
Journal of
Materials Chemistry A

REVIEW

Pu
bl

is
he

d 
on

 0
4 

A
go

st
i 2

02
1.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:3
0:

30
. 

View Article Online
View Journal  | View Issue
The crucial roles
W
B
C
M
U
c
s
P
m
a
t
s

aHubei Key Lab on Organic and Polymeric O

for Molecular Sciences, Department of Chem

China. E-mail: qianqian-alinda@163.com; l
bInstitute of Molecular Aggregation Science,

Cite this: J. Mater. Chem. A, 2021, 9,
18148

Received 3rd May 2021
Accepted 3rd August 2021

DOI: 10.1039/d1ta03718h

rsc.li/materials-a

18148 | J. Mater. Chem. A, 2021, 9, 18
of the configurations and
electronic properties of organic hole-transporting
molecules to the photovoltaic performance of
perovskite solar cells

Weidong Ling,a Fan Liu,a Qianqian Li *a and Zhen Li *ab

Perovskite solar cells have become one of the most promising technologies to make use of solar energy; to

date, the power conversion efficiencies (PCEs) have been improved from 3.8% to 25.6%. Hole-transporting

materials (HTMs) play an important role in the photovoltaic conversion process by extracting

photogenerated holes and transporting charges. However, the relationship among the molecular

structure of HTMs, molecular packing in hole-transporting layers (HTLs) and the device performance of

perovskite solar cells (PSCs) has not been explained systematically. In this review, the structure–property

relationship of HTMs is discussed from the aspects of molecular configuration, electron properties, and

their synergetic effects, to provide useful guidance for the HTM design and PSC development.
1. Introduction

There is no doubt that solar energy is the most important and
abundant kind of renewable energy source, and the develop-
ment of solar cells with high-efficiency, low-cost and long-term
stability has attracted extensive attention from both academia
and industry.1–3 Among them, perovskite solar cells (PSCs) have
been considered as one of the most promising photovoltaic (PV)
technologies toward commercialization,4–10 for their rapidly
eidong Ling received his
achelor's degree from the
ollege of Chemistry and
olecular Science at Wuhan
niversity in 2020. He is
urrently a Master's graduate
tudent under the supervision of
rof. Zhen Li. His research
ainly focuses on the design
nd synthesis of organic hole-
ransport materials for perov-
kite solar cells.

pto-Electronic Materials, Sauvage Center

istry, Wuhan University, Wuhan 430072,

izhen@whu.edu.cn

Tianjin University, Tianjin 300072, China

148–18163
increased power conversion efficiencies (PCEs, from 3.8% (ref.
11) in 2009 to 25.6% (ref. 12) at present).

PSCs consist of a transparent conducting oxide (TCO), elec-
tron transport layer (ETL), perovskite layer, hole transport layer
(HTL) and metal electrode. According to their related positions,
PSCs can be classied as conventional n–i–p devices (Fig. 1a)
and inverted p–i–n devices (Fig. 1b), both of which have
a similar mechanism as briey shown in Fig. 1c. It is essential
that photogenerated electrons and holes are created in perov-
skite layer, and then HTL together with ETL, extract and
transport the charge carriers to the cathode or anode (processes
1, 2, and 3); however, many possibilities of charge recombina-
tion (process 4–7) are unavoidable and need to be controlled.

