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Understanding photochemical degradation
mechanisms in photoactive layer materials for
organic solar cells

Jianhua Han,*?° Han Xu,? Sri Harish Kumar Paleti,® Anirudh Sharma {? and
Derya Baran () *?

Over the past decades, the field of organic solar cells (OSCs) has withessed a significant evolution in
materials chemistry, which has resulted in a remarkable enhancement of device performance, achieving
efficiencies of over 19%. The photoactive layer materials in OSCs play a crucial role in light absorption,
charge generation, transport and stability. To facilitate the scale-up of OSCs, it is imperative to address
the photostability of these electron acceptor and donor materials, as their photochemical degradation
process remains a challenge during the photo-to-electric conversion. In this review, we present an
overview of the development of electron acceptor and donor materials, emphasizing the crucial aspects
of their chemical stability behavior that are linked to the photostability of OSCs. Throughout each
section, we highlight the photochemical degradation pathways for electron acceptor and donor
materials, and their link to device degradation. We also discuss the existing interdisciplinary challenges
and obstacles that impede the development of photostable materials. Finally, we offer insights into
strategies aimed at enhancing photochemical stability and discuss future directions for developing
photostable photo-active layers, facilitating the commercialization of OSCs.
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1. Introduction

Solution-processed organic solar cells (OSCs) demonstrate
great potential for sustainable applications in solar power
generation,' offering various advantages including light
weight, mechanical flexibility, utilization of low-cost materials,
“green-solvent” fabrication processes, and compatibility with
the integration with large-area, flat, or curved electronic
devices.”” In recent years, numerous chemists have made a
dedicated effort to develop electron acceptor (A) and donor (D)
materials and boost device performances to over 19%
efficiency.®** For high-performance OSCs, the incorporation
of a bulk heterojunction (BHJ) photoactive layer is
crucial.'®'>'® The BH]J layer consists of a continuous network
of A and D materials, which can facilitate efficient exciton
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dissociation, charge generation, and transportation
processes.>'”™*° The community has witnessed several well-
established models and correlations between the molecular
structures of photovoltaic (PV) materials and device perfor-
mance, enabling the continuous improvement of power con-
version efficiencies (PCEs) over the past two decades.'®'"*°
However, the commercialization of high-performance OSCs
with large-scale production and long-term stability remains a
challenge in the field.>>"?* This challenge arises not only from
cost-effectiveness concerns but also from the need for
enhanced stability.>>* >® Therefore, to overcome these hurdles
and identify stable materials, it is essential to comprehend the
degradation mechanisms and establish correlations between
chemical structures and device stability. Such understanding
can guide material design and minimize the need for optimiza-
tion via trial-and-error synthetic procedures that are often
complex and time-consuming.>®®

Several factors that can influence the stability of OSCs as
shown in Fig. 1 are mechanical stability (for flexible and
stretchable devices), morphological stability under heat stress,
solar irradiance, oxygen exposure, and moisture ingress.>*>%°
Generally, OSC devices consist of electrodes, transport layers,
and active layers. All these components in devices would suffer
from environmental stress, thus impacting the overall stability
of devices. It is well known that during the photo-to-electric
conversion process, photovoltaic materials are inevitably sub-
jected to illumination, either from indoor LED lighting or
outdoor solar irradiance. Therefore, it is crucial to employ a
D/A combination with excellent photochemical stability for the
successful commercialization of OSCs. Notably, the illumina-
tion also increases the temperature of the device during opera-
tion, subsequently influencing the thermally triggered
morphological stability. It is important to differentiate between
photostability and heat-induced morphological stability
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Fig. 1 Environmental factors and light-induced degradation of OSCs.

(thermal stability), following the International Summit on
Organic Photovoltaic Stability (ISOS) protocol, which can be
assessed through photostability measurements (such as ISOS-
L) and thermostability measurements (such as ISOS-D),
respectively.’'* Generally, heat-induced morphological stabi-
lity (thermal stability) is related to physical thermodynamic
behavior (mostly w/o a chemical process).””*> On the other
hand, the photochemical stability of PV materials under illu-
mination plays an important role in the photodegradation of
OSC devices. Therefore, the photochemical degradation path-
ways of these materials are crucial for understanding the
photodegradation mechanism of OSCs.

This review primarily focuses on the light-induced photo-
chemical degradation of PV materials, aiming to provide gui-
dance for synthetic chemists and the OSC community in
designing stable OSCs and minimizing trial-and-error efforts.
The heat-induced morphological changes (thermal stability)
that occur during photostability measurements and under
outdoor conditions are not covered in this review. Such thermal
stability is well reviewed and can be found in the related ref. 27,
35 and 36. Generally, solar irradiance and illumination impact
photostability in the following ways: (i) triggering photo-
chemical reactions in photovoltaic molecules, (ii) causing
changes in their photo-physical properties, and (iii) introducing
additional traps and recombination sites, and leading to device
degradation. As illustrated in Fig. 1, the photostability of OSCs
is governed by the photochemical stability of these photovoltaic
materials.***”"*° The related light-driven nm-scale morpholo-
gical changes will be discussed in Section 5. It is worth
mentioning that the chemical reactions between PV materials
and additives can influence the device stability,?® which is also
discussed in this review (Section 5.1).

The review begins with an overview of the development of
OSCs and the advancements achieved through the design of
photovoltaic acceptors and donors, resulting in remarkable
PCEs from 2% to over 19%.>'° We then provide a summary
of the chemical stability of electron acceptors (Section 2),
including PCBM-, PDI-, IDTBR-, ITIC-, and BTP-family accep-
tors as shown in Fig. 2. Then, we focus on the photochemical
stability of polymer donors in Section 3, covering from polymer
donors P3HT, PM6, to D18 (chemical structures detailed in
Fig. 2, with corresponding abbreviations provided at the end of
this review). We present the photo-degradation mechanisms of
these photovoltaic acceptors and donors and discuss how light-
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induced chemical reactions impact molecular structural
changes, leading to device degradation. Furthermore, we
highlight the photochemical degradation pathways of small
molecular donors, polymer acceptors and single-component
materials (Section 4), which have been overlooked within the
community. Finally, we discuss strategies to prevent the photo-
chemical degradation of PV materials and the outstanding
challenges associated with designing stable materials with
future perspectives for OSCs as a green energy source towards
commercialization. Although the molecules discussed in this
review are mainly used in OSCs, the insights into the relation-
ship between the photochemical stability of organic semicon-
ductors and device stability will also be relevant for a range of
other organic semiconductors used in organic photodetectors,
organic light-emitting diodes, and integrated organic electro-
nics for light-related device applications.

2. Chemical stability and degradation
mechanisms of electron acceptors

As depicted in Fig. 2, research on OSCs has revolved around
emerging acceptors, including the classic PCBM-family, ITIC-
family, and the more recent BTP-family acceptors with PCEs
over 19%,>'" along with dimer/multimer acceptors and low-
cost non-fused ring acceptors.'>'*1%%57 It is well known that
light can induce photochemical reactions, leading to the for-
mation of photodegradation products.***”**#" Furthermore,
the presence of O, and H,O during illumination can facilitate
these photochemical reactions and also result in the generation
of additional photodegraded products.”>®" Consequently, the
photodegradation mechanisms and photochemical stability of
photovoltaic materials may differ when exposed to ambient air
or an inert environment. During large-scale manufacturing of
OSCs, the photoactive layers will inevitably encounter ambient
conditions (O, and H,0), and a photostable material under
ambient air can also reduce the manufacturing costs. For the
long-term applications, high-quality encapsulation for OSC
devices can efficiently prevent oxygen and moisture from the
diffusion into the active layers, and thereby improve device
lifetime.>*#>%3 Therefore, it is crucial to understand the photo-
degradation mechanisms of PV materials both with and with-
out O,/H,O environments. Given these considerations, the
following section focuses on reviewing the chemical stability

This journal is © The Royal Society of Chemistry 2024
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and the investigation of precise photochemical degradation pathways was primarily focused on the small

molecular acceptors and polymer donors as model systems (see Sections 2 and 3). Other PV materials (small molecular donors, polymer acceptors, and
single-component materials) are presented and discussed in Section 4.
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and photodegradation mechanisms of the electron acceptors in
ambient air and an O,-free inert environments.

