the external quantum conversion
efficiency (EQE) of photovoltaic devices based on MEH-PPV:
PPEI was only 0.17%. Although the device performance was
low, it also indicates the possibility of the PDI structure as an
acceptor material.

In order to improve the device efficiency and prevent exces-
sive aggregation between acceptor molecules, the chemical
modification of aromatic rings has received increasingly more
attention from researchers. In 2006, Shin et al”® further
synthesized two acceptor molecules, 5-PDI and PDI-CN, by
modifying the ortho position of the PDI aromatic ring on the
basis of N-cyclohexyl substituted PDI molecules, but the device
PCE still did not reach 0.1%. In 2009, Mikroyannidis et al.”®
introduced a higher steric hindrance p-tert-butylphenoxy group
at the ortho position of the PDI aromatic ring, and changed the

Bay Ortho

v/

Fig. 10 Common modification sites of the PDI structure.
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substituent on the imine nitrogen to a 9-phenanthrene group
with a higher steric hindrance. The acceptor molecule PDI-
PTBPO was synthesized, and the PCE of the photovoltaic
devices based on this acceptor material reached 0.72%. Hart-
nett et al.”* introduced flexible side chains at the ortho position
of the aromatic ring and synthesized three small molecule
acceptors: Hexyl-PDI, Phenethyl-PDI and Phenyl-PDI. With the
increase of the side chain rigidity, the planarity of the acceptor
molecules gradually decreased, which resulted in enhanced
inter-plane slip of molecules. Devices based on Phenyl-PDI
showed the best PV performance (Voc = 1.024 V, Jsc = 6.56
mA cm >, FF = 54.59%, PCE = 3.67%). Cai et al.” synthesized
TP-PDI acceptors with four phenyl substitutions at the bay site
of the aromatic ring, and PCE of photovoltaic devices prepared
by blending with PTB7-Th reached 4.1%.

Similarly, for small PDI-based molecules, multiple acceptor
molecules can be connected by a central unit or single bond to
prevent excessive aggregation between molecules. Rajaram
et al.”® synthesized a PDI dimer Per 1 by directly connecting the
imide nitrogen atoms of two PDI molecules through a single
bond. Compared with the monomer PDI, the photocurrent
density of Per 1 increased significantly, reaching 9.5 mA cm 2,
and that of PCE reached 2.78%. The same design strategy was
used for the small molecule acceptor Bis-PDI-T-EG reported by
Zhang et al.”” Bis-PDI-T-EG connects the bay sites of two PDI
monomers through a thiophene unit. In order to enhance the
intramolecular interaction and intermolecular stacking, an
oxygen-containing side chain is introduced to each of the two
PDI molecules. The 1: 1 (wt%) AFM images of the Bis-PDI-T-EG
and PBDTTT-CT mixed membranes showed very small aggre-
gation domains, with an average diameter of about 12 nm,
indicating that this design strategy effectively reduced the
excessive aggregation between the acceptor molecules. Finally,
the PBDTTT-CT:Bis-PDI-T-EG photovoltaic devices achieved
a PCE of 4.03%. Since then, based on this design strategy, many
small molecule acceptors of PDI have appeared, including
dimers,”®® trimers®**® and tetrimers,®**°* and the PCE of
photovoltaic devices based on such small molecule acceptors of

C2H5 CgH5 C7H15

C7H15\r

O N (e}
Csz CoHs C7H15 C7H1s
PDI Per 2
4.1 4.2

Fig. 11 Molecular structures of SMAs based on PDI.
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oligomeric PDI has reached a maximum of more than 9%
(Fig. 11).*

4 A-D-A and A-DAD-A acceptor
materials
4.1 A-D-A type acceptor material

In 2013, Winzenberg et al.** reported on FEHIDT, one of the first
A-D-A NFAs, in which the “A” and “D” units are inden-1, 3-
dione and fluorene, respectively, and thiophene is used as
spacer. The acceptor molecule has a large band gap similar to
PDI. It has strong absorption in the range of 400-600 nm. In
later works, many researchers modified and adjusted the
acceptor molecule, but the PCE was not high.