In the PV processes of PSCs, hole-transporting materials
(HTMs) as the middle layer can extract photogenerated holes
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Fig. 1 (a) Device architecture of conventional n–i–p perovskite solar cells. (b) Device architecture of inverted p–i–n perovskite solar cells. (c)
Schematic representation of the mechanism and electron transfer processes in perovskite solar cells. (d) Chemical structures of several
representative HTMs. (e) The relationship among molecular structure, molecular packing and photovoltaic properties of HTMs.
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from the perovskite and transport charges to the back contact
metal electrode (in conventional n–i–p devices) or front glass
electrode (in inverted p–i–n devices); they also block the elec-
tron transfer to the electrode and decrease the defects of the
perovskite layer in some cases, to effectively reduce the possible
charge recombination at the interface, contributing to the
improved photovoltaic performance.13–23 The commonly used
HTMs can be simply divided into inorganic materials, such as
NiOx,25 CuSCN,26 CuI,27 etc., and organic materials, such as
spiro-OMeTAD,28 PTAA,29 P3HT,30 and EH44 31 (Fig. 1d). Among
them, organic small-molecule HTMs have drawn much atten-
tion due to their easy synthesis, the convenience of modica-
tion, low cost, and good reproducibility.13–15,32–35 However, they
still exhibit the drawback of low conductivity and hole-mobility
with poor lm morphology. Thus, some dopants, such as
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tained her PhD degree under the
supervision of Prof. Zhen Li at
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bis(triuoromethanesulfonyl)imide (Li-TFSI), 4-tert-butylpyr-
idine (t-BP) and tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine]
cobalt(III)-tris[bis(triuoromethylsulfonyl)imide] (FK209), have
been added in many cases, which has proved to be an efficient
approach to improve conductivity. Due to the migration of ions,
the hydrophilicity of metal-salts and the incompatibility among
the different components, the stability of doped PSCs usually
decreases with the extra pinholes in HTLs and unfavorable
reactions with polar molecules such as H2O and O2. In contrast,
dopant-free HTMs can contribute to the stability of PSCs, while
their photovoltaic performance is not always as good as doped
ones for the weakness of hole mobility and conductivity, which
are mainly related to the aggregated state of hole-transporting
molecules.15,36–40
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To improve the photovoltaic performance and stability of
PSCs, many efficient organic small-molecule HTMs have been
explored by the adjustment of their aggregated behaviors in the
thin lms, which can optimize the lm morphology and crys-
tallinity, resulting in increased hole mobility and conduc-
tivity.41–43 Although a large number of studies have focused on
molecular aggregates, and many efficient strategies have been
proposed, the relationship among the molecular structure,
aggregated behavior (molecular packing), and photovoltaic
performance of PSCs (Fig. 1e) has not been explained system-
atically. This may be related to the complex carrier transfer
processes and ambiguous molecular packing in the HTLs.
Fortunately, in other optoelectronic elds, for instance, organic
room-temperature phosphorescence, second-order non-linear
optics, mechanoluminescence materials and organic solar
cells, it has been scientically discussed how molecular struc-
tures determine various packing modes in aggregate states and
further affect optical properties.45–48 Molecular congurations
and electron properties have been proved to be the essential
factors, which make it feasible to explain and predict the
photovoltaic performance of HTMs from these aspects. Thus,
this review provides insight into the structure–property rela-
tionship of HTMs by the rational analysis from the single-
molecule to aggregated states in PSCs, providing useful guid-
ance to further promote the development of PSCs by efficient
molecular design.

2. Hole-transporting materials

An efficient HTM is one of the premises of efficient PSC devices
for the function of hole extraction and transport.49 Accordingly,
the essential requirement of HTMs is the suitable energy levels
of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels to match
those of the perovskite layer. Also, efficient HTMs require the
following features:

(a) High hole mobility and conductivity, which can decrease
the series resistance in the photovoltaic processes, resulting in
the increased current. In general, the hole mobility of HTM can
be measured by space-charge-limited current (SCLC), time of
ight (TOF), eld-effect transistor (FET), and transient electro-
luminescence (TEL) methods. For HTMs in PSCs, SCLC is the
most common method, mainly due to the low requirements for
the equipment and thickness of materials, and the lm state is
similar to that of HTMs in PSC devices.24

(b) Good solubility and lm-forming properties, which are
benecial to the processes of spin-coating fabrication, favoring
the optimization of molecular packing, lm morphology and
the interface contact with perovskite or TCO layer. Better solu-
bility enables a wider concentration range of HTM precursors
and more selectable solvents, making it possible to choose the
most suitable spin-coating conditions for each HTM, which
impact the molecular packing, thickness and morphology of
HTLs, resulting in optimal optoelectronic performance.

(c) Stability, including thermal, photochemical and moisture
stability. This is essential to the operational lifetime and
commercialization of PSCs.
18150 | J. Mater. Chem. A, 2021, 9, 18148–18163
(d) Interfacial interactions. Interface modication or defect
passivation can increase the ll factor (FF) by suppressing the
charge recombination, contributing to the high conversion
efficiencies. Anchoring and Lewis-based groups have been
applied in HTMs to improve the interfacial interactions.43,44,58

The low price of raw materials, easy synthesis and good
reproducibility of HTMs are equally important for large-scale
application and commercialization of PSCs. All of these are
strongly related to the molecular design of HTMs and their
varied aggregated states in the thin lms, as determined by the
molecular conguration and electronic properties of organic
HTMs.
2.1 The main effect of molecular conguration on
photovoltaic performance