2.1 Fullerene derivatives

Electron acceptors based on fullerene derivatives, particularly
PC4;BM and PC,;BM (the abbreviations provided at the end of
this review), were widely used in the early stages of OSC
research, leading to single-junction BHJ OSCs with PCEs
exceeding 11%.%*% As illustrated in Fig. 3(a), in the presence
of light and O,, the fullerene-based derivatives are prone to
undergo a photo-oxidation process, primarily affecting the
fullerene cage. This photodegradation can occur even under
low light conditions such as sample preparation and ambient
characterization in laboratory environments.*® During the
photochemical degradation process under illumination,
PCBM derivatives form various oxidative defects within the
fullerene cage, such as epoxide, diol, and carbonyl structures,
as confirmed experimentally through matrix-assisted laser

(a) Photooxidation

View Article Online

Review Article

desorption/ionization  time-of-flight mass spectrometry
(MALDI-TOF), ultraviolet photoelectron spectroscopy (UPS),
and near-edge X-ray absorption fine structure (NEXAFS) analy-
sis with the theoretical support of density functional theory
(DFT) calculations.*®®® As shown in Fig. 3(b) and (c), the
presence of oxidized PCBM in the active layers increases
energetic disorder. Li et al. have quantitatively correlated the
fraction of oxidized fullerene with decreased electron mobility
and charge lifetime.*® The increasing number of additional
trap states induced by oxidized PCBM contributes to degrada-
tion in charge carrier densities, electron transport, and recom-
bination, leading to losses in open-circuit voltage (V,.), short-
circuit current ( Js.), and fill factor (FF) of the devices.

Besides the photochemical reactions of electron acceptors
exposed to light and oxygen, Li et al. have demonstrated
that the formation of superoxide radical ions in the active
layers is another crucial factor that controls the photostability
of electron acceptors.®® The correlation is observed between the
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Fig. 3

(a) Photooxidation process of PCBM under combined light and oxygen stresses. (b) Energy levels of the HOMO and LUMO for the neat PCBM and

various photo-oxidated PCBMs with one epoxide, one diol, or two carbonyl defects, highlighting various positions on the fullerene cage. (c) Schematic
illustrating the energetic disorder induced by photodegradation products.*® Reproduced from ref. 38 with permission from RSC Publishing, Copyright
2018. (d) Dimerization of PCBM under light and thermal stresses. (e) DFT calculations of potential PCBM dimer configurations. Reactive sites at double
bonds between hexagonal faces, featuring 8 classes with equivalent distances from the PCBM tail unit. (f) Dependency of the PCBM dimer binding energy
on each fullerene class presented in Fig. 3(e). These energetic disorders can induce the performance degradation in OSCs.®” Reproduced from ref. 87
with permission from the American Chemical Society, Copyright 2019.
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lowest unoccupied molecular orbital (LUMO) level of electron
acceptors and the resulting environmental stability of OSCs,
influenced by the formation of superoxide in the blends.
Consequently, electron acceptors with deeper LUMOs and
suppressed oxidation processes are desired to achieve long-
term stability for fullerene-based OSCs in the presence of O,.

When transitioning to an environment without O,, as
depicted in Fig. 3(d), fullerenes tend to form dimers under
illumination. Interestingly, Durrant et al. have demonstrated
that fullerenes can form different types of dimers, ranging from
weak to strongly bound, depending on the intensity of the
illumination.®” These distinct dimers exhibit different LUMO
and highest occupied molecular orbital (HOMO) levels, as
shown in Fig. 3(e) and (f). Additionally, it has been proven that
this dimerization process is reversible under light and heat
stress.®® Therefore, light-induced dimerization can be consid-
ered a post-treatment process to optimize device performance,
similar to thermal annealing.’® This indicates that although
thermal stability is not driven by the same mechanism as
photochemical stability, such dimeric chemical structures
and reversible process with light/heat stress allow the research-
ers to build the correlation between morphological stability and
photostability in PCBM-based devices when stability tests are
conducted in an inert atmosphere (in the absence of O, and
without the formation of oxidation products).”*

However, it is worth mentioning, in general, that the photo-
stability of OSCs (chemical structure changes and reactions) is
not directly linked to their morphological stability under ther-
mal stress.”” This is particularly applicable in the case of the
relatively thermal stable non-fullerene acceptor (NFA) blends
under room temperature, such as ITIC- and BTP-family
NFAs.**%%%3 A more detailed discussion is given in Section 5.2.

2.2 PDI derivatives

Although fullerene-based OSCs have achieved PCEs of 11%, there
still exists an efficiency gap between OSCs and perovskite/Si cells
that needs to be addressed for commercialization.”**® To
reduce this gap, efforts are being made to develop NFAs that
can overcome the limitations of fullerene derivatives, such as
difficulties in chemical modification of fullerene cages, weak
absorption in the visible (vis) and near-infrared (NIR) range, and
variability in band gaps.””*® As illustrated in Fig. 2, the field of
OSCs has experienced rapid advancements with the emergence of
NFAs. Perylene diimide (PDI) units, as one of the NFAs, exhibit
good light absorption and favorable 3D charge transport channels
similar to fullerenes, such as CRP-1 (Fig. 4(a)) with the record
PCEs of 11.2% in PDI derivatives so far.**?>'°° While significant
attention has been directed towards exploring the efficiency of
PDI derivatives. Limited studies have investigated the chemical
stability and photodegradation mechanisms of PDI-based OSCs.
Min et al. conducted photostability testing (with O,) for five
different PDI-based NFAs. As presented in Fig. 4(b)-(d), both of
them suffered from UV-vis absorption losses after the photoox-
idation process.®! It is noteworthy that the PDI moiety itself
possesses excellent thermal and photostability (w/o O,), making

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Chemical structures of naphthalene diimide and perylene
diimide (NDI/PDI) derivatives and the PDI-based acceptor with the record
PCEs obtained in binary OSCs to date.®® (b)—(d) Chemical structures of
PDI-based acceptors and their UV-vis absorption loss under illumination
(photooxidation), relative to the initial maximum optical density before
photoaging.®! Reproduced from ref. 81 with permission from RSC Publish-
ing, Copyright 2019.

it suitable for applications as lasers, filter materials, and structural
components in different environments.'"'%*

In OSC research, some reports have shown that PDI deriva-
tives can serve as stable transport layers, contributing to the
achievement of highly stable OSCs.'*® Moreover, PDI moieties
have demonstrated good photostability even when in contact
with photo-catalyst ZnO."** Therefore, although the efficiency
of PDI-family NFAs currently lags far behind that of ITIC- and
BTP-family NFAs, PDI derivatives could still be potentially
considered as a class of NFAs with promising photostability.

2.3 IDTBR and IDFBR derivatives (A-D-A type NFAs)

The acceptor-donor-acceptor (A-D-A) type small molecule
acceptors have emerged as a particularly promising alternative
to fullerenes and 3D-type PDIs during the past few years.?
Notably, their capacity to consistently achieve PCEs exceeding
13% marks a significant stride in the field over fullerene
counterparts since 2016.°” The classification as A-D-A type
acceptors derives from their distinctive molecular architecture:
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Reproduced from ref. 106 with permission from Wiley-VCH, Copyright 2019.

106

(f) Chemical Structures of a-IDTBTRh and |-IDTBTRh. (g) Energy barriers for

the rotation modes. (h) Images of the photobleaching effect of thin films. (i) Photobleaching rates of a-IDTBTRh and [-IDTBTRh. (j) Schematic for the
photooxidation process of a-IDTBTRh and |-IDTBTRh-based thin films processed from a different treatment®” Reproduced from ref. 107 with

permission from Wiley-VCH, Copyright 2021.

a central electron-rich donor core flanked on either side by
electron-deficient acceptor units.

