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Porous organic polymers in solar cells†

Tianyi Zhang, a Vasilis G. Gregoriou,bc Nicola Gasparini a and
Christos L. Chochos *bd

Owing to their unique porosity and large surface area, porous organic polymers (POPs) have shown their

presence in numerous novel applications. The tunability and functionality of both the pores and backbone of

the material enable its suitability in photovoltaic devices. The porosity induced host–guest configurations as

well as periodic donor–acceptor structures benefit the charge separation and charge transfer in photophysi-

cal processes. The role of POPS in other critical device components, such as hole transporting layers and

electrodes, has also been demonstrated. Herein, this review will primarily focus on the recent progress made

in applying POPs for solar cell device performance enhancement, covering organic solar cells, perovskite

solar cells, and dye-sensitized solar cells. Based on the efforts in recent years in unraveling POP’s

photophysical process and its relevance with device performances, an in-depth analysis will be provided to

address the gradual shift of attention from an entirely POP-based active layer to other device functional

components. Combining the insights from device physics, material synthesis, and microfabrication, we aim

to unfold the fundamental limitations and challenges of POPs and shed light on future research directions.

1 Introduction
Ever since the emergence of covalently-bonded porous organic
polymers (POPs), abundant research has been dedicated to
exploiting their intrinsic porosity and high surface area
which are attributed to their unique interconnected backbone
structure. Along with their electrical functionalities as well as
chemical and thermal stabilities,1 POPs have shown their
presence in a wide range of applications including gas
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adsorption,2–4 sensing,5–7 photocatalysis,8–10 energy storage,11–13

and drug delivery.14–16 Typical POPs are comprised of different
and periodic monomeric building blocks to form a network,
namely linkers and nodes (knots) that provide rigidity and
functionality to various topological designs. Given the specific
heteroatom that is involved during the linkage formation,
boronic esters as well as boroxine can be formed in the case of
boron atoms,1,17 whereas imine, azine, and imide are utilized in
the case of nitrogen atoms.18–20 These linkages provide strong
covalent bonds to connect building blocks. Depending on the
degree of crystallinity, POPs can further be classified as amor-
phous and crystalline analogs.21 The former mainly includes the
concept of hyper-crosslinked polymers (HCPs),22 conjugated
microporous polymers (CMPs),23 porous aromatic frameworks
(PAFs),24 and polymers with intrinsic microporosity (PIM).25 The
latter predominantly belong to covalent organic frameworks
(COFs).26

In order to realize desired pore sizes, crystallinity, and
morphology for effective functionality, synthetic control for
different frameworks and topologies is of prime importance
for the targeted polymer. Accompanied by numerous burgeon-
ing post-synthetic modification methods,27–30 POPs endow a
powerful platform for attaining primary and high-order struc-
tures as well as tunable end products. It is worth noting that
structural rigidity largely limits the solubility of POPs in common
solvents, which greatly restrains its processability.31–33 For organic
semiconductor materials, a p-conjugated backbone renders the
electronic foundation for charge delocalization. However, the
geometric properties of POPs determine the interplay between
rigidity and conjugation, remaining a formidable hurdle for
optimized design.34 A variety of polymerization techniques
have been adopted to achieve high-yield and topologically guided
fine molecular structures, which include solvothermal,35,36

mechanochemical,37,38 ionothermal,39,40 microwave,41,42 on-
substrate,43,44 and other promising methods.45,46 While some

approaches produce insoluble crystals, others simultaneously
produce thickness-controllable thin films by the end of
synthesis26,47 (e.g. in situ electro-polymerization48). In-depth
analyses of POP synthesis strategies have been addressed in recent
research.23,26,49–51

The intriguing porosities, tunable backbone, and topological
advantages of POPs have attracted wide research interest in
exploiting their versatility,23,26,51–53 which instigated the connec-
tion between POPs and photovoltaics. The reported ultra-long
charge carrier lifetime and efficient charge transport23,26,33,50

demonstrated their great potential for promising photovoltaic
devices. Photovoltaics (PV) has demonstrated its outstanding
energy conversion ability to serve as a green energy resource to
help human beings achieve zero-carbon emission. Generating
electricity by harvesting solar energy, judicious design and
in-depth understanding of photophysical properties play key
roles in propelling the development of solar cell technology.
Recent years have witnessed the emergence of perovskite solar
cells (PSCs), with the highest record efficiency of 25.2% to date,54

which is approaching the performance of single-crystalline
silicon.55 Exploiting abundantly available elements as the active
layer for PSCs, researchers also explore alternative non-toxic
options like bismuth56 and antimony57 for a greener future. As
more tunable and highly luminescent small fullerene acceptors
become available, organic solar cells (OSCs) also demonstrate
promising efficiency which approaches 20%.58 Owing to facile
processing and tunability of the organic materials, OSCs obtain
unique properties of low cost, flexibility, and scalability which
mark their competitiveness in the commercial market. Dye-
sensitized solar cells (DSSCs), on the other hand, have demon-
strated outstanding performances under faint and artificial light
conditions, which promotes their indoor applications.59–61 Since
the proof-of-concept of employing POPs in PV reported in 2013,62

enormous effort has been dedicated to using POPs as the
photoactive component. In addition to the incorporation in
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the photoactive layer, multiple attempts were also made to
employ POPs as the hole/electron transporting layer (HTL/
ETL),63–65 which further demonstrated the diversity and feasi-
bility of POPs for PV technologies.

Herein, a holistic review is provided to unfold the potential
POPs for PV application, specifically in the sub-category of
OPVs, PSCs, and DSSCs (Scheme 1). To provide a systematic
approach for further device improvement, detailed analyses
from the aspect of fundamental photophysics to various device
functionalities will be presented. Moreover, insights and per-
spective on long-term stability are also proposed to present an
alternative strategy and focus to accelerate the commercialization
of POP incorporated solar cells. Based on recent progress, we
envisage to bring a multifaceted-engineering perspective to relate
specific optoelectronic properties to critical device performance
factors, which can justify the gradual shift from the active layer to
other device functional components and shed light on design
strategies for next-generation solar cells.

2 POP incorporation in
photovoltaic technologies

Unlike their linear counterpart, which is comparably more
susceptible to aggregation and charge localization due to its soft
and brittle nature determined by its geometric kinetics, POPs
establish their topological network through robust covalent
bonds that help define the charge transport channel and
thermal stability.26,52,66,67 As higher dimension POP networks
become available,36,68–70 their unique structural advantage lays a
thrilling foundation for isotropic multi-dimensional charge
transport and transfer. From an optoelectronic point of view, it
is of paramount importance to thoroughly establish comprehen-
sive material characterization for advanced PV applications,

which necessitates a fine condition of film/powder/solution
formation.23,26,53 Therefore, few photophysical studies were
available to date compared to the enormous amount of progress
in synthetic materials. These are mainly restricted by the in-
solubility and crystallinity issues of POPs, which is mainly due
to the backbone rigidity, synthetic control, and processing
conditions.71,72 This thus explains why predominant research
effort is focused on COFs, which require long-range order to
retain more crystallinity than other categories. CMPs, albeit
amorphous, win tremendous research attention due to their
facile synthesis and adjustability.23,73,74 For other classes of
porous materials, either their stringent and inflexible synthetic
conditions or the overall less crystalline feature with limited
p-conjugation significantly hinders their optoelectronic applica-
tions. CTFs, for instance, bear outstanding merits due to the
presence of a high amount of nitrogen, but their triazine ring
synthesis drastically withholds their mass production and versa-
tile applications.9,75 PAFs, typically synthesized by Ullmann
cross-coupling, face a high hurdle to realize large-scale and
low-cost production.76,77

2.1 POP photophysical properties

The intriguing properties of POPs attract continuous research
effort to implement them in not only the photoactive layer, but
also in the ETL/HTL and electrolyte. Fig. 1 shows a summary of
the power conversion efficiency (PCE) covering recent POP-
incorporated solar cells. Detailed functionality of POPs in the
devices and other key performances parameters are also tabulated
in Table 1.