Molecular conguration is the permanent geometry that derives
from the spatial arrangement of covalent bonds and atoms, just
like the xed three-dimensional relationship of the atoms in
amolecule, as dened by the bonds between them. For the hole-
transporting molecules with conjugated systems as rigid
structures, various congurations are mainly determined by the
core structures and the linkage modes of different peripheral
moieties.50 These can affect molecular packing via steric
hindrance, mainly contributing to the varied hole mobilities
and conductivities in aggregated states.53,67

2.1.1 Planarity of core groups. As a popular organic HTM in
PSC devices, spiro-OMeTAD has become the most common
benchmark with the highest conversion efficiency of 25.17%.51

It exhibits good solubility and lm-forming properties, however
low conductivity and hole mobility are unavoidable. This is
mainly related to the orthometric structure of 9,90-spirobi-
uorene (SBF) as the core unit, resulting in the twisted molec-
ular conguration of the spiro-OMeTAD with SBF core, and the
molecular parallel p–p stacking with the vertical distance of
about 3.8 Å (slightly longer than a distance characteristic of
closely packed p–p systems), which can be proved by the single-
crystal structure.52 Thus, the planarity of hole-transporting
molecules is essential to improve the hole-transporting prop-
erty, which is strongly related to the core unit with various
shapes. As shown in Fig. 2, a series of core units with different
geometries were exploited to adjust the molecular congura-
tions of HTMs, and some relationships between the core
structures and photovoltaic performance are summarized.

The molecular conguration of core units is the key factor in
the photovoltaic performance of HTMs. For instance, as shown
in Fig. 3, once the tetra-thienylethene (TTE) core with the much
twisted structure was partially locked by the fused ring, the
resultant compound TTE-2 exhibited lower series resistance
and higher FF as the hole transporting layer (HTL), as compared
to those of TTE-1 with the original TTE core. Accordingly, the
hole mobility increased from 8.70 � 10�5 to 6.18 � 10�4 cm2

V�1 s�1, and the PCE of the dopant-free PSC device was
enhanced from 13.68% to 20.04%.53

HTMs with twisted cores usually exhibit good solubility and
lm-forming properties; however, the branched structures with
possible steric hindrance can result in loose molecular packing
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Various core units of HTMs with different shapes.

Fig. 3 Molecular configurations and device performance of TTE-1 and
TTE-2.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
4 

A
go

st
i 2

02
1.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:3
0:

30
. 

View Article Online
in most cases, leading to low conductivity and hole mobility.
Thus, the addition of dopants is essential for optimizing the
hole transporting properties of these HTMs.39,81–83 On the other
hand, HTMs with planar cores favor p–p interactions in the
aggregated states, resulting in compact molecular packing in
many cases.54,55,84–88 This is benecial for increasing the hole
mobility in principle, which can form efficient dopant-free
HTLs.38,39 However, these are usually accompanied by poor
solubility and bad lm morphology for their good crystal-
linity.53,56 Thus, the rational design of core units from twisted
structures (Fig. 4 and Table 1) to planar ones (Fig. 5 and Table 2)
with tunable congurations, has been proved as an efficient
strategy for adjusting the photovoltaic performance of HTMs in
different kinds of PSCs.

Compared to the common SBF core in spiro-OMeTAD, an
orthometric spiro-[uorene-9,90-xanthene] (SFX) moiety with
the additional oxygen atom in the conjugated bridge can
slightly reduce the planarity and the symmetry as the core unit,
leading to the slightly lower conductivity of the resultant
compound X60 (1.1 � 10�4 S cm�1) than that of spiro-OMeTAD
This journal is © The Royal Society of Chemistry 2021
(1.5 � 10�4 S cm�1), and higher hole mobility of 1.9 � 10�4 cm2

V�1 s�1, as compared to spiro-OMeTAD (8.1 � 10�5 cm2 V�1

s�1). A 19.84% PCE of doped X60 devices was achieved, which
was close to the PCE record of spiro-OMeTAD at that time
(20.8% in 2016), meanwhile, the cost of the SFX core (1.12 $ per
g) in X60 is only 3.3% of the SBF core (33.89 $ per g) in spiro-
OMeTAD.57 Replacing phenyl in the SBF core with thienyl, the
spiro-cyclopenta[2,1-b:3,4-b0]dithiophene (s-CPD) core was
designed by Marius and coworkers. The hole mobility of s-
CPDTOMe lms increased to 3.0 � 10�5 cm2 V�1 s�1 aer light
soaking treatments, and s-CPDTOMe without dopants per-
formed well in PSC devices and obtained a PCE of 13.4% and an
FF of 0.72, mainly due to the defect passivation effect of sulfur
atoms and appropriate treatment for HTM lms.58