The fluorene moiety emerged as one of the pioneering donor
units in A-D-A type NFAs, chosen for its facile synthesis, ready
availability, and the ease with which solubilizing chains could be
incorporated to exert control over structural characteristics.’® In
2015, Holliday et al. synthesized an A-D-A type NFA named
IDFBR (Fig. 5), featuring an alkylated fluorene donor at its core,
flanked by electron-withdrawing benzothiadiazole and 3-
ethylrhodanine units in the periphery.”® Subsequently, the sub-
stitution of the fluorene donor unit in IDFBR with an indaceno-
dithiophene (IDT) core resulted in another notable A-D-A type
acceptor known as IDTBR (Fig. 5(a)).>* Baran et al reported
that the o-IDTBR, equipped with phenyl side-chains, demon-
strated a PCE of 7.8% when paired with polymer donor P3HT."®
Transitioning to EH-IDTBR, featuring branched alkyl side chains,
yielded an impressive 11.1% PCE, facilitated by the use of the
non-chlorinated processing solvent mesitylene without any
additives.'®

Despite the structure optimization on IDTBR-type NFAs for
achieving high PCEs, the photostability of IDTBR derivatives

7432 | Chem. Soc. Rev,, 2024, 53, 7426-7454

was mainly investigated under an O, environment. As illu-
strated in Fig. 5(a)-(e), Kim et al. have systematically probed
the pivotal influence of molecular structure and conformation
on the photostability of IDTBR and IDFBR-based NFAs in
ambient air using Raman spectroscopy.'’® This investigation
entails a comparison between the planar IDTBR and the non-
planar IDFBR, which exhibit structural similarities but distinct
conformations. The study unveils a tripartite degradation path-
way: (1) initiation of photoinduced conformational change: a
phase involves the induction of photoinduced conformational
changes, specifically torsional rotation related to the dihedral
angles between the core and benzothiadiazole units. This confor-
mational modulation is proposed to be instigated by noncovalent
interactions with environmental moieties. (2) Subsequent photo-
oxidation and fragmentation: such photo-oxidation and fragmenta-
tion processes precipitate chromophore bleaching and the for-
mation of degradation byproducts. (3) Final chromophore
bleaching: the ultimate phase culminates in complete chromo-
phore bleaching. This comprehensive analysis underscores the
pivotal role of the initial conformational transition as a decisive
prerequisite for the ensuing stages of degradation.

This journal is © The Royal Society of Chemistry 2024
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Min et al. explored the impact of molecular aggregation and
ordering on the photostability through a comparative analysis
of two A-D-A-type isomeric electron acceptors: a-IDTBTRh and
-IDTBTRh as shown in Fig. 5(f)-(j).'°” Despite sharing identical
elemental composition, these two isomers exhibit significant
differences in molecular conformation and thin film morphol-
ogy. The study reveals that both molecules display similar
photobleaching behaviors in solution with illumination under
air. However, a significant contrast emerges in thin-film states:
the photobleaching rate difference between a-IDTBTRh (amor-
phous film) and I-IDTBTRh (crystalline film) is nearly four
orders of magnitude, underscoring the dominant influence of
molecular aggregation on determining photo-oxidation stabi-
lity. As presented in Fig. 5(j), such photo-oxidation rate in thin
films is mainly affected by the O, diffusion from the surface
into bulk thin films.

Under an inert atmosphere, Kim et al. found that the vinyl
group is still the weak link in IDTBR and IDFBR-based NFAs,
leading to structural twisting and device degradation.'®® It is
worth noting that Li et al. proposed a molecular design strategy
to improve the intrinsic chemical and photochemical stability
of IDTBR-based NFAs.'®® The incorporation of ring-locked
carbon-carbon double bonds within the D-A conjugation
enhances steric hindrance against nucleophilic attacks and
promotes the intramolecular C-H/O interactions, leading to
improved photostability both under the O, environment and an
inert atmosphere.

2.4 ITIC derivatives (A-D-A type NFAs)

As of now, a diverse range of A-D-A type NFAs has
been developed, featuring the linkage of two electron-
withdrawing groups through a conjugated core, including
9,9'-dialkylfluorene, spirobifluorene, and dithienosilole
moieties.*°”1% This review focus, from the standpoint of
photochemical stability, centers on A-D-A-types NFAs with IDT
cores as the most prevalent NFAs during the past few years.'® In
the last few years, the community has systematically explored
and demonstrated the photochemical stability and photode-
gradation mechanisms of NFAs using these IDT-based NFAs
and ITIC derivatives as model systems. Generally, there are
three distinct photodegradation pathways for ITIC derivatives
and IDT-based NFAs corresponding to different aging condi-
tions: (i) involving an oxidation process; (ii) photoisomerization
and electrocyclic reaction (under an inert atmosphere); (iii) the
break of A-D-A conjugation effect from the weak vinyl groups
in the presence of the photocatalyst ZnO. We summarize these
three identified pathways in detail as follows.

2.4.1 Photodegradation mechanisms of ITIC derivatives
involving an oxidation process. Taking ITIC as a representative
example in Fig. 6(a)-(d), Min et al. investigated the photo-
oxidation mechanisms and compared ITIC with fullerene deri-
vatives such as PC,;BM. As shown in Fig. 6(d) the MALDI-TOF
spectra reveal the formation of photo-oxidized ITIC species
characterized by the incorporation of up to 4 oxygen atoms
after a 10-hour exposure to light in air for a pristine ITIC film.
Additionally, the chain bond scission pathway was also

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

(a) Primary photooxidation reaction sites
(ITIC vs. PC,,BM)

500 600 700 800 900
Wavelength (nm)

300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm)

'
. 1
1 & 1
i g !
H Breaking of cyano group é :
1 25 in acceptor units § |
1 *+ g +40 1
|20 L +30 1 !
i 2 3 +20 -
: 1.5 2 st g < +10 ! 1
s 8 ' L 1
i P g
1.0 = 2= 88 & o - w5 w0 !
| g &gzgg gl geg & :
8 ar oz s 8 &

I 95 g HB8g ﬂ HEELE |
o T RN R TR i
! 1200 1250 1300 1350 1400 1450 1500 1550 miz 1
- e e |
i(e) o 87 Ha R o i
S / s | Mo R NS
| )= € W, ) WA
I e \S\\ - CN LR=H, E H-cn R 1

'
! ne ON mios sy '
. 1
i zsae@s) PRI Eswe@ms) | 2RCMs  Epoxides ®R)

1
1
' = — =8 .
Vb s TFICH T —zsees |
1 = | ——Recovered 28 & | ——Recovered s A 1
1 & [ ——After Oxidation ; —+— After Oxidation | 1
1
-4 Ve Z s } i
B 2 .
1 2 = 1
8 = !
15 SF -
. B i
- ] |
2 ] i
1 < :
; 1

1
1 Il
|

‘Wavelength (nm)

Fig. 6 Photochemical stability (with O,) of the A-D-A-type and ITIC-
series acceptors. (a) Chemical structures and primary photo-oxidation
reaction sites of ITIC and PC;,BM. (b) UV-vis spectra and (c) photographs
of photo-oxidized ITIC and PC7,BM films at different exposure times. (d)
MALDI-TOF spectrum of neat ITIC film degraded under one sun for 10
hours (in dry air).8* Reproduced from ref. 81 with permission from RSC
Publishing, Copyright 2019. (e) Photoisomerization and photooxidation of
TFICH and TFIC. The chemical structures are given in Fig. 6(f) and (g).
Photoisomerization of (f) TFICH and (g) TFIC after 10 hours of illumination
with ZS-ES reversible process upon heat treatment, and further decom-
position (oxidation) of TFICH after 220 hours of illumination.’°® Repro-
duced from ref. 109, CC BY.

observed from MALDI-TOF spectra, exemplified by the cleavage
of the cyano group in acceptor units and the rupture of end
groups upon illumination with O,. These two degradation
mechanisms are also confirmed by the Fourier transform
infrared (FTIR) absorption spectra and X-ray photoelectron
spectroscopy (XPS).*' Li et al. also elucidated that the volume-
conserving photoisomerization of exocyclic vinyl groups con-
stitutes a pivotal precursor to the subsequent photodegradation
in a distinctive series of A-D-A type NFAs.' As presented in
Fig. 6(e)-(g), following the photoisomerization pathways, NFAs
tend to form the possible epoxidation of vinyl bonds, as
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evidenced by nuclear magnetic resonance (NMR) and MALDI-
TOF results. Within these three different NFAs with fused (IT-
4F, also known as ITIC-4F), semi-fused (HF-PCIC), and non-
fused backbones (PTIC), non-fused PTIC demonstrates superior
photostability both in solutions, films, and OSC devices. Non-
fused PTIC-based OSCs even exhibit decay rates approximately
359 times slower than the fused counterpart (IT-4F), and 322
times slower than the semi-fused counterpart (HF-PCIC). This
enhancement arises from the effective suppression of the
photoisomerization reaction of NFAs (the structural confine-
ment effect), occurring both at the molecular level and within
thin-film states.

2.4.2 Photodegradation mechanisms of ITIC derivatives
without involving an oxidation process. Under an inert atmo-
sphere or high-quality encapsulation, the photooxidation pro-
cess of PV materials can be efficiently suppressed.”***** Li et al.
conducted a comprehensive investigation on the photostability
of OSCs under a N, atmosphere, utilizing various NFAs, includ-
ing O-IDTBR, EH-IDTBR, ITIC, and ITIC-M."*° They found that
the devices incorporating ITIC and ITIC-M still suffered from
burn-in losses and long-term degradation under an inert atmo-
sphere. As presented in Fig. 7, using in situ Raman measure-
ments, they show that the photodegradation pathway in ITIC
and ITIC-M is attributed to the conformational twisting
between the end-group and the main backbone, along with
potential bond breakage, leading to compromised device
stability.