It is noteworthy that the number of POP-specific PV reports is
astonishingly smaller than that of other POP applications.23,52 It
is evident from the figure that successful combination of POPs
and perovskites has exhibited promising results over the last few
years. The intrinsic hydrophobicity serves as perfect passivation
for ambient species invasion, which promotes the device’s long-
term operation stability.91 Its porous structure and tunable
energy level can also effectively passivate those defect states for

Scheme 1 POP properties’ correlation with PV performance in terms of
photophysical parameters. Dashed lines indicate that further research
effort is needed to establish the relationship in the case of POPs.

Fig. 1 Yearly power conversion efficiency (PCE) progress based on POP
incorporated PV devices.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
m

ei
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

-1
1-

20
25

 2
2:

50
:0

1.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00123c


4468 |  Chem. Soc. Rev., 2022, 51, 4465–4483 This journal is © The Royal Society of Chemistry 2022

reduced charge recombination.92 POPs in OPVs, however,
gradually shifts their role in the active layer to the HTL for better
harnessing the energetic advantage and efficient charge
transport to engineer the interlayer properties.81 For DSSCs,
the substitute of a liquid electrolyte prevents a short-circuit
and demonstrates high durability.94,99 Therefore, incorporating
insights from chemistry, materials science, and physics, we aim to
present a comprehensive retrospective to unravel the correlation
between the intrinsic properties and the photophysical process.
Through extensive charge dynamics analysis, a multifaceted
process from photons to charges can be thoroughly understood.

2.1.1 Pores, backbones, and molecular properties. Porosity
is one of the most unique and important features that
define POPs. As shown in Fig. 2A, taking advantage of the
lattice confinement and ordering, previous reports showcased
the donor–acceptor heterojunction configuration through
covalently anchoring fullerene to the pores via the click
reaction.100 The incorporation of C60 strengthens the system’s
absorbing capability in the visible wavelength region. Further
time-resolved electron spin resonance (TR-ESR) shows an ultra-
long charge carrier lifetime up to 2.37 ms.

Depending on the size of pores, it can further be divided into
micropores (o2 nm), mesopores (2–50 nm), and macropores
(450 nm).101 Since the domain size is pivotal for exciton
diffusion and further polaron formation, common polymer
frameworks employed for optoelectronic applications are prone
to be microporous and mesoporous due to the exciton diffusion
length.102 However, smaller pore synthesis requires demanding
synthetic controls to prevent pore collapse and skeleton
interpenetration.52,103 The versatility of pores also brings
opportunities for dopants to be introduced into the open
framework for enhanced conductivity, which is crucial for
assisting fast charge transport.49,104,105 Liu and co-workers106

exploited the excellent electron-donating properties and the
favorable stacking features to generate mixed-valence
tetrathiafulvalene107 complexes after iodine doping. The super-
ior conductivity of 0.28 S cm�1 is three orders of magnitude
higher than the value of the pristine sample (1.2 � 10�4 S cm�1),
which is among the highest conductivity reported. The improved
performance can mainly be assigned to the proximity of tetra-
thiafulvalene units. However, in the same report, they also
highlighted the concern on how to retain the record-high
conductivity.

Since doping proves to be an effective strategy to fine-tune
the conductivity, surface area, and morphology, its relevance with
the energy level and interfacial properties remained elusive.
Li et al., therefore, adopted a computational approach to quantify
the energetic shift concerning the Na dopant.108 As depicted in
Fig. 2B, the dopant position at the pore is calculated to be the least
energetically favorable, rendering a large energy alignment
mismatch between the COF and the graphene underneath. The
preferential position of the dopant on the COF or in the COF/
graphene complex proved to strongly hybridize between two
moieties and reduce the charge injection barrier for favorable
charge transfer. This work stressed the importance of dopant
position pertaining to the interlayer properties, and the intriguing
properties of dopant-induced work function shifting is relevant
for charge extraction optimization.

Apart from traditional pre-designed building blocks to
determine the pores, emerging post-synthetic modification
methods render numerous pore surface engineering approaches
to fine-tune the porosity. Kang et al. reported the successful
incorporation of sulfonic acid to the pores by employing the
biphenyl subunit. This post-synthetic sulfonation process dras-
tically improves the conductivity to achieve a decent and long-
term conductivity of 1.59 � 10�1 S cm�1.109

Table 1 Summary of specific key solar cell performance figure of merits for recent POP-incorporated PVs

PV type Year PCE (%) FF (%) Jsc (mA cm�2) Voc (V) POP function POP type Ref.

OPV 2013 7.56 65.7 12.44 0.925 HTL CMP 78
OPV 2015 5.02 68.2 10.05 0.732 AL (donor) CMP 79
OPV 2016 7.93 63.5 16.12 0.775 ETL/HTL — 63
OPV 2017 2.15 30 8.7 0.83 AL (acceptor) — 80
OPV 2017 8.54 70.62 15.98 0.74 HTL — 81
OPV 2018 8.9 70.64 16.14 0.78 HTL CMP 64
OPV 2020 8.99 66.21 16.98 0.8 HTL — 65
OPV 2021 2.46 38.68 7.95 0.8 AL (donor) COF 82
Perovskite 2015 14 76.3 18.7 0.979 ETL — 83
Perovskite 2017 9.84 59 18.23 0.91 HTL PAF 84
Perovskite 2017 14.07 69.91 20.88 0.97 HTL — 85
Perovskite 2017 14.85 72.8 18.73 1.09 HTL — 86
Perovskite 2018 10.17 65 16.33 0.95 HTL COF(CON) 87
Perovskite 2018 19.07 78.3 23.6 1.031 AL (dopant) COF 88
Perovskite 2019 6.36 54.33 15.38 0.76 HTL COF 89
Perovskite 2020 14.28 73.38 19.98 0.97 ETL — 90
Perovskite 2020 19.79 77.84 23.18 1.097 AL (dopant) COF 91
Perovskite 2021 21.53 76.9 24.13 1.16 HTL CMP 92
DSSC 2007 4.31 59 9.47 0.78 Electrolyte — 93
DSSC 2008 6 51 11.86 0.72 Electrolyte — 94
DSSC 2009 4.58 56 11.68 0.7 Electrolyte — 95
DSSC 2009 8.35 68.4 16.26 0.751 Electrolyte — 96
DSSC 2010 9.25 71 17 0.761 Counter electrodes — 97
DSSC 2012 9.9 78 12.62 0.999 Counter electrodes — 98
DSSC 2020 5.96 59 12.8 0.79 Electrolyte — 99
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Besides pore interface engineering, molecular orientation
and morphological control are also of great importance for
optoelectronic performance. Based on the aforementioned
structural advantage over linear polymers, POPs should be
promising candidates for an effective charge transport process.
For OPV, the charge transport consists of intramolecular and
intermolecular processes, where the former relies on the extent

of p-conjugation and the latter depend on the interlayer van der
Waals force.110

Strategies including side-chain engineering,111,112 solvent
interactions,113,114 and temperature115 have been widely
explored to address the steric hindrance and ensuing molecular
torsion and conformational property. Likewise, such approaches
are also devised and implemented in the porous network.