A major breakthrough in the design of the A-D-A acceptor
was the introduction of the indenodithiophene (IDT) building
block as the central “D” unit. The first example is an NFA named
DC-IDT2T that was reported by Bai et al.,”® where the “A” unit is
1,1-dicyanomethyl-3-indenone (DCI). The results show that the
material has a small band gap and strong absorption capacity,
extending to the near infrared region. The overall device
performance of PBDTTT-T-C, a low band gap donor polymer,
was 3.93%.

By modifying DC-IDT2T, two landmark A-D-A acceptors
were soon reported. The first one is the IEIC mentioned earlier,
which is obtained by adding a 2-ethylhexyl alkyl chain to each
spacer thiophene.?” Then in 2015, Lin’® reported on the second
landmark, an ITIC with a typical A-D-A structure that turned
the field of organic photovoltaics into a new light. As the most
promising acceptor of its time, ITIC and its derivatives have
a unique and important molecular structure, giving it a huge
advantage in terms of its photoelectric and photovoltaic prop-
erties.” From a chemical structure perspective, ITIC and its
derivatives consist of two electron-deficient end bases and an
electron-rich central nucleus. These units generate powerful
push-pull electron effects, making it easy to adjust the photo-
electric characteristics, such as the absorption wavelength and

CgHq7

:(i: ji
0" >N"o

CgHi7
Phenyl-PDI TP-PDI
4.3 4.4
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energy level.”® In addition, the rigid and planar main chain
structure, as well as the strong intermolecular and intra-
molecular interactions, facilitate charge transfer. At the same
time, the side chains connected by ITIC and its derivatives can
regulate the solubility of molecules and their compatibility with
the donor, resulting in a nice mixture with the desired nano-
scale interpenetrating network. The A-D-A molecule has several
reactive active sites, which can introduce functional atoms and
groups to fine-tune the molecular structure and adjust the
molecular properties.

View Article Online
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The central thick ring of ITIC is composed of a phenyl ring
and two thiophene [3,2-b] thiophene molecules, which are
bridged by two cyclopentadiene units. Among them, the modi-
fication of the electron-rich thick ring core mainly includes
replacement of benzene and the thiophene units, an enlarged
conjugate backbone length, isomerization, asymmetry, and
introduction of heteroatoms. The Zhan group® reported on
a typical acceptor molecule IDTIC with a benzene-centered
pentacyclic indole [1,2-b:5,6-b'] dithiophene (IDT) as the back-
bone. When IDTIC is mixed with the polymer donor PDBT-T1,

CZTT-IC

IDCPTC

Fig. 12 Molecular structures of A-D—A type acceptors.
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the device based on PDBT-T1 IDTIC can achieve 7.39% PCE at
a high Voc of 0.9 V.

At the same time, end groups with strong electron absorp-
tion ability play an important role in enhancing the intra-
molecular and intermolecular interactions and accumulation
effects, charge transfer, and photovoltaic performance. 3-
(Dicyanomethylene) indigone (IC) and its derivatives are the
most commonly used end groups because their electron
acceptance is strong enough, and they can be finely controlled
by substituting H atoms with halide atoms or alkyls. Li et al.**
designed and synthesized four kinds of ITIC series of acceptor
materials, named X-ITIC (X = F, Cl, Br, I), which means a single
F, Cl, Br, or I atom is introduced on the original IC end group.
Compared to ITIC, the halogenated X-ITIC has a redshifted
absorption, deeper energy levels, and stronger crystallinity due
to heavy atomic effects and strong electronegativity. With
PTPDBDT as the donor, the efficiency of the OSC of X-ITIC is
higher (about 9%) than the ITIC counterpart (about 6%)
(Fig. 12).
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Currently, the ternary strategy has been proven effective in
breaking through organic photovoltaics (OPVs). Collaborative
improvement of three photovoltaic parameters, especially the
third component that is insensitive to proportion, is crucial for
efficient three-component systems. Recently, the Sun group'**
introduced a novel asymmetric NFA:BTP-2F2Cl (Fig. 13) based
on a PM1:L8-BO mixture to prepare efficient ternary OSCs.
Compared to the pure film of L8-BO, the hybrid film of this new
molecule exhibits an optimized photoluminescence quantum
yield and exciton diffusion length. Through experiments, it was
found that the addition of BTP-2F2Cl can adjust the absorption
spectrum of the main mixture and increase the HOMO offset of
the D/A materials. Researchers also systematically studied the
phase separation morphology, finding that the two acceptor
materials have good compatibility and can form a stable and
uniform mixed phase. With the addition of BTP-2F2Cl, the
ternary blend can produce a molecular stacking structure
similar to the theme material, but with better performance. It is
precisely because of the combined effect of these advantages