In 2021, for the first time, Perepichka et al. successfully
isolated the photodegradation products and identified the
photodegradation pathways for ITIC-family NFAs.>” As sum-
marized in Fig. 8(a), they demonstrated that under an inert

(a) Photochemical stability of ITIC under N, atmosphere

(b) in-situ Raman measurement
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Fig. 7 (a) Chemical structure of ITIC with emphasized Raman vibrational
modes during photoaging. The red arrow denotes the modified dihedral
angle in Fig. 7(c). (b) In situ Raman spectra recorded using 514 nm laser
under the N, atmosphere. Black arrows indicate the primary peak changes
during in situ degradation. (c) DFT-simulated Raman spectra with increas-
ing dihedral angles across the C-C bond in the vinylene linkage. Black
arrows emphasize peak changes.!*® Reproduced from ref. 110, CC BY.
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atmosphere (without a photooxidation process), IT-4F under-
goes a photoisomerization process and then a six-electron
electrocyclic reaction between the end-group unit (dicyano-
methylene moiety) and the thiophene unit (in the backbone
and near the dicyanomethylene moiety), followed by a 1,5-
sigmatropic hydride shift. The related degradation pathway is
confirmed by the isolated photodegradation product P1 with
detailed structure characterization studies for the first time,
such as NMR spectra, mass spectra (MS), and transition-state
DFT calculations. They further examined this by mixing the
photodegradation product P1 into fresh BH]J layers and corre-
lated the photochemical stability with device stability.
Notably, in 2023, Perepichka et al. systematically investi-
gated the photodegradation mechanisms of ITIC-type and
other IDT-based NFAs under both an O, environment and an
inert atmosphere.®® First, Perepichka and co-workers showed
that oxygen should selectively attack the electron-rich core
rather than the electron-deficient vinylene bridge as reported
by Li et al'® Under an O, environment, the photooxidation
process, such as the formation of 1,4-enedione or ketothione, is
a more favorable pathway than the 6-electron electrocyclic
photoisomerization. Second, based on the clarified photode-
gradation pathway, they developed a series of furan-based NFAs

This journal is © The Royal Society of Chemistry 2024
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and achieved superior photovoltaic performance and photo-
stability compared to thiophene-based analogs. The addition of
methyl groups to the furan linkers not only reverses the
conformational change but also improves intermolecular elec-
tronic coupling. Unlike the electrocyclic photoisomerization
observed in many NFAs with thiophene moieties, the photo-
degradation of furan-based NFAs stems from the [4+2] cycload-
dition reaction of 'O, to the furan core units, resulting in the
formation of a 1,4-enedione. Interestingly, the use of methyl-
furan as the linker effectively mitigates both of the two degra-
dation pathways, leading to remarkable photostability, which is
proven by transition-state DFT calculations.

The complicated structures of ITIC-type NFAs (compared
to fullerenes) are one of the reasons, leading to that the
understanding of photostability mechanism lags far behind
the development of their PCEs. Using the simplified 1,1-
dicyanomethylene-3-indanon (INCN) compounds as model
systems, Castellano et al. conducted a series of designed
experiments and complementary ground- and excited-state
computations.’ As shown in Fig. 9, they offer an exhaustive
examination of the photochemical characteristics of a series
of INCN-based molecules, featuring variations of INCN units
in (hetero-)aryl substitution, alkyl group positioning, and
halogen substitution. Notably, the photoisomerization reac-
tions are observed across all cases, facilitated by selective
wavelengths of excitation spanning the ultraviolet and
visible regions. In agreement with the work reported by Per-
epichka et al.,*® Castellano and coworkers still didn’t observe
evidence of the photooxidation on vinylene groups as
previously reported by Li et al.'® Intriguingly, under irradiation
at 454 nm, one of the eight INCN-based molecules exhibits
both Z/E photoisomerization and sequential
reactions.

2.4.3 Photodegradation mechanisms of ITIC derivatives in
the presence of photocatalyst ZnO. Generally, inorganic semi-
conductors and the metal oxides could act as catalysts to trigger
chemical reactions. In the field of OSCs, ZnO has been widely
used as a classic and efficient electron transport layer (ETL)
since the era dominated by fullerene-based acceptors. However,
in NFA-based OSCs, it is proved that ZnO has a strong photo-
catalytic effect on the photodegradation process of many NFAs
(w/o O,). As shown in Fig. 10, Zhou et al. elucidated that a ZnO
film exhibits the capability to induce the photodegradation of
these high-performance NFAs (such as IT-4F, ITIC, and IEICO-
4F) under UV illumination."** The photocatalytic effect of ZnO
with UV illumination triggers the disruption of the vinyl linkage
within the NFAs. This disruption, in turn, leads to the chemical
decomposition of NFAs and the disappearance of intra-
molecular charge transfer absorption bands. Consequently,
such a photodegradation pathway contributes to a decline in
device performance. In addressing this concern, Zhou et al. also
proposed an alternative solution, suggesting the use of SnO, as
ETL to enhance the photostability of inverted devices. It is
noteworthy that the photocatalytic impact of ZnO in NFA-based
OSCs has been consistently documented by numerous studies
over the past few years,3®137116

pericyclic
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Fig. 9 (a) Photochemical behavior of 1,1-dicyanomethylene-3-indanone

(INCN) based conjugated molecules. (b) *H-NMR spectra and single-
crystals of the isolated compounds.’® Reproduced from ref. 111 with
permission from the American Chemical Society, Copyright 2023.

2.4.4 Summary of the photodegradation mechanisms of
IDT-based NFAs and ITIC derivatives. As depicted in Fig. 11,
IDT-based NFAs and ITIC derivatives undergo three distinct photo-
degradation pathways: (1) oxidation process: in the presence of O,,
these A-D-A type NFAs generate various oxidized products. This
results in energetic disorder within the BHJ layers, consequently
leading to device degradation. (2) Non-oxidative process: in the
absence of O,, both ITIC- and IDT-based NFAs experience a photo-
isomerization process and then a six-electron electrocyclic reaction
between the end-group unit (dicyanomethylene moiety) and the
thiophene/furan unit, followed by a 1,5-sigmatropic hydride shift.
(3) Photocatalyst ZnO with UV illumination: in the presence of ZnO
and UV light, the predominant pathway involves the breakage of A-
D-A conjugation between the core and end-group units, leading to
device degradation. These findings highlight the diverse mechan-
isms of photodegradation in ITIC derivatives and IDT-based NFAs
and underscore the importance of understanding and mitigating
these pathways for enhancing device stability.
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Fig. 10 (a) Photographs and UV-vis absorption spectra of the neat ITIC-
4F films during photo-aging, showing the photocatalytic effect of ZnO on
chemical degradation of ITIC-based NFAs. (b) MALDI-TOF spectra of the
fresh and photoaged ITIC-4F-based film.**2 Reproduced from ref. 112 with
permission from RSC Publishing, Copyright 2019.

2.5 BTP derivatives (A-D-A-D-A type NFAs)

In early 2019, Zou et al. developed an acceptor with central
fused dithienothiophen[3.2-b]-pyrrolobenzothiadiazole core,
named as BTP-4F (also known as Y6), featuring an A-D-A-D-
A type backbone.®® These BTP-series NFAs with narrow band-
gap and high electron mobility enable the efficiencies of OSCs
to surpass 19%.%°%'” Consequently, OSC research has entered
a new era with BTP-NFAs as the most efficient acceptors to date.
Recent reviews and perspectives have summarized and outlined
the ongoing enhancements in BTP-NFAs, focusing on refining
their optical and electrical properties to achieve further break-
throughs in PCEs.>*119%96:981187121 1y the |ast four years, the
photostability of BTP-NFAs has predominantly been explored
under controlled atmospheres (w/o O,), while investigations
into their oxidation processes remain relatively limited.*®'"'®
Therefore, this review aims to delve into the chemical stability
and photodegradation mechanisms of BTP-based NFAs without
oxidation reactions.