Fig. 2 (A) Top and side views of donor–acceptor COF with C60 (purple) integrated on the channel walls. Reproduced with permission from ref. 100.
Copyright 2014, American Chemical Society. (B) Different Na dopants calculated preferential positions with reference to graphene substrate and COF.
Purple, white, grey, blue, and red balls refer to Na, H, C, N, and O atoms respectively. Reproduced with permission from ref. 108. Copyright 2020,
American Chemical Society.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
m

ei
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

-1
1-

20
25

 2
2:

50
:0

1.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00123c


4470 |  Chem. Soc. Rev., 2022, 51, 4465–4483 This journal is © The Royal Society of Chemistry 2022

Judiciously choosing an electron-donating and withdrawing
moiety, a bi-continuous donor–acceptor heterojunction can be
synthesized.105 In addition to complementary absorption benefiting
from different moieties, the topology largely assists the charge
migration process. As depicted in Fig. 3A, one donor is covalently
linked with four adjacent acceptor units, which provides extra
charge separation and transfer pathways. The spatially separate
vertical p-column facilitates efficient charge transport of electrons
and holes respectively while suppressing the charge recombination.

The unique molecular packing justifies the high mobility
and long charge-separate state lifetime observed in those
molecules. Since the p-column serves as a charge transport
freeway, manipulating the molecular stacking is therefore of
great relevance to achieve this performance. As shown in
Fig. 3B, commonly stacking motifs can be categorized into AA,
AB, and ABC0 stacking.11,76 AA stacking promotes p-overlap
between the layers and it is energetically more favorable com-
pared to the other stacking modes.118 For a photoactive layer in
typical OPV, a planarized backbone configuration is preferred
for face-on orientation for intermolecular charge transfer.119

However, twisting and stretching of specific sub-units may cause
the plane tilting and undesired packing mode. DCuPc–ADI–COFs,
for instance, have a 201 twist angle caused by the H–H inter-
action of the PDI unit as well as the counter-tilt of the phenyl
group.116 To obtain fine packing behavior, Chen et al. investi-
gated the fluorination effect on arene units for porphyrin–COF.
The self-complementary p-electronic force proved to enhance

p–p interaction, fine-tune the interlayer distance, and further
reduce the bandgap, which translates to a high degree of
crystallinity.67 A few other topological-guided packing patterns
are also reported by Bein and co-workers.120,121 While weak
intermolecular interaction hinders the charge hopping effi-
ciency, strong co-facial packing could induce self-quenching and
aggregation.122 It is hence important to form a holistic under-
standing of the building block planarity, bond stretching and
rotation, as well as the external environmental effect to control
the interlayer property for successful PV integration.

Compared to crystalline COF, amorphous CMP does not
possess well-ordered interlayer stacking, which shifts the syn-
thetic attention towards engineering its own building blocks.
Transferring the D–A backbone design strategy to CMP, the
system can theoretically experience ultrafast charge transfer
due to the push–pull effect of different units.123 Mothika et al.
demonstrated the bandgap engineering tactics through tuning
the donor-to-acceptor ratio for FxCMP synthesis, in which
tetraphenylethylene (TPE) and 9-fluorenone (F) serve as the
donor and the acceptor.124 By increasing the acceptor concen-
tration, the absorption is drastically red-shifted and the visible
light-harvesting is also improved. This is assigned to energy
transfer (ET) and intramolecular charge transfer. This enticing
strategy along with solution processibility in common organic
solvents may earn CMP its unique position in the PV area.

Ever since the advent of the 3D structure of POP,68 the
attention for high dimensionality doesn’t seem to halt. Owing
to its unique topological and geometric advantage, charges and
other species can migrate through more pathways rendered
by the accessible framework to promote charge trans-
port.125 Various types of pore sizes, shapes, and configurations
endow endless opportunities for emerging applications.126–128

However, it inevitably raises the question of whether the
excitement is conducive and can be transferrable for PVs.
Firstly, when accessing the topological evolvement, more
versatile 3D structures would require bond twisting and specific
tilted angles, especially at the vertices, to maintain the rigid and
periodic structure in different dimensions. Hence, the ensuing
disturbance of p-conjugation is inevitable and hampers the
charge delocalization.129 Since the 3D porous framework pre-
vails over its 2D counterparts concerning the outstanding
interpenetration and porosity, which makes it futile to strive
for incorporating highly p-conjugated backbones. Thus, it
leaves further adjustability of bandgap and conductivity to
doping. Nevertheless, Byan et al. successfully realized fully
sp2-hybridized 3D p-POP.34 The aromatization is achieved via
Diels–Alder cycloaddition followed by acid-promoted cyclo-
deoxygenation. Instead of utilizing 3D POP as the sole photo-
active component, researchers also explored the effect of its
corporation with perovskite material, which showed enhanced
crystallinity and excellent charge mobility due to the close
contact and energetic benefits between those two materials.88

Hence, exploiting the structural advantage to assist the photo-
physical process is highly promising to enhance device perfor-
mance. To effectively control the topology, properly addressing
steric hindrance is of top priority. Some approaches decorated

Fig. 3 (A) COF adopts donor–acceptor-like building blocks for building
bi-continuous super-heterojunctions. Reproduced with permission from
ref. 116. Copyright 2015, American Chemical Society. (B) Different stacking
configuration for COF. Reproduced with permission from ref. 117.
Copyright 2020, Springer Nature.
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the building blocks with methoxy and methyl groups to achieve a
non-interpenetrated topology,103 others substitute methoxy with
phenyl groups to realize highly-crystalline unprecedented
structures.130 It is worth mentioning that much effort is paid
to increase the rigidity and porosity after guest removal, and it
should not be a major concern for PV applications since the
active component compositions and locations are permanently
decided once the synthesis is completed. In the meantime, the
effort to drastically increase the void inside the framework is not
preferred for the sake of effective charge dissociation processes.
However, similar to the consideration of pores, an overly dense
topology with ensuing ultra-small pores will inevitably experi-
ence high electrostatic interaction, which may lead to polaron
trapping and reduced charge mobility.49 Therefore, with
judicious design and selection of promising building blocks
and post-synthetic modification tools, a functionality-driven
synthesis that fully reveals the structural potentials could propel
the further implementation of 3D POPs in solar cells.

The surface area is immensely stressed when deploying POP as
a functional material. Unlike previously mentioned properties, the
extensive discussion of its relevance with the photophysical
process has yet been presented and is far from conclusive.
To date, a large surface area bestows excellent interfaces for
chemical reactions and sensing unit anchors, as well as high
capacitance for retaining the charges, which render the feature
conducive for catalytic processes, gas adsorption and sensing, as
well as supercapacitors.131–134 Unfortunately, these properties are
not directly transferrable for PVs. Considering the host–guest
configuration, the surface area in this scenario represents the
donor–acceptor interface, which governs the charge dissociation
processes. While the domain sizes determine the ultimate
number of excitons that diffuse to the interface, the interface
property directly impacts the success of charge separation. The
charge transfer (CT) state, formed at the interfaces, provides an
energetic impetus for splitting excitons.135 Since the CT state is an
intermolecular state, whose emission yield is significantly lower
than the local exciton (LE) state, it contributes to the voltage-losses
through non-radiative pathways.136,137 In bulk heterojunction
OSCs, several studies pointed out the potential strategy to reduce
the CT state density by reducing the donor-to-acceptor ratio,
which equivalently shrinks the interfacial area.138,139 Given the
versatile design of the skeleton-pore introduced in the above
sections, POPs could also benefit from the same approach by
tailoring the surface area as well as pore sizes to obtain a precise
interfacial profile. Other promising techniques such as oscillator-
strength borrowing through LE-CT hybridization137 and employing
ternary components140 are also worth exploring. Noticeably, recent
studies proved the relevance of quadruple moments and interfacial
energy levels, which further stresses the imperative of fine-tuning
the electrostatic interactions and molecular orientation at the
interfaces.141–143 Those concerns can potentially be addressed by
the post-synthetic modification and steric hindrance engineering
mentioned previously.