PM1

L8-BO

BTP-2F2Cl

Fig. 13 Molecular structures of PM1, L8-BO and BTP-2F2CL.
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that the non-radiative charge recombination of the ternary
system is effectively suppressed, resulting in excellent Ejug
performance. Among them, the PCE of the best performing
ternary OCS device reached a new high of 19.17%, V¢ of
0.881 V, Jsc of 27.15 mA cm ™2, and FF of 80.14%. In another
study, researchers used polymer PM1 as the donor, small
molecule L8-BO as the acceptor, and highly crystalline small
molecule D18A as the third component to prepare a series of
layered ternary organic photovoltaics. By incorporating 30 wt%
D18A into the PM1 layer, the PCE of OPV can be increased from
18.31% to 19.25%, due to the synergistic increase in the short-
circuit current density of 27.02 mA cm ™2, open circuit voltage of
0.909 V, and fill factor of 78.38%.'

4.2 A-DA'D-A type acceptor material

The special thick ring structure of the type A-D-A acceptor has
a strong and broad absorption, and a tunable molecular

Y1

View Article Online
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structure related to physicochemical properties. Based on the
dominant formation of the type A-D-A acceptor and the struc-
tural diversity of the polymer donors, Zou et al. designed and
proposed a primitive thick ring acceptor BZIC (Y0),'** showing
the conjugated backbone with an A-DA'D-A structure. This
design strategy introduces defective electron units into the
molecular skeleton of the thick ring molecule, which can
improve the luminescence efficiency, while the DA’D unit con-
taining the pyrrole ring has the ability to provide electron and
chemical modification sites, which is beneficial to regulating
the crystallinity and stacking of molecules. With further modi-
fication of the molecular structure and device optimization, the
PCE of photovoltaic devices based on the type A-DA'D-A
acceptor is already approaching 20%. The rapid development of
the A-DA'D-A materials focuses on the thick ring molecular
structure, central electron core, end groups and side chains,
and the D and A’ units on the pyrrole ring.

Y1-4F

Fig. 14 Molecular structures of A—-DA'D-A type acceptors.
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With the discovery of Y6 and its derivatives, the study of type
A-DA'D-A materials has become an area of increased research
focus." Y6 expands the conjugate skeleton based on YO,
introducing alkyl chain modification to replace the acceptor
molecule of the electron-deficient central triazole unit, with
a photovoltaic performance of over 15% after core and end-
group fluorination.’ In terms of the molecular structure, the
good performance of Y6 can be attributed to the following
properties. Unlike the electron-donating fused main chain of
ITIC, Y6 adopts a donor-acceptor-donor skeleton with a fused
ring, fluorinated end groups, and twisted geometric shapes.
This enables Y6 to have stronger m-m stacking and near-
infrared absorption capabilities, thereby enhancing intermo-
lecular stacking, light absorption, and charge transfer perfor-
mance. Zou and Yuan'® obtained N3 and N4 with better
solubility by adjusting the branching position of 2-ethylhexyl on
the nitrogen atom of the Y6 pyrrole ring. With PM6 as the donor
material, the PM6 : N3 mixture shows the optimal molecular
orientation and phase separation size, resulting in the highest
device efficiency. Meanwhile, Sun et al.*”” introduced branched
alkyl chains of different lengths at the thiophene B position of
Y6 to improve the molecular packing behavior, yielding 18.32%
PCE and 81.5% FF (Fig. 14).

The asymmetric strategy and the introduction of hetero-
atoms are the most commonly used methods for the study of
centrally dense rings. Y6Se and CH1007 (ref. 108 and 109) were
synthesized by replacing the sulfur atoms of benzothiadiazole
or thiophene [3,2-b] thiophene units in Y6 with selenium atoms.
The absorption of the two selenium-heterocyclic electron
acceptances redshifted to 950 nm, achieving a high Jsc of 28 mA
em ™2 and a PCE of over 17%.