Recently, Kim et al. summarized the key molecular perspec-
tives for high chemical stability of NFAs,>® and demonstrated
the increased photostability from ITIC-X (X = -Me, -H, and -F),
IEICO-4F, and Y6, using in situ Raman measurements.'>* As
shown in Fig. 12, owing to the existence of outer side-chains
(-C11Hy3) in Y6 and strong intermolecular interactions in
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IEICO-4F and Y6, the rotation process of vinyl groups is
suppressed from ITIC-X (X = -Me, -H, and -F), IEICO-4F, to
Y6, leading to the improved photostability.

Similar to ITIC derivatives, BTP-NFAs also suffered from the
conjugation breakage from the vinyl linkage between the end
groups and core units. As shown in Fig. 13(a), Wang et al.
showed the loss of end-groups and the formation of
ketone groups in BTP-NFAs (contacting with ZnO) as the main
photodegradation products using MALDI-TOF spectra.'?®
Loo et al. demonstrated the loss of end-groups in BTP-NFAs
after the photoaging process when devices used Cgo-SAM
(self-assembled monolayer) coated ZnO as the transport
layer, while the photodegradation products are end-capped
with methyl groups, identified by MALDI-TOF spectra
(Fig. 13(b)).**

The rotation of vinyl groups in A-D-A type NFAs is the initial
process that induced the photodegradation of NFAs, which is
proved by the isolated photodegradation products in ITIC-
NFAs.?78%111 Although the existence of out-side-chains in
BTP-NFAs can suppress such rotation modes, the flexible vinyl
groups are still able to rotate under illumination. As shown in
Fig. 14, Jen et al. synthesized a series of BTP-NFAs with local-
isomerized conjugated side-groups, and proved the isomeriza-
tion on their geometries and torsion angles can module the
photostability of OSC devices, which also behaves differently
from their thermal stability."**'**

Baran et al. utilized six different NFAs with Cl/F-endgroups
and side-chains as a platform to study how the molecular
structures of BTP-NFAs affect the photostability and outdoor
stability of OSC devices.** As summarized in Fig. 15, the
increased energy barrier for the rotation of vinyl groups can
suppress the photodegradation process of NFAs at the mole-
cular level (steric hindrance from side-chains), and the high
quadrupole moments in NFAs (fluorinated end-groups) can
further prevent the rotation of vinyl groups in the solid states,
which is consistent with the work reported by Kim et al.** The
observed photostability trend among Y6, BTP-eC9, and BTP-BO-
4Cl (PEDOT:PSS-based devices, Fig. 15(b)) is also consistent
with the one reported by Yu et al.'*® These results show that
preventing the rotation of vinyl groups is not only the key in
ITIC-NFAs, but also important in BTP-NFAs, which is also
reported by Du et al.**’ This is because vinyl groups exhibit
high isomerization reactivity under thermal and light stress,
which has been recognized since the discovery of polyacetylene
film (Nobel lecture)."*® Locking the vinyl groups by rational
chemical design has been proven as an effective strategy for
improving the photostability of ITIC-based NFAs.'*®'>° There-
fore, this would also be a promising avenue for achieving
photostable BTP-type NFAs."*°

3. Chemical stability and degradation
mechanisms of polymer donors

The limited diffusion length of excitons presents a challenge in
achieving effective exciton separation upon generation and

This journal is © The Royal Society of Chemistry 2024
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recombination in most organic semiconductors.'®!

To address  blend."*> This BHJ morphological approach remains a corner-
this, a prevailing strategy involves the nanoscale blending of stone in the realm of OSC research.’ Therefore, despite the

electron acceptor and donor components, forming a BHJ photostability of electron acceptors discussed in Section 2, the
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Fig. 13 (a) MALDIT-TOF spectra of the BTP-based NFA films before and
after photo-aging with ZnO layers.!*®> Reproduced from ref. 123 with
permission from Wiley-VCH, Copyright 2022. (b) MALDIT-TOF spectra of
the BTP-based NFA films before and after photo-aging.*® Reproduced
from ref. 39 with permission from Wiley-VCH, Copyright 2023.

photostability of polymer donors stands as another critical
factor governing device stability.

Fig. 16 delineates two primary categories of polymer donors so
far: D-type and D-A type. Low-cost P3HT and other D-type polymers
exhibit relatively wide band gaps. To further mitigate this, the
strategy of D-A hybridization has been extensively employed,
integrating alternating D and A segments along the polymer back-
bone. This integration fosters molecular orbital mixing between D
and A units, engendering a set of hybridized molecular orbitals
with an effective band gap smaller than that of D-type polymer
donors.”®' Consequently, D-A polymers have dominated OSC
research over the past 10 years, and allow for precise control over
bandgaps and energy levels via meticulous monomer selection.'**
This progress has led to the development of various D-A polymer
donors, including PTB7-Th, PM6, D18, and PTQ10.>'3413°

In the following section, we will comprehensively summar-
ize the photodegradation mechanisms of both D-type and D-A-
type polymer donors, encompassing scenarios involving and
excluding oxidation processes. The photostability for small
molecular donors, polymer acceptors, and single-component
materials will be discussed in Section 4.

3.1 Photodegradation mechanisms of polymer donors
involving an oxidation proces

This section focuses on delineating the photochemical degra-
dation pathways for polymer donors, primarily emphasizing
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Fig. 14 (a) Chemical structures of BTP-based NFAs with locally isomer-
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point tracking, 65 °C) of the corresponding inverted devices.*?* Repro-
duced from ref. 124 with permission from the American Chemical Society,
Copyright 2023.

the oxidative processes. Among these donors, P3HT, as a star
polymer, remains a subject of active investigation within the
community owing to its cost-effectiveness in comparison to
other D-A-type polymer donors. Over the last two decades,
extensive research has elucidated the photodegradation path-
ways of P3HT as summarized in Fig. 17. Under illumination in
an oxygen environment, P3HT undergoes diverse photodegra-
dation pathways, including H-abstraction, -scission, cage reac-
tions, and oxidation. These reactions generate various
photodegradation products, which were identified through
MS, FT-IR, and Raman spectra analyses. Consequently, the
material experiences conjugation loss, alterations in HOMO/
LUMO levels, and a decline in UV-vis-NIR absorbance, impact-
ing its inherent photophysical properties and consequently
leading to device degradation.'**%

Generally, D-A-type polymer donors share the following
design concept: conjugated backbones serve as charge trans-
port channels, and alkyl side-chains contribute to their favor-
able solution processability. The conjugated backbones of
these polymers are susceptible to oxidation and ring-opening
reactions under illumination in the presence of oxygen. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 16 Chemical structures of D-type and D—A-type polymer donors used in OSCs.

side-chains suffered from H-abstraction and scission reactions.
While exploring D-A-type polymer donors, Troshin et al. inves-
tigated photooxidation across 16 conjugated polymers using
electron spin resonance (ESR) spectroscopy. They observed that
even trace amounts of oxygen (as low as 900 ppm) can facilitate
and trigger photooxidation in all studied polymers. Notably,
polymers with lower-lying HOMO energy levels, reflecting
higher oxidation potentials, demonstrated better resistance to
photooxidation. This emphasizes the role of energy levels in
determining the polymer susceptibility to oxidation under
light."*?

This journal is © The Royal Society of Chemistry 2024

Despite the oxidation sites on polymer backbones, the alkyl
side-chains are proved to be weak links in polymer donors,
along the photochemical degradation pathways, such as H-
abstraction and B-scission. Tournebize et al. have highlighted
the significance of side-chain degradation behaviors in polymer
donors, positing them as a hindrance to the commercial
viability of these materials.***'*

Recently, Ratcliff et al. investigated the ambient-induced
photodegradation pathways of five donor polymers, featuring
the same alkyl thienyl-substituted-benzodithiophene (BDTT
also known as BDT) unit but with different A units."*® Through
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Fig. 17 Photodegradation mechanisms (with O;) of classic D-type poly-
mer donors — poly(thiophene) derivatives, 136139141142

controlled photobleaching in air and simultaneous absorp-
tance monitoring, as shown in Fig. 18, they identified three
different pathways. By tracking the photoaging process with
XPS, they assessed near-surface chemical changes, particularly
oxygen additions to sulfur and nitrogen on the BDTT or distinct
A units. The results show that alkyl chain oxygen addition
typically acted as the initial site of attack, followed by direct
oxidation on the sulfur atom in the conjugated backbone.