2.1.2 Photophysical process for POP. Based on the photo-
active configurations, common POPs suitable for optoelectronics
can be clustered to either host–guest or D–A super-heterojunctions

(without guest molecules). While the former shares vast simila-
rities with conventional organic solar cells, the latter remains
elusive regarding its photophysical process. As mentioned
above, due to poor film quality and/or polycrystal aggregates,
the optical characterization of POP faces huge obstacles to
feature fine nanostructures. They either scatter light or the
signal-to-noise ratio is relatively low to discriminate any dis-
cernible feature for effective electronic and charge dynamics
investigations.144–146 To date, most photophysical studies
heavily focus on COFs, which is predominantly attributed to
its better p–electronic structure, film formation, and burgeon-
ing facile synthesis techniques. As a COF photoactive layer was
successfully incorporated for energy-conversion devices, the
research group of Jiang extensively explored the charge-
separated state features.100,116,147 Through TR-ESR, they
observed the ultra-long charge carrier lifetime up to milliseconds
for the AA-stacked bi-continuous super-heterojunction COF. The
thrilling results then lead to further studies which reveal ordered
COF’s high electron and hole mobility through p-column,118 and
those efforts can potentially contribute to optimizing the charge
extraction for device-level integration. However, as depicted
in Scheme 1, the complete process of photons to electrons
necessitates an in-depth understanding of absorption, diffusion,
separation, as well as transport and extraction. Therefore, com-
mensurate attention should also be paid to the process that
precedes charge separation.

For the case of POPs, it is generally recognized that exciton-
exciton annihilation (EEA) is the underlying mechanism for
charge dissociation. Unlike the host–guest system, where the
intermolecular energy-level difference provides the driving
force to separate the excitons, excitons formed in D–A super-
heterojunction COFs reside in the same molecular domain, the
EEA therein hence facilitates the dissociation by overcoming
the binding energy. Jakowetz et al. first demonstrated a sys-
temic characterization of the excited state dynamics of COFs.148

They primarily adopted photothermal deflection spectroscopy
instead of conventional UV-Vis spectroscopy, which can greatly
circumvent the interference from the light scattering and
garner more sub-bandgap features. In the charge decay
measurement assisted by time-correlated single-photon count-
ing (TCSPC), they observed similar decay kinetics for TT and
BDT bridging units, comprising nanoseconds of slow decay
components after initial decay. Under short-time transient
absorption (TAS), the fast quenching of stimulated emission
(SE) without significant correlation with photoinduced absorption
(PIA) strongly indicates the occurrence of EEA. They also detected
negative features for thicker films, whose decay kinetics suggest
that EEA does not merely lead to recombination to the ground
state. Extending the probe to a long-time scale, they assign the
ultra-long lifetime to trap-assisted recombination. Eventually, they
summarize the overall photophysical process, which is depicted in
Fig. 4; the initially generated excitons undergo EEA and are
‘‘trapped’’ in different moieties and spatially impedes charge
recombination. They also point out the possibility of EEA occuring
between sheets, which could lead to more research on the
relevance of structural as well as interfacial behavior with EEA.
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Regarding the time scale to effectively dissociate the exci-
tons, Jin et al. characterize the charge dynamics of DZnPc–ANDI–
COF with TAS.147 By obtaining the time scale of radical for-
mation at a selective wavelength, they estimate the rate of
charge dissociation to be 5.5 � 1011 s�1. Ultra-fast electron
transfer and dissociation is observed for both benzonitrile and
DMF solvent. Despite the fact that COF in DMF exhibits
improved solubility and absorption due to delamination, its
thinner and fewer layers feature shortened the charge carrier
lifetime. Therefore, the film thickness and layer structure are
crucial for long-distance charge delocalization and retaining
the charge carrier lifetime.

To further elucidate the dynamics of photogenerated
charges, Kim et al. combine both TAS and theoretical simulation
to unravel the charge transfer kinetics between different
moieties.149 Three electronic states were identified through
species-associated difference spectra in TAS global kinetic
analysis. By comparing TAS spectra of PDI-porphyrin COFs and
free-base porphyrin, along with non-adiabatic molecular
dynamics simulation, the first to second transition is assigned
to ultra-fast hole transfer from the PDI unit to porphyrin moiety.
The researchers argued that the quasi-degeneracy of molecular
orbitals in both vertical and horizontal directions contributes to
the hole dynamics. Further simulations confirm the second
transition is necessarily the relaxation process of the excited
states, which mainly manifests interlayer charge transport. From
the distinct features of 76 cm�1 and 285 cm�1 vibrational modes
(shown in Fig. 4B), it is found that the torsional motion of the

benzene ring serves as a p-bridge to facilitate intramolecular
charge transfer. Therefore, the overall photophysical profile
can be concluded as a lattice phonon-assisted charge transfer
process.

In light of the specific process of exciton diffusion, it bears a
significant role in retaining the photogenerated carriers before
any dissociation process. Flanders et al. recently examined
COF-5 with extensive transient absorption techniques to
unravel the exciton transport.102 Noticeably, the intramolecular
charge transfer state, which is necessarily an excimer state, is
significantly more emissive than the CT state in a conventional
bulk-heterojunction organic mixture. By characterizing COF
with different domain sizes, they discovered that the larger
domain size favors the co-facial orientation, and the conjuga-
tion is enhanced due to improved rigidity. These contribute to
the better formation of excimers. As depicted in Fig. 5A, three
distinct processes are identified. 4ps is the excimer formation
lifetime, whereas 160 ps corresponds to the time for excimer
relaxation. It then further undergoes long-lived decay kinetics.
By extracting the decay component under high fluence, the
researcher calculated the diffusion coefficient to be 0.09 cm2 s�1

and the diffusion length to be around 5 nm. The short diffusion
length is assigned to the short-lived exciton lifetime. Since EEA is
proportional to excited state density, the researchers explore the
size-dependent analysis of EEA by varying fluence. The results
show a much more prominent EEA impact on decay kinetics for
smaller crystallites. The researchers ascribe this phenomenon to
higher diffusional freedom and less surface trap-assisted EEA in

Fig. 4 (A) Photophysical processes of simple 2D COF, excitons are formed after photoexcitation, and they then experience EEA and are ‘‘trapped’’ in
different moieties for charge transport. Reproduced with permission from ref. 148. Copyright 2019, American Chemical Society. (B) Schematics for hole
transfer kinetics with the torsional motion of benzene rings for PDI-porphyrin COFs. Reproduced with permission from ref. 149. Copyright 2019, Springer
Nature.
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larger domains. This work highlights the importance of domain
size-dependent diffusion dynamics and the necessity to prolong
the exciton lifetime.

Given that strenuous effort is paid to characterize COF
through various optical methods to achieve reliable and distin-
guishable features, it is no surprise that the investigation of
amorphous POP excitonic states is even more scarce. Rao et al.
recently revealed the light-harvesting capability of two dynamic
CMPs, namely Py-PP and Py-BPP.150 By exploiting the guest-
induced swelling to load hydrophobic luminescent chromo-
phores, a tunable solid-state emission can be achieved. The
energy transfer between the host material and the guest dye is
confirmed through the photoluminescence spectral feature
obtained at each emission wavelength. The shortened lifetime
of the host framework upon encapsulation of the DMDP dye
further confirms the occurrence of ET for fluorescence quenching.
Since a good absorber is also a good emitter,151 this strategy for
effectively tuning the emission profile can also be transferrable for
highly efficient donor–acceptor PVs.