Different end groups have also been used to regulate the
optical and electrochemical properties of A-DA'D-A type
acceptors.”>"™ Halogenation is a simple and effective method.
Yan et al.'** synthesized BTPCIBr by changing the positions of
chlorine and bromine on the end group. Due to the shallower
LUMO energy level, the morphology of the blend is improved,
thus enhancing the device performance.'*

From the perspective of electron acceptor materials, using
non-fusion acceptors with strong intramolecular noncovalent
interactions is a feasible method to reduce synthesis costs and
maintain high efficiency. Furthermore, regulating molecular
aggregation, avoiding photosensitive groups, as well as
enhancing heat transfer performance can improve the acceptor
morphology, photostability, and thermal stability, thereby
improving OSC.***

In November 2021, Professor Yan He and other researchers'®
collaborated and further studied the influence of side chain
configuration on molecular properties by taking m-alkyl phenyl
as an externally-substituted side chain BTP-4F derivative. It was
proved that the performance of OSCs can be improved by
replacing straight chains with branched chains along the external
location of NFAs. They designed and synthesized novel NFAs with
three different side chains of straight-chain hexyl (BTP-4F-PC6),
2-ethylhexyl (BTP-4F-P2EH) and 3-ethylheptyl (BTP-4F-P3EH)
benzene rings. Compared with BTP-4F-PC6, BTP-4F-P2EH and
BTP-4F-P3EH exhibit a slight blue shift in the absorption due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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looser intermolecular packing. However, devices based on BTP-
4F-P2EH and BTP-4F-P3EH achieve enhanced short-circuit
current density (Jsc) when blended with PBDB-T-2F as the poly-
mer donor. The excessive phase separation of the former two
devices is mitigated compared to devices based on BTP-4F-PC6.
The results show that BTP-4F-P2EH has good blending form
and reduces the non-radiative recombination loss, thus exhibit-
ing the best PCE of 18.22% (BTP-4F-PC6 is 17.22%, BTP-4F-P3EH
is 17.57%) and V¢ was 0.880 V. The Jsc was 25.85 mA cm~? and
the FF was 80.08%.

5 Summary and outlook

In summary, this paper focuses on the recent development
status of organic solar cell-related materials, including fullerene
and its derivatives, polymers, and non-fullerene small molecule
acceptor materials. With the continuous improvement of
fullerene derivative acceptor materials, the performance of solar
cells based on fullerene acceptor materials has been improved
to some extent. However, there are still some problems in
fullerene materials, such as the low LUMO energy level, narrow
absorption spectrum, and small electron mobility. To further
improve the fullerene acceptor photovoltaic materials, the
following strategies can be adopted:

(1) Introduce metal ions into the fullerene molecules to raise
the LUMO level, and the application of transition metal plasma
should be expanded, not limited to rare earth metals.

(2) Introducing raw color groups into the fullerene molecules
to broaden the absorption spectrum.

For all polymer solar cells, the PCE has been improved from
less than 1% based on CN-PPV in early research studies to
nearly 10% based on PDI and NDI D-A copolymer acceptors.
Recently, devices based on PSMA polymer acceptors have
exceeded 15%, reaching the threshold for practical applica-
tions. Thus, it is possible all polymer solar cells may
outstanding advantages, such as excellent film-forming perfor-
mance, good bending flexibility, high photostability, and high
morphological stability, and are expected to be given priority
consideration in the practical application of flexible polymer
solar cells.

Finally, for small molecule acceptor materials, the best
performance is demonstrated from the thick ring acceptor
materials. Adjusting the optical and morphological character-
istics of the thick ring acceptors through chemical modification
allows the thick ring acceptors to have unique advantages in
research. However, to achieve large-scale commercial
manufacturing, it is necessary to address green solvent treat-
ment and understand the degradation mechanisms under
various environmental conditions to achieve organic photovol-
taic devices based on small-molecule acceptor materials that
can compete with other solar cell technologies, such as
perovskite.

Data availability
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