In Fig. 19, the proposed photodegradation products for five
classic D-A polymers were established through XPS analysis.
Ratcliff et al revealed that sulfur oxidation typically
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commenced after the saturation of alkyl chain oxygenation.™*®
Notably, this result aligns with the findings of Manceau
et al.,"*® indicating that direct sulfur oxidation is initiated by
hydroxy radicals generated from alkyl chain oxygenation, ser-
ving as the key step. Meanwhile, ring opening reactions of
thiophene/furan rings in NFAs (Fig. 8(b) and the pathway a in
Fig. 10) and PBDTT-EFT (also known as PTB7-Th in Fig. 19) are
induced by Diels-Alder addition of singlet oxygen.****14¢ The
photochemical degradation mechanism illustrated in Fig. 19
can extend beyond D-A polymer architectures, proving relevant
for a wider range of organic semiconductors. This significance
also arises from the common structural template shared by
most polymer donors, featuring alkyl chains on a conjugated
backbone, which is consistent with the degradation pathways
reported by Tournebize et al'*'*® As alkyl side-chains in
polymer donors are essential for ensuring the solution-
processability, this contradictory behavior still presents a con-
siderable challenge in developing stable OSCs when the device
operates under an O, environment.

3.2 Photodegradation mechanisms of polymer donors
without involving an oxidation process

With the help of high-quality encapsulation, OSC can operate with
the exclusion of ambient air and prevent the ingress of oxygen and
water into the BHJ layers.*>®® Therefore, understanding the
photodegradation mechanisms of polymer donors without invol-
ving an oxidation process is also important for the commerciali-
zation of OSCs. Taking P3HT as an example, researchers have
shown that H-abstraction and B-scission are two main degrada-
tion pathways followed by radical recombination with the for-
mation of cross-linking products.”®” Such cross-linking reactions
can be observed in a wide range of D-A polymers when exposed to
light (without 0,).*>'*” In 2019, Troshin et al discovered a
commonality by investigating a library of over 20 conjugated
polymers and diverse structural small molecules, showing that
all these materials readily undergo light-induced crosslinking.
They proposed that this phenomenon likely involves light-driven
[2+2] cycloaddition and radical addition photochemical
reactions.”® Recently, Troshin et al. found that such photodegra-
dation pathways come from side-chain breakage.'*’

In 2022, Reynolds et al. conducted a comprehensive study on
the photostability of D-type polymer donors under oxygen-free
conditions, comprising a family of dialkoxy-functionalized
thiophene polymers.'*® Employing UV-vis-NIR spectroscopy,
XPS, gel permeation chromatography (GPC), NMR, and cyclic
voltammetry (CV) measurements, they explored the photoche-
mical degradation pathways, such as crosslinking, chain scis-
sion, and chemical alterations affecting the conjugated
backbones (Fig. 20). The findings highlighted that crosslinking
through alkyl side chains emerged as the primary degradation
pathway under oxygen-free conditions. Based on these insights,
they suggested promising strategies to enhance photostability
in conjugated polymers, including moving away from tertiary
carbon branching to either quaternary carbon branching or
linear counterpart (without branching points) in side-chains, or
shifting the side-chain branching point further from the main

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 Photodegradation products (with O,) of five different D—-A type
polymer donors 146

backbone. These modifications not only hold promises for
improving the photostability of D-type polymers but also would
be informative for achieving photostable D-A-type polymer
donors used in OSCs.

3.3 The role of photodegradation of polymer donors in the
state-of-the-art NFA OSCs

As summarized in the last two sections, it is well-known both
polymer donors and electron acceptors are subjected to photo-
degradation. Therefore, it is important to understand the role

This journal is © The Royal Society of Chemistry 2024
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and contribution of polymer donors and NFAs to the photo-
degradation effect in state-of-the-art OSCs.

Gillett et al. investigated the photodegradation effect of PM6
and Y6 on the device stability (ZnO-based devices w/o UV, aging
under white LED and in air). They investigated the photostabil-
ity of three classic donor polymers - PM6, D18, and PTQ10
when paired with Y6. Upon subjecting PM6 and D18 to light
exposure in ambient air, they observed a notable increase in the
conversion of singlet excitons into trapped interchain polaron
pairs within a timeframe of less than 100 fs. This phenomenon
surpassed electron transfer to Y6, leading to a considerable
reduction in the overall charge generation yield. As shown in
Fig. 21, using in situ Raman measurements, they found that a
twisting tendency within the BDT-thiophene motif, shared by
PM6 and D18, is the main reason. As such, compared to Y6, the
polymer donors (PM6 and D18) emerge as a weak link impact-
ing overall OSC stability.>® Loo et al also investigated the
photodegradation effect of PM6 and Y6 on the device stability
(Ce0-SAM/ZnO-based devices, aging under AM 1.5G illumina-
tion in an N, atmosphere).>® They found that photochemically,
PMB6 is relatively stable after photo-aging for 200 h. In contrast,
photochemical decomposition of Y-NFAs is responsible for the
degradation of high-efficiency OSCs.

To unravel the photo-degradation mechanism within PM6:Y6-
based OSCs, Yu et al. employed various device fabrication meth-
ods and photoaging procedures, strategically isolating the indivi-
dual contributions of PM6 and Y6.'*® As depicted in Fig. 22, the
comparison between devices exposed solely to the donor PM6,
solely to the acceptor Y6, and those exposed as a blend strongly
suggests that the degradation of PM6 predominantly governs the
photodegradation process in PM6:Y6-based devices. This research
presents a novel approach to investigating limitations hampering
device photostability, highlighting the pivotal role of enhancing
the photostability of polymer donors as a straightforward solution
to improving overall device stability. Interestingly, this finding
aligns with conclusions drawn from studies on perovskite-organic
tandem solar cells as reported by Riedl et al.'*’

4. Photochemical stability of small
molecular donors, polymer acceptors,
and single component materials

Given the performance of BHJ-type OSCs leading the develop-
ment in this field,>**"?>""7!% extensive investigations have

Chem. Soc. Rev.,, 2024, 53, 7426-7454 | 7441
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centered around small molecular acceptors and polymer
donors, serving as models to unravel the photodegradation
mechanisms of PV materials. However, as summarized in
Fig. 23, there still exist other PV materials, including small
molecular donors, polymer acceptors, and single-component
materials.

All small-molecular OSCs, consisting of both small mole-
cular donors (Fig. 24(a)) and acceptors, offer distinct advan-
tages such as well-defined chemical structures, minimal
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Fig. 22 (a) and (b) Device fabrication process for understanding the role
of photodegradation (without O,) of PM6 and Y6 in OSCs. (c) J-V curves
of PM6:Y6-based devices using different device fabrication and photoa-
ging processes (without O,).}2® Reproduced from ref. 126 with permission
from RSC Publishing, Copyright 2021.

batch-to-batch variations, straightforward synthesis and purifi-
cation methods, and easily adaptable properties. The develop-
ment of small-molecule donors and NFAs has boosted PCEs
of the devices exceeding 18%, rivalling those of their polymer-
based counterparts.’>*®* The recently reported all-small-
molecule ternary solar cells have delivered PCEs of 18.1% with
promising operational stability."®® Despite the reported photo-
stability data of all-small-molecule-based devices,"®*'*>'%® the
precise photochemical degradation pathways for these small
molecular donors remain unclear.

A similar scenario applies to all-polymer solar cells, com-
prising polymer donors and polymer acceptors, where their
efficiency has increased by over 18%.'®""7> In the molecular
architectures of polymer acceptors depicted in Fig. 24(b), the
primary advantage of all-polymer solar cells is their enhanced
thermal stability in comparison to other OSCs comprising
small molecular PV materials. The related thermal degradation
mechanisms have been elucidated, revealing that polymerized
acceptors tend to display low thermal diffusion coefficients and
maintain stable morphology under thermal stress.'®” Many
researchers have also conducted the photostability measure-
ments on these devices.'”*'”7 However, little attention has
been given to investigating the precise photochemical degrada-
tion pathways for these polymer acceptors. Unlike small mole-
cular acceptors (fullerenes and ITIC-/BTP-NFAs as discussed in

This journal is © The Royal Society of Chemistry 2024
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Fig. 23 Schematic diagrams of the photovoltaic materials: (a) widely
investigated photochemical degradation mechanism for small molecular
acceptors and polymer donors, and (b) limited studies on photochemical
pathways for the other PV materials.

Section 2), analysing the photochemical reactions of polymers
and isolating photodegraded polymeric products are challen-
ging due to limited characterization methods and the intrinsic
complexity of polymers. To achieve photostable all-polymer
solar cells, a deeper understanding of the photochemical
degradation pathways of polymer acceptors is imperative and
significant for ensuring their photostability and minimizing
trial-and-error efforts.