By decorating the backbone with polycyclic aromatic hydro-
carbons (PAH), Peng et al. studied the energy and charge
transfer of a heavy-metal-free CMP system.152 It is shown that
the intersystem crossing (ISC) and charge separation can be
promoted through fine-tuning the aromaticity of the CMP.
The long-lived triplet state is favorable for interfacial energy
transfer, which is corroborated by TAS results. The small charge
transfer resistance upon PAH incorporation, observed from
electrochemical impedance spectroscopy, further promotes
the charge dissociation to achieve higher photocurrent. Further
simulation suggests a higher oscillator strength for BODIPY
moiety upon photoexcitation, corresponding to the S0 to S2

transition (Fig. 5B). After vibrational relaxation, the localized
Bodipy singlet state is populated, which proves the photo-
induced intramolecular charge transfer. Density-functional
theory (DFT) calculation indicates an additional ISC pathway

is created after PAH decoration, which is necessary for the
transition from S2 to S1, then T1. Even though this study
intends to implement the strategy for efficient photocatalysis
and ISC is not favorable for PV applications, the insights from
different excited states can further facilitate the voltage loss
studies through triplet states as well as charge dynamics
changes upon backbone decoration. Furthermore, this kind
of CMP system may be a suitable candidate for triplet–triplet
annihilation photon-upconversion,153 which provides an alter-
native strategy for solar energy conversion.

Taking advantage of both the charge dynamics and ener-
getics, POP provides synergistic enhancement to device photo-
voltaic performance. Despite its infancy in POP, Yao et al.154

synthesized a porphyrin-based 2D-COF TPA@TAPP that pre-
sents both energy transfer and charge transfer (Fig. S3, ESI†).
Clear and significant quenching as well as rapid kinetic decay
are observed and derived from TRPL and transient absorption
spectroscopy, respectively. The dual effect enabled by CT and
ET renders 1.8 times higher photocurrent generation along
with sharp rise and fall edges during transient photocurrent
measurements. Those results indicate better charge separation
and reduced charge recombination, which further supports the
exploitation and engineering of charge dynamics and energetic
profile to improve 2D-COF photophysical properties.

2.2 POP-based organic solar cells (OPV)

In the past five years, the incorporation of POPs in the OPV
photoactive layer has not seen concomitant progress as com-
pared to other applications. Research efforts have gradually
shifted from solely utilizing POPs as the photoactive compo-
nent to the charge transport layer. The only promising report
on the active layer was presented by Xu et al., in which they
simulated that the expected PCE of quinazoline-based COF/
ZnSe heterojunctions could potentially reach 22.32%.155 To
fully take advantage of the direct bandgap and near-infrared

Fig. 5 (A) Excited-state dynamics for COF-5 with a lifetime of each electronic state. Reproduced with permission from ref. 102 Copyright 2020, American
Chemical Society. (B) Excited states dynamics for CMP-1 with the decoration of PAH upon photoexcitation. VR, FL, and SOCT stand for vibrational relaxation,
fluorescence, and spin–orbit charge transfer respectively. Reproduced with permission from ref. 152. Copyright 2021, John Wiley & Sons.
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(NIR) absorption of Q-COF, the ZnSe monolayer is chosen as
the acceptor to form type-II offset (Fig. 6A).

Upon consideration of lattice strain, the PCE can be further
improved. The low cleavage energy and higher mass-energy
density render Q-COFs a strong candidate as a donor material.
However, since the report is entirely computational, it fails
to take into consideration the film formation, morphology,
molecular orientation, and charge extraction aspects. Another
intriguing progress by Bildirir et al.32 showcased the PV appli-
cation of an n-type solution-processable conjugated polymer
network (PNT1). Synthesized through Stille cross-coupling
reaction, PNT1 obtains high thermal stability and adequate
photon absorption in the visible light spectrum. Using PNT1 as
the acceptor component in the bulk, the device adopts an
inverted configuration of ITO/ZnO/PTB7-Th:PNT1/MoO3/Ag,
which exhibits a PCE of 1.18% and an EQE of 25%. The authors
argued that the low FF can either be caused by low charge
carrier mobility or the high miscibility of the donor and
acceptor material. Zhang et al.80 adopted a hyper-branched
HP-PDI to pair with PTB7-Th. The hyper-branched structure
and the abundance of terminal PDI units fine-tune the domain
size and balance the hole/electron mobility. The resultant
device achieved a PCE of 2.15% and it remarkably retained
91% of its original efficiency after 6 days (Fig. S1, ESI†),
showcasing superior stability enabled by structural advantages.
On the other hand, Fu et al.82 proposed the employment of a

soluble POP as a donor material. PDPP-C20, which obtains long
branched alkyl chain, demonstrates great solubility in common
solvents and presents decent hole mobility. Paired with IT-4F, a
remarkable value of Voc = 0.8 V is achieved. However, the
unsatisfying FF lags the PCE to merely 2.46%. Despite the low
PCE, the device steadily operates up to 650 hours under
ambient conditions while reserving 90% of the Jsc, Voc, and
PCE (Fig. S2, ESI†), demonstrating phenomenal stability to
external species. The concept of a solution-processable conju-
gated polymer network brings excitement to manufacturing
and other promising optoelectronic applications. Moreover,
numerous insights from commonly investigated organic blends
are therefore transferrable to fine-tune the nanomorphology
and interfacial properties via diverse microfabrication
techniques.156–159

Concerning the emerging application as the charge trans-
porting layer, Yang et al. electrochemically deposited CMP films
onto the substrate, which serves as the HTL for OPVs.64 The
thickness of the film is controllable through the scan cycle,
providing facile engineering techniques to improve the charge
transport. The work function (WF) of the electropolymerized
CMP is around 5.03 eV, which forms an energy cascade for
effective charge transport. (Fig. 6B) It outperforms PEDOT:PSS
since it obtains higher WF for better hole extraction. By
sandwiching PTB7-Th:PC71BM between CMP (HTL) and PFN
(ETL), with electrode options of ITO and aluminum, the device

Fig. 6 (A) Calculated bandgap and energy alignment for Q-COF and ZnSe; the lower figure is the energy level with relevance to the lattice strain, along
with simulated PCE mapping with reference to the Q-COF bandgap and conduction band offset. The colored area represents increasing strain.
Reproduced with permission from ref. 155. Copyright 2020, Royal Society of Chemistry. (B) Device configuration and energy levels of CMP incorporated
OPV. Reproduced with permission from ref. 64. Copyright 2018, Royal Society of Chemistry. (C) J–V characteristics under light and dark, as well as EQE
spectrum under 1 sun condition. Reproduced with permission from ref. 81. Copyright 2017, Elsevier.
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shows an open-circuit voltage (Voc) of 0.8 V and short-circuit
current ( Jsc) of 16.14 mA cm�2, which are both higher than
the case of PEDOT:PSS. The authors ascribe the Voc increase to
the higher built-in potential and suppressed bimolecular
recombination, whereas the Jsc improvement stems from the
higher EQE.

Instead of fully replacing the original HTL, Liu et al. modified
the PEDOT:PSS HTL by inserting a POP film, which is an
interlocked network comprising carbazolyl triphenylethylene
derivative (TPCz) building blocks, namely PTPCz.81 The perma-
nent porosity of the POP films can form close contact with
electrodes and the photoactive layer to assist charge transport.
The resultant device exhibited a high PCE of 8.54%, a Voc of
0.74 V, a Jsc of 16.23 mA cm�2, and a FF of 0.71. As illustrated in
Fig. 6C, the reduced dark current level signifies blocked leakage
pathways and higher shunt resistance, which contributes to Voc

enhancement. The contact resistance is minimized due to the
structural pores of the POP films. Hence, smaller series resis-
tance combined with a higher work function benefits the hole
transportation, leading to a high FF.

A few years after the first incorporation of a CMP HTL in an
OPV, Li et al. revealed more insights into this interfacial strategy
via various optoelectronic characterization techniques.65 They
stated that the substitution of carbazole groups facilitates the
molecular planarity to help extend electron delocalization,
which paves the way for efficient charge transport. The CMP-
modified PEDOT:PSS turns out to effectively deepen the HOMO
level of the latter, and it exhibits great transmittance. Through
Voc–light intensity measurement, the results show that the
CMP-modified samples suffer less from trap-assisted recombi-
nation. From Jsc–light intensity analysis, it is observed that
the bimolecular recombination profile remains unchanged.
The decay kinetics obtained from transient photovoltage
indicates that the incorporation of CMP prolongs the charge
carrier lifetime and expedites the charge extraction process.
Those critical charge dynamic insights further support the
promising strategy to adopt CMP-modified PEDOT:PSS as
the HTL.

Besides the enhancement in charge transport layers, the
incorporation in the electrode has also been recently demon-
strated a promising approach to replace commonly used
metals. Yu et al.160 showcased a highly reflective nanoporous
polymer incorporated back electrode with thickness-dependent
opacity and transmission. Through CO2 diffusion, the nano-
foamed PMMA presents an excellent reflectance profile com-
pared to the silver electrode in the Vis-NIR region. Jsc is slightly
compromised due to the energy level mismatch associated with
the thickness of the rear polymer electrode layer. Nevertheless,
the overall solar cells retain the original photovoltaic perfor-
mance and achieved 6% of average visible transmittance (AVT)
with less than 5% loss of PCE. This report highlighted an
effective strategy to optically engineer the electrode via porous
polymers. However, more specific porosity-related multi-
scattering and diffuse reflection models and photophysical
processes required further investigation to fine-tune the energy
landscape and optical properties.

2.3 POP-based perovskite solar cells (PSCs)

Classic perovskites are unique structural materials that adopt
the chemical formula of ABX3.161,162 More specifically, the most
studied and promising types are organic–inorganic lead
halides, namely MAPbI3 and FAPbI3, in which MA and FA stand
for methylammonium and formamidinium, respetively.163–165

Recent years have seen rapid growth of PSC research. Strategies
including topological design, material combination, microfab-
rication techniques, and device physics have been heavily
explored.166,167 The unique porosity and tunable electronic
structure of POP materials could potentially contribute to the
device performance enhancement. As opposed to the trend
observed in OPVs, the presence of POPs in both the photoactive
layer and HTL/ETL components has been reported, which opens
a new pathway to further boost the perovskite performance.

3D POP boasts of its superior geometric features, which
provide more accessible pathways for charge dynamics and
photoelectric activities. Wu et al. reported a spirobifluorene-
based SP-3D-COF doped PSC with significantly improved PCE
up to 19% compared to undoped samples.88 Exploiting the
multidimensional charge transport of the SP-3D-COF, the
device with the inverted p–i–n configuration (Fig. 7A) showed
low dark current density and good diode rectification. All key
parameters regarding Jsc, Voc, and FF are greatly boosted. Upon
bulk doping, the absorption is red-shifted due to the extended
conjugation. The researchers further rationalize the simultaneous
gain in device performance through DFT calculations. Simulations
suggest the formation of a low-lying symmetry-breaking CT state
that assists the free flow of excited electrons through a spirobi-
fluorene moiety. Meanwhile, the HOMOs and LUMOs preferably
localize at the far end of each molecule, and this spatial preference
effectively suppresses the charge recombination. The larger area of
the biphenyl-group in the case of SP-3D-COF 2 improves the
interfacial contact with CH3NH3PbI3, thus explaining the better
morphology profile. Additionally, it also leads to more available
HOMOs to accept the excited electrons from perovskites, which
promotes charge generation.

To further elucidate the interfacial properties between
POP and perovskites, a systematic study was conducted by
Mohamed et al. on 2D imine-linked Car-ETTA and TFPPy-ETTA
COFs.91 By incorporating a porous scaffold, a blue-shifted PL
peak is detected, indicating defect passivation for COF-modified
ETTA HTL. This further leads to enhanced crystallinity of the
perovskite through additional nucleation sites. The device with
the configuration of (ITO)/PTAA/COFs/(FAPbI3)0.83(MAPbBr3)0.17-
(CsPbI3)0.05/PCBM/BCP/Ag, exhibits a high PCE of 19.79% under
the forward scan. Significant faster decay kinetics revealed by
TCSPC suggests excellent hole transfer characteristics for both
TFPPy-ETTA and Car-ETTA COFs. By investigating the photo-
current density trend with effective voltage, authors are convinced
that higher exciton generations and better charge collection
directly translate to a higher Jsc level. This work highlighted the
structural impact of COF on its resultant device performance.

The competent hole-transporting capability along with deep
energy alignment of different POPs have already demonstrated
their compatibility as HTLs. Effort has also been dedicated to
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employing POP in PSCs to circumvent the acidity problem of
PEDOT:PSS. Through electropolymerization, a PAF-86 film was
deposited onto ITO substrate as the HTL by Wang et al.84 Space
charge limited current (SCLC) results show moderate hole
mobility in PAF-86 HTL. Interestingly, the fabricated device
performance is enhanced without any encapsulation. The
authors ascribe such improvement to the better surface contact
between PAF-86 and the perovskite. Later they performed a
stability test on the device (Fig. 7C), the retained PCE over
500 hours marks the suitability of utilizing PAF-86 as long-term
stable PSC components. This effect is assigned to the hydro-
phobicity of the porous film that greatly slows down the
humidity-related degradation process.

Apart from a structural strategy, a new approach adopting
thin-film material as the HTL has also been explored. Park et al.
reported a solvent treatable covalent organic nanosheet
(CON),87 which is incorporated into PSC for effective hole
extraction. Atomic force microscopy results indicate the film
quality of PEDOT:PSS is highly dependent on the roughness of
the CON underneath. The roughness, on the other hand, can
also translate to a larger surface contact area, which assists
charge transfer. The strong PL quenching corroborates this
argument. Owing to the remarkable electron blocking function
and hole-transporting capability of CON, the resultant device
employing CON-10 boosts the PCE to 10.7%. Since CON’s
morphology is solvent-dependent, it provides a facile engineering
method to fine-tune the interlayer property.

The rigorous processing condition of POP due to its rigidity
strongly inhibits its implementation in a modern solar cell.