In addition to BH]J-type active layers comprising electron
donor and acceptor materials, PV materials based on covalently
linked electron donors and acceptors (referred to as “single-
component materials’’) have also been developed as photoac-
tive layers in OSCs for the past two decades.”>'’57'%% As
depicted in Fig. 24(c), recent advancements in single-
component material OPVs have marked a significant stride
towards achieving competitive PCEs exceeding 14%.'°> The
advantages of single-component materials over other donor
and acceptor materials in BHJ blends include the simplification
of device fabrication process and the covalently stabilized D-A
units, which facilitate thermally stable morphology and
excellent device stability.'®® Researchers have also presented
photostability results on single-component material OPVs,
indicating promising device performance even under harsh
environmental conditions such as high temperature and

This journal is © The Royal Society of Chemistry 2024
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continuous However,
the understanding of photochemical degradation mechanisms
in these systems remains unexplored. Questions persist regard-
ing whether the pendent acceptor units would follow the same
photochemical degradation pathway as discussed in Section 2,
or if the donor units undergo oxidation under illumination in
the presence of O,, and how the molecular structures of single-
component materials influence the reaction rates of photoche-
mical degradation pathways.

As summarized from Sections 2-4, current investigations
into photodegradation mechanisms and photochemical degra-
dation pathways predominantly focus on small molecular
acceptors and polymer donors. Rather than solely reporting
photostability results, comprehending the photodegradation
pathways can effectively bridge the gap between molecular
design efforts within the chemistry community and the ulti-
mate stability performance within the device community. This
understanding can help avoid reliance on trial-and-error
approaches for materials design and device engineering
towards enhancing overall device stability in PV technology
development.

5. Chemical reactions involving
additives and chemical stability of
photovoltaic materials with light-
driven morphological changes

Over the past decades, the exploration of photochemical path-
ways in OSCs has predominantly centred around small mole-
cular acceptors and polymer donors as discussed in the above
Sections 2 and 3. Furthermore, there are still other factors
related to the photostability of OSCs, which will be discussed in
the following sections.

5.1 The side reactions between PV materials and additives

The intrinsic photochemical stability of PV molecules holds
significant importance in their photostability, and it is also
essential to note the existence of side reactions between PV
materials and additives. For instance, in the case of the classic
additive 1,8-di-iodooctane (DIO), Jacobs et al. discovered that
residual DIO can persist within the BHJ layers after the device
fabrication and related post-treatment process.™*> Specifically,
the weak C-I bond in DIO exhibits susceptibility to dissociation
with the formation of radicals upon exposure to illumination.
As depicted in Fig. 25, Brabec et al. demonstrated the capacity
for both PCBM and ITIC to engage in radical reactions with
DIO, forming adducts, a finding confirmed through high-
performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis."®® This photochemical reaction further
accelerates the photodegradation process in OSCs. Meanwhile,
other research groups have also reported on this similar
additive-accelerated photodegradation process in 0SCs."®”~*%°

In addition to DIO, amine-containing materials, such as
polyethylenimine (PEI) and ethoxylated PEI (PEIE), are also

Chem. Soc. Rev., 2024, 53, 7426-7454 | 7443
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Fig. 24 Molecular architectures of representative PV materials in Fig. 23 (Section 4). Despite advancements in PCEs and reporting device stability/
lifetime, studies on the precise photochemical degradation pathways of these PV materials remain limited.

reactive compounds with NFAs. For fullerene-based OSCs, PEI/  to improve device performance.**'>°* However, when PEI/PEIE
PEIE is a widely used material for doping or interface treatment meets NFAs, a voltage drop occurs, leading to a typical “S”
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shape current-voltage (J-V) curves.”>*°*?°* It was found that
there are “toxic” chemical reactions between PEI/PEIE and
NFAs.>®® As shown in Fig. 25(c), generally, the amine group
acts as a nucleophile, engaging in an addition reaction with the
vinyl group in NFAs. This reaction ultimately disrupts the
double bond (vinyl linker) and the extensive conjugated struc-
ture of the molecule, leading to the loss of device
performance.”® Such “toxic” chemical reactions between
amine-containing materials and NFAs can be efficiently sup-
pressed by reducing the chemical reactivity of -NH groups,
achieved through methods like metal ion-chelated PEI,>°%*%
chelation with small molecules,>*®*°” modification of the
amine groups,?°®?°® and protonation of the amino groups.>*°
Zhou et al. observed that NFAs also react chemically with
bases.”™* Through the introduction of sodium hydroxide into
the ITIC solution, OH anions function as nucleophiles under
basic conditions, targeting the vinyl group and producing ITIC-
OH (ITIC after OH™ addition). The colour of the solution
transitions from blue to orange upon mixing ITIC with PEIE.
Upon adding acetic acid to the ITIC-OH solution, ITIC-OH
reverts to ITIC. This interconversion between ITIC and ITIC-
OH is reversible under both acidic and basic conditions.
These existing chemical reactions between PV materials and
additives suggest that the chemical stability of OSCs not only
depends on the intrinsic chemical stability of PV molecules but
is also influenced by the reactive additives utilized during the
device fabrication process.

5.2 Photochemical degradation mechanisms and the light-
induced morphological changes in OSCs

Thermally induced morphological stability, driven by thermal
diffusion and crystallization processes, is a phenomenon
related to heat stress.””*>*%?'>213 [n contrast, photostability
is linked to light stress. Generally, light can trigger photoche-
mical reactions, yielding photodegraded products that result in
device degradation.>® This process involves a photochemical
reaction inducing molecular structural changes at the sub-nm
Scale‘30,37,80,81,107,109,111,112,143,144,146,148,214,215 Under illumina‘
tion, morphological changes at nm-scale also occur, either
due to molecular alterations or light-induced molecular move-
ments at the nm-scale.>*?'*>2° As depicted in Fig. 26, conduct-
ing thermal stability measurements at temperatures close to
those during photostability measurements can aid in under-
standing thermally induced morphological effects. However,
comprehending the light-induced changes at the sub-nm and
nm scales requires further analysis to elucidate the photo-
stability of OSCs.

In the era dominated by fullerene-based materials, the study
of photostability is linked to the photochemical reactions and
the related light-induced morphological changes. This connec-
tion arises from the reversible light-induced dimerization pro-
cess experienced by fullerenes, which can be correlated
with their morphological characteristics.®**°° However, in
the era of NFAs, the complexity of chemical reactions would
complicate the light-induced morphological changes.®* It is
also reasonable that light-induced molecular changes

This journal is © The Royal Society of Chemistry 2024
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Fig. 25 Chemical reactions between photovoltaic materials and addi-
tives: (a) and (b) DIO and (c) PEI1%%2% Reproduced from ref. 196 with
permission from Wiley-VCH, Copyright 2019. Reproduced from ref. 200,
CC BY.

(chemical degradation) at the sub-nm scale could trigger the
morphological changes at the nm-scale.>®>'%220>1

It is noteworthy that several research groups observed no
clear or minor morphological changes in NFA-based OSCs
during photostability measurements through techniques such
as atomic force microscopy (AFM), grazing-incidence wide-
angle X-ray scattering (GIWAXS), and grazing-incidence small-
angle X-ray scattering (GISAXS).>*"'*19217 Detecting mixed
D: A domains in BHJ layers also remains a persistent challenge
within the research community. These findings underscore the
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limitations of conventional morphological techniques in track-
ing the photodegradation behaviors in NFA-based devices. In a
recent study, Miiller-Buschbaum et al. employed AFM, GIWAXS,
and GISAXS to investigate four distinct PM6-based devices
incorporating Y6, ITIC-4F, ITIC-4Cl, and PC,;BM. While AFM
and GIWAXS exhibited only minor changes during photoaging,
notably, a clear trend of light-induced nm scale morphological
changes emerged from operando-GISAXS measurements.>'®
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This highlights the necessity of addressing the photochemically
induced molecular changes at the sub-nanometer scale in conjunc-
tion with the light-induced nano-scale morphological changes.

6. Conclusions and outlooks

This review delves into the photodegradation mechanisms of
electron acceptors and donors as photo-active layers in OSCs.
As illustrated in Fig. 27, unlike thermal-induced morphological
changes (mostly w/o a chemical process), the photostability of
PV materials primarily encompasses photochemically induced
molecular alterations at the sub-nanometer scale and the light-
induced nano-scale morphological changes. Over the past
decades, investigations into photochemical degradation path-
ways have predominantly employed polymer donors and NFAs
as the model systems. Herein, we highlight the advancements
in strategies aimed at enhancing the photochemical stability of
OSCs from a chemical perspective, as depicted in Fig. 27.