To tackle such challenges, solubilizing groups have been intro-
duced into the backbone.168 Lim et al. recently utilized a
solution-processable T-POP as a secondary electron transporting
layer (Fig. 8B), exhibiting a 13% of PCE increase.90 The contact
angle experiment proves that T-POP presents hydrophobicity
towards ambient species, whereas its hydrophilic carbonyl and
amide groups improve the morphology. The authors partly
ascribe the Jsc increase to augmented perovskite crystallinity
benefiting from T-POP. The high electron mobility and p–p
stacking of T-POP further promote the charge transport and
extraction. Very recently, Fu et al.82 synthesized a COF-like 2D
POP (PDPP-C20) via side-chain engineering to incorporate DPP
derivative. By constructing a D–A type polymer and weakening
intermolecular interactions, the dual role of charge extraction
and passivation is reinforced, achieving an ultrahigh PCE of
21.92%. A clear spectroscopic feature gained in FTIR justifies the
passivation effect, which suggests the interaction between CQO
and under-coordinated Pb2+ defects. Besides synergistic
improvement in photovoltaic parameters, the reduced hysteresis
is also observed, suggesting promising suppression of ion migra-
tion in perovskites is potentially attainable through the incor-
poration of POP.

In addition to the abovementioned reports, Fu et al.
employed a dopant-free 2DP-TDB to achieve a champion PSC
efficiency of 22.17%.92 By introducing bulky alkyl chains to the
polymer, the solubility is drastically improved. The excellent
crystallinity and strong face-on orientation (Fig. 8C) revealed by
Grazing Incidence Wide-Angle X-ray Diffraction (GIWAXS), jus-
tifies its high hole mobility and great charge transport capability.

Fig. 7 (A) Device configuration of SP-3D-COF doped PSCs with holes and electrons flow upon photoexcitation. Reproduced with permission from ref.
88 Copyright 2018, American Chemical Society. (B) Device configuration and COF stacking behavior for Car-ETTA and TFPPy-ETTA COFs. Reproduced
with permission from ref. 91. Copyright 2020, Royal Society of Chemistry. (C) Key PV parameters stability experiments. Figures from top to bottom are
PCE, Jsc, Voc, and FF respectively. Reproduced with permission from ref. 84. Copyright 2017, American Chemical Society.
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X-ray photoelectron spectroscopy (XPS) further shows the inter-
action of thiophene units of 2DP-TDB and undercoordinated
Pb2+ in perovskite, which effectively passivates the surface defect
by Lewis bases to prevent trap-assisted recombination and
promote charge transport. The synergistic effect of adopting
2DP-TDP along with its deep HOMO level makes it a competitive
substitute for commonly used doped spiro-OMeTAD.

2.4 POP-based dye-sensitized solar cell (DSSC)

First invented in 1988,169 dye-sensitized solar cells have earned
their unique place in PVs due to their lightweight, low cost,
semi-transparent, and flexible properties.170–172 The superb
PCE maintenance under low light intensity marks its presence
in various indoor applications.173 Upon photoexcitation, the
electrons from the photosensitized dye reach their excited state.
Then, those excited electrons are injected into the conduction
band of the adjacent semiconductor, typically TiO2. Subsequently,
they flow towards the contacts and are eventually collected by the
counter-electrode through the external circuit.174 The loss of
electrons is compensated through redox activities in the electro-
lyte, which commonly involves the iodide and triiodide. Triiodide
subsequently diffuses toward the counter-electrode for further
reduction, which forms the redox cycle. The common challenges
DSSC faces are the removal of heavy metals, corrosion and long-
term stability of liquid electrolyte, dye adsorption, and energy
alignment.175 POP, owing to its intrinsic porosity, tunable
features, as well as moderate conductivity, can be exploited as a
competent material substitute as device components.

The highly porous structure along with a large surface area
provides more redox sites and ionic loading capability to
achieve higher ionic conductivity as well as better interfacial
property with the electrode.176 Thomas et al. recently

synthesized and implemented a porous membrane (PMMA/
PIL/PIN) based quasi-solid state (QSS) electrolyte in DSSC.99

As exhibited in Fig. 9A, upon the incorporation of PIL to the
PMMA membrane, the pore largely shrinks due to phase
inversion. The end product of PMMA/PIL/PIN from the SEM
image shows an increased number of pores and pore volume.
Benefiting from the superior thermal stability of PIN, the
porous membrane demonstrates great potential as opposed
to the thermally susceptible liquid electrolyte. It is further
explored that the high porosity and great interconnectivity lead
to a high uptake of electrolyte, which contributes to ionic
conductivity enhancement and large diffusion constant of
redox species. The high Voc observed in the assembled device
is ascribed to the charge recombination suppression. The uni-
form surface coverage and intimate contact over TiO2, and the
imidazolium content of PIL, successfully passivate the inter-
facial defects. Moreover, the migration of electron-deficient Li+

towards the interface is significantly circumvented due to
chelation with PMMA, which helps suppress the recombina-
tion. The viscosity that impedes its penetration into TiO2

compromises its Jsc. Nevertheless, the device retained 85% of
its initial performance after 250 hours, indicating its great long-
term stability over liquid electrolyte.

As mentioned above, the replacement of Pt electrodes is one of
the heaviest researched topics. Effort has been made to incorporate
microporous polyaniline (PANI). However, its instability remains
undesirable for long-term efficient devices.177 Ahmad et al. inte-
grated a nanoporous poly(3,4-propylenedioxythiophene)(PProDOT)
layer into DSSC, showing a maximum PCE over 9%.97 As expected,
the enormous surface area and porosity translates to higher
catalytic activity and lower charge-transfer resistance. The only
inferior performance of PProDOT incorporation is the reduction

Fig. 8 (A) Device configuration of CON/PEDOT:PSS HTL incorporated PSC. Reproduced with permission from ref. 87. Copyright 2018, Royal Society of
Chemistry. (B) Device incorporating T-POP as a secondary ETL. Reproduced with permission from ref. 90. Copyright 2020, Elsevier. (C) GIWAXS plot with
device configuration. Reproduced with permission from ref. 92. Copyright 2021, American Chemical Society.
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of Voc, which is assigned to the impurity during synthesis. To
further explore the PProDOT cathode potential, the same group
introduces dialkyl groups as side chains attached to the backbone,
which induces improved solubility.98 Despite the low FF due to
reduced conductivity, it still outperforms the Pt electrode with high
Jsc and PCE values. They argue that bulky groups may hinder the
mass diffusion process.

3 Outlook and perspective

Despite its strong light-harvesting capability with strong
electron-donating/withdrawing features, employing POP as
the sole photoactive component faces severe challenges to rival
other photoactive materials. The insoluble nature and low
crystallinity gradually shifted the research effort towards its
unique structural advantage to improve charge transport and
interfacial properties. The POP-modified HTL demonstrates
strong compatibility in PSCs with over 20% efficiency. Recent
years have also witnessed the progress of unveiling the excited
state dynamics of POPs and possible POP-modified electrode/
electrolyte applications for DSSC.

The donor–acceptor super-heterojunction design in COF
and other POPs largely promotes electron delocalization,
induces ultrafast photoinduced charge transfer, and red-shifts
the absorption spectra. At optimized stacking configuration,
long-lived charges with high mobility are detected due to the
spatially separated electron/hole transporting p-column, which
favors the charge extraction process. However, it is oversha-
dowed by the short-lived singlet states, which hampers the
exciton diffusion. Since the main dissociation process, namely
EEA, subsequently follows this process, a longer singlet state
lifetime is much preferred, which necessitates controlled
domain sizes and high crystallinity profile. Pore and skeleton
properties are highly correlated which can be tuned through
adopting conjugated building blocks and post-synthetic mod-
ification. Uniform pore sizes and permanent porosity are also
premises for effective exciton diffusion. High dimensionality is

indeed promising in forming ohmic contact via multiple charge
transport pathways, but the synthetic control and steric hin-
drance need to be well adjusted to suppress charge recombina-
tion. For interfacial properties, research has found its relevance
to crystallinity and solubility, for which a holistic understanding
of planarity, bond stretching and rotations is indispensable.

Even though POP generally boasts of its great absorption
extending to the NIR region, the overall low EQE drastically
compromises the PCE. This suggests charge dissociation may
play a key role. Revisiting the nature of EEA, the energy transfer
between two excitons is necessarily an energy cannibalizing
process, in which only half of the excited species will progress
to the next charge dynamic phase. The aforementioned short
diffusion length in COF even further aggrandizes the localiza-
tion and self-annihilation. Since EEA is excited-state-density
sensitive, this rules out its possibility for indoor application.
Therefore, employing COF as the main photoactive component
may face severe challenges to achieving promising results.

For those PVs exploiting the host–guest structure of COF,
several key concerns need to be addressed for achieving high-
efficiency devices. Since the main photophysical process shares
vast similarities with the conventional D–A bulk heterojunction
solar cell, the dissociation efficiency can be engineered by
adjusting the driving force. Further insights from excited-
state dynamics and charge behavior (i.e., exciton splitting
efficiency) are therefore necessary. By performing multi-
objective modeling,178 optimized energy levels and simulta-
neous increment in overall device performance can be realized.
However, the microfabrication technique to incorporate the
desired guest molecule remains a challenge. Vapor deposition
of C60 is most commonly reported, but the incorporation of
highly promising polymers as well as emerging small molecules
may require advanced techniques to retain the guests inside the
framework and adjust interfacial properties.

The unique dynamics between the pore and skeleton design
of POP render numerous building blocks and topologies, thus
potentially providing endless opportunities for engineering

Fig. 9 (A) SEM image for PIN, PMMA, PIL/PMMA, and PMMA/PIN/PIL. Reproduced with permission from ref. 99. Copyright 2020, Elsevier. (B) Device
configuration with the PProDOT electrode. Reproduced with permission from ref. 97. Copyright 2010, John Wiley & Sons.
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towards high-efficiency solar cells. As thrilling tectons, syn-
thetic methods, and emerging material are added into the
complex, the commensurate boost in solar cell efficiency is
yet to come. This indeed indicates the necessity to reveal the
fundamental photophysical processes. With regard to the
limited number of publications successfully implementing
POP as the photoactive component, even fewer directly pin-
pointed the correlation of the POP structure with the observed
charge dynamics and energy losses. Admittedly, the character-
ization of common POPs remains a formidable challenge due
to the rigidity and insolubility issues, which largely restrains
the investigation on crystalline COFs. Nevertheless, it still took
more than a decade to fully unravel the full photophysical
process and underlying mechanism since COF was first
invented, and the method to precisely probe the charge yield
through EEA is yet reported. Compared to traditional linear
polymer characterization where the film investigation directly
represents its device component behavior, POPs experimentally
more heavily rely on powder. Upon polycondensation, several
reports have pointed out the structural variation for solid-state
POP in films due to stacking and steric hindrance. Thus,
bridging the gap between experiment samples and photoactive
components is urgent for effectively controlling the photo-
physical property. Fortunately, with increased computing power
and available molecular models, versatile DFT calculations can
help reconstruct the intra- and inter-molecular interaction at an
atomic level. With existing knowledge concerning monomers
and side groups, the actual molecular orientation and energetic
behavior can be predicted. Therefore, it can provide a more
molecular-level perspective to interpret characterization results
and facilitate chemists to produce much more customized and
precise polymers with desired electronic properties.

Regarding computer-aided approaches, multiple machine
learning techniques have been employed to optimize the
perovskite material combinations. A similar approach can also
be extended to POPs to construct a highly conjugated structure
for effective charge delocalization. On the other hand, with
advanced signal processing techniques, it might be a potential
approach to address the poor optical spectral features obtained
from POPs. For instance, specific TAS features may be distin-
guishable to promote more excited dynamics studies.

To improve the commercial attractiveness of POPs, a different
approach should be adopted. As opposed to solely improving
PCE, the long-term stability and structural advantage can be
further explored. Multiple research studies have reported the
positive encapsulation effect through the incorporation of
rigid POP, which suggests the necessity for extensive degradation.
Recent advances in understanding the thermal/photo-degradation
with ambient species (O2/H2O), thermodynamic related degrada-
tion, as well as triplet states impact on stability highlighted the
molecular origin of this process.179–185 Future molecular design
and syntheses necessitates more precise control and analyses of
molecular vibration, bond strain and twisting, and intermolecular
packing. In the meantime, the amorphous feature of most POPs
could also be engineered for specific applications. For instance,
the intimate and uniform coverage over perovskite promotes its

crystallinity, and the high surface area as a counter-electrode
translates to higher catalytic events in DSSC. Recent reports high-
lighted the device incorporation of solution-processable POPs,
which indicates the possibility of facile fabrication techniques.

In summary, we have identified the emergence of POPs as a
HTL/ETL, and the inclining trend to employ POPs as the main
photoactive component. While their great surface passivation
and charge transport show great compatibility with PSCs, the
hydrophobicity, surface area-enhance catalytic activity, and
long-term stability demonstrates POP’s potential as electrodes
and an electrolyte for DSSCs. In general, more systematic
structure-specific photophysical studies need to relate POP
properties with charge dynamics and energetics for better
device-level implementation. For amorphous POPs, more ver-
satile, cheap, and facile processing and engineering techniques
need to be explored to propel their development. With a
proportionally increasing number of reports on simulation,
characterization, emerging materials, and structures, as well
as processing techniques, further efforts can potentially lead to
stable enhancement of device performance in the foreseeable
future.
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A. Srivastava, R. Zbořil, R. S. Varma, M. Antonietti and
M. B. Gawande, Mater. Horiz., 2020, 7, 411–454.

76 T. Ben and S. Qiu, CrystEngComm, 2013, 15, 17–26.
77 Y. Yuan, Y. Yang and G. Zhu, EnergyChem, 2020, 2, 100037.
78 C. Gu, Y. Chen, Z. Zhang, S. Xue, S. Sun, K. Zhang, C. Zhong,

H. Zhang, Y. Pan, Y. Lv, Y. Yang, F. Li, S. Zhang, F. Huang and
Y. Ma, Adv. Mater., 2013, 25, 3443–3448.

79 C. Gu, N. Huang, Y. Chen, L. Qin, H. Xu, S. Zhang, F. Li,
Y. Ma and D. Jiang, Angew. Chem., Int. Ed., 2015, 54,
13594–13598.

80 J. Zhang, S. Xie, X. Zhang, Z. Lu, H. Xiao, C. Li, G. Li, X. Xu,
X. Chen and Z. Bo, Chem. Commun., 2017, 53, 537–540.

81 C. Liu, H. Luo, G. Shi, L. Nian, Z. Chi and Y. Ma, Dyes
Pigm., 2017, 142, 132–138.

82 Q. Fu, T. Wang, Y. Sun, N. Zheng, Z. Xie, D. Lu, Z. Xu,
X. Wan, Y. Zhang and Y. Liu, Sci. China: Chem., 2020, 64,
82–91.

83 Y. Yue, T. Umeyama, Y. Kohara, H. Kashio, M. Itoh, S. Ito,
E. Sivaniah and H. Imahori, J. Phys. Chem. C, 2015, 119,
22847–22854.

84 Y. Wang, S. Zhang, J. Wu, K. Liu, D. Li, Q. Meng and
G. Zhu, ACS Appl. Mater. Interfaces, 2017, 9, 43688–43695.

85 Z. Zhou, Y. Zhao, C. Zhang, D. Zou, Y. Chen, Z. Lin,
H. Zhen and Q. Ling, J. Mater. Chem. A, 2017, 5, 6613–6621.
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