(1) Enhancing the intrinsic photochemical stability of PV
materials: (i) NFAs: Since the discoveries in organic semicon-
ductors (Nobel lecture),’*® it has been well-established that
vinyl groups (C—C bonds) exhibit considerable flexibility and
susceptibility to isomerization reactions. Numerous studies
have confirmed the vulnerability of the vinyl group as the weak
link in NFAs as summarized in Section 2. Therefore, one
effective strategy to enhance photostability involves circum-
venting the use of vinyl groups and employing approaches like
the ring-lock strategy.'*®'*>*"™° However, this necessitates a
different molecular design concept for NFAs, particularly in
the linking unit between core and end-group moieties. Another
approach involves reinforcing resistance to isomerization

N
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Fig. 27 Strategies for enhancing photostability of PV materials and the OSC devices.
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reactions, achieved through the use of steric side-chains
(demonstrating improved photostability from ITIC to Y-NFAs
via outer side-chains) and high di/quadrupoles in NFAs (enhan-
cing stability through fluorinated end-groups).>*>1°%122

(i) Polymer donors: under O, conditions, the deep energy levels
of donors benefit in suppressing the oxidation process.'** Notably,
avoiding the use of BDT-thiophene units is also an effective strategy
for limiting the backbone twisting effect in polymer donors (asso-
ciated with device degradation).”® Even in the absence of O, and
H,0, polymer donors are still susceptible to photodegradation
through H-abstraction and homolytic scissions in side-chains,
along with backbone twisting as summarized in Section 3. Hence,
the necessity to avoid using labile H and vulnerable single chemical
bonds (C-C/X, X as Cl, Br, etc) in side-chains persists in ensuring a
restrained backbone conformation.

Other strategies are (2) Elimination of photoaging condi-
tions: this involves the use of UV filters and UV absorber/
stabilizers,"*®***> and coupled with high-quality encapsulation
to prevent the ingress of O, and H,0.>**? (3) Avoidance of
reactive compounds: this includes refraining from using reac-
tive components like DIO and reactive amines. (4) Catalysis and
inhibitors: this entails refraining from the use of photocatalytic
ZnO with UV light.""> Additionally, incorporating radical sca-
vengers is also an effective strategy in suppressing the photo-
degradation pathways in NFAs and polymer donors.?'**?

In summary, while significant progress has been made in
developing high-performance OSCs, achieving stable OSCs with
high PCEs remains challenging.”****> Addressing these chal-
lenges requires enhancing device photostability while concur-
rently reducing the cost of PV materials. Future research
endeavors should prioritize a deeper exploration of photoche-
mical degradation pathways and the development of photo-
stable and high-performance PV materials that are cost-
effective and conducive to large-scale synthesis and green-
solvent processability, thereby facilitating industrial-level
scale-up and commercialization of OSCs.
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OSCs Organic solar cells
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BH] Bulk heterojunction
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sulfanylidene-1,3-thiazolidin-5-
ylidene)methyl]-2,1,3-benzothiadiazol-4-yl]-
5,14-dithiapentacyclo[10.6.0.0.3,100%%.0"%"7]
octadeca-1(12),2,4(8),6,10,13(17),15-heptaen-6-

This journal is © The Royal Society of Chemistry 2024

ITIC

BTP

BTP-4F

MDMO-PPV

P3HT
PM6

D18

MALDI-TOF

UPS
NEXAFS

VOC

Jsc
FF

LUMO
HOMO
Vis-NIR
NDI
IDT
FBR

IDFBR

NFAs
FT-IR
XPS
NMR
ITIC-4F

View Article Online

Chem Soc Rev

yl]-2,1,3-benzothiadiazol-7-yljmethylidene]-1,3-
thiazolidin-4-one; herein, R = n-octyl for O-
IDTBR and R = 2-ethylhexyl for EH-IDTBR
3,9-bis(2-Methylene-(3-(1,1-dicyanomethylene)-
indanone)-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b]-
dithiophene), also known as ITIC-H
Dithienothiophen[3.2-
blpyrrolobenzothiadiazole
(2,20-((22,202)-((12,13-bis(2-Ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e] thieno[2’”,30":4’,50] thieno[20,30:4,5]|pyrrolo
[3,2-g]thieno[20,30:4,5] thieno[3,2-blindole-2,10-diyl)
bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene)) dimalononitrile),
also known as Y6
Poly[2-methoxy-5-(3',7’-dimethyloctyloxy)-p-
phenylene vinylene]

Poly(3-hexylthiophene)
Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)
thiophen-2-yl)-benzo[1,2-b:4,5-b"]dithiophene))-
alt-(5,5-(1',3'-di-2-thienyl-5’,7’-bis(2-ethylhexyl)
benzo[1’,2'-c:4,5'-¢'|dithiophene-4,8-dione))]
Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b'ldithiophene))-alt-5,5"-(5,8-bis(4-(2-
butyloctyl)thiophen-2-yl)dithieno
[3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]
thiadiazole)]

Matrix-assisted laser desorption/ionization -
time of flight

Ultraviolet photoelectron spectroscopy
Near-edge X-ray absorption fine structure
Open-circuit voltage

Short-circuit current density

Fill factor

Lowest unoccupied molecular orbital

Highest occupied molecular orbital
Visible-near-infrared

Naphthalene diimide

Indacenodithiophene
5,5'-[(9,9-Dioctyl-9H-fluorene-2,7-diyl)bis(2,1,3-
benzothiadiazole-7,4-diylmethylidyne)]bis[3-
ethyl-2-thioxo-4-thiazolidinone]
(52)-3-Ethyl-5-[[4-[2-]7-[(2)-(3-ethyl-4-0x0-2-
sulfanylidene-1,3-thiazolidin-5-
ylidene)methyl]-2,1,3-benzothiadiazol-4-yl]-
6,6,12,12-tetraoctylindeno[1,2-b]fluoren-8-yl}-
2,1,3-benzothiadiazol-7-yljmethylidene]-2-
sulfanylidene-1,3-thiazolidin-4-one
Non-fullerene acceptors

Fourier transform infrared absorption spectra
X-ray photoelectron spectroscopy

Nuclear magnetic resonance
3,9-bis(2-Methylene-((3-(1,1-dicyanomethylene)-
6,7-difluoro)-indanone))-5,5,11,11-tetrakis

Chem. Soc. Rev., 2024, 53, 7426-7454 | 7447


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00132j

Open Access Article. Published on 13 June 2024. Downloaded on 12/6/2025 7:14:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

ITIC-M

ITIC-4C1

DFT

MS
INCN
ETL
IEICO-4F

SAM
PEDOT:PSS

PTB7-Th

PTQ10

ESR

BDT

GPC

Ccv

DIO
HPLC-MS

PEI
PEIE
1A%
AFM
GIWAXS
GISAXS

(4-hexylphenyl)-dithieno[2,3-d:2',3'-d']-s-
indacenol[1,2-b:5,6-b'|dithiophene, also known as
IT-4F
2-[(22)-2-[[20-[(E)-[1-(Dicyanomethylidene)-5,6-
dimethyl-3-oxoinden-2-ylidene]methyl]-
12,12,24,24-tetrakis(4-hexylphenyl)-5,9,17,21-
tetrathiaheptacyclo[13.9.0.0.>%0.410%"°,
0.16230'%?}tetracosa-1(15),2,4(11),6(10),
7,13,16(23),18(22),19-nonaen-8-
ylJmethylidene]-5,6-dimethyl-3-oxoinden-1-
ylidene]propanedinitrile
3,9-bis(2-Methylene-((3-(1,1-
dicyanomethylene)-chloro)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2',3'-d']-s-indaceno [1,2-b:5,6-b"]dithiophene
Density functional theory

Mass spectrometry
1,1-Dicyanomethylene-3-indanon

Electron transport layer
2,2'-[[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-
dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-
2,7-diyl]bis[[4-[(2-ethylhexyl)oxy]-5,2-
thiophenediylJmethylidyne(5,6-difluoro-3-oxo-
1H-indene-2,1(3H)-diylidene)]]bis
[propanedinitrile]

Self-assembled monolayer
Poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate).
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Poly[(thiophene)-alt-(6,7-difluoro-2-(2-
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Electron spin resonance
Thienyl-substituted-benzodithiophene

Gel permeation chromatography

Cyclic voltammetry

1,8-Di-iodooctane

High performance liquid chromatography-
mass spectrometry

Polyethylenimine

Ethoxylated polyethylenimine
Current-voltage

Atomic force microscopy

Grazing-incidence wide-angle X-ray scattering
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