Apart from the orthometric feature by spiro structures as the
core moieties, the slightly twisted conguration of HTMs can
also be constructed by large peripheral moieties linked to the
cores with small sizes. For instance, triphenylethylene with
three phenyl moieties linked to the ethenyl unit exhibited
dihedral angles of 30.91�, 60.19�, and 28.21� between these
moieties, respectively. The twisted and asymmetric core leads to
good solubility and lm-forming properties of CJ-01;59 the
resultant HTL showed a slightly less rough morphology with
smaller pinholes than that of the spiro-OMeTAD lm. Accord-
ingly, the CJ-01-based PSC exhibited a PCE of 18.56% with an FF
of 0.747, which are close to those of spiro-OMeTAD based
devices (PCE: 18.69%, FF: 0.760) under the same conditions.
The stability of the unsealed CJ-01-based device is also slightly
better; 67.0% of original PCE can be retained aer 85 �C
thermal storage for 120 h, and 69.2% aer AM 1.5 G illumina-
tion (100 mW cm�2) for 90 h, as compared with 63.3% and
65.9% for spiro-OMeTAD based devices under the same condi-
tions, respectively. Similarly, phenyl-substituted thieno[2,3-b]
thiophene, with dihedral angles of 43.3�, 62.4�, 55.7�, and 46.1�

between each phenyl moiety and the thieno[2,3-b]thiophene
plane by calculation, was employed in compound XY1 as the
twisted core.60 It exhibited a smooth morphology with a low
roughness RMS of 0.4 nm, and a high hole mobility of 3.76 �
10�4 cm2 V�1 s�1 was achieved. This is benecial to the fabri-
cation of dopant-free devices, and a PCE of 18.78%was achieved
in inverted PSCs. For the hexakis(2-thienyl)benzene (HTB) core
with a propeller-shape, the helical symmetry structure can be
J. Mater. Chem. A, 2021, 9, 18148–18163 | 18151
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Fig. 4 Configuration sketches of twisted cores and molecular structures of HTMs with twisted cores.
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formed in the resultant HTM HTB-OMe with triphenylamine
derivatives as the peripheral moieties,61 which showed a high
hole mobility of 5.48 � 10�4 cm2 V�1 s�1. The corresponding
photovoltaic performance is sensitive to the thickness of HTLs
for the varied conductivity and lm morphology, and the
highest PCE of 17.29% was achieved by theHTB-OMe layer with
60 nm thickness in the dopant-free PSC devices, and only 25%
loss of the original PCE is obtained aer storage for 30 days.
Also, triphenylamine (TPA) with the propeller-shaped structure
has been applied in HTMs as the core unit.62–64 m-MTDATA with
the TPA core can form compact lms and contribute to the
formation of large perovskite crystals in its corresponding
inverted PSC devices,53 which exhibited a hole mobility of 4.4 �
10�5 cm2 V�1 s�1 and PCE of 18.12% in the dopant-free PSC
device. Once the three-branched structure determined by TPA
was changed to the four-branched structure with tetraphe-
nylsilane as the core unit, compound Si-OMeTPA could achieve
a high hole mobility of 2.96 � 10�4 cm2 V�1 s�1 aer annealing,
18152 | J. Mater. Chem. A, 2021, 9, 18148–18163
and the PCE of its doped device reached 19.06% with an FF of
0.772, while the dopant-free one obtained a PCE of 12.89% and
an FF of 0.649.65

To optimize molecular packing at the aggregated states,
some conjugated planes with fused structures were incorpo-
rated into the HTMs as core units. For example, BDT-POZ,66

which consisted of benzo[1,2-b:4,5-b0]dithiophene (BDT) as the
core and N-(6-bromohexyl)phenoxazine (POZ) moieties as the
peripheral moieties, exhibited compact molecular packing with
the distance between the nearest N atoms in two POZ moieties
as short as 3.850 Å, contributing to its high hole mobility of 2.1
� 10�4 cm2 V�1 s�1. The dopant-free PSC device based on BDT-
POZ exhibited a PCE of 19.16% and a high FF of 0.817. With
further incorporation of thiophene into the BDT core as the side
moiety in BDT-TPA-sTh,67 the additional S–p interaction can be
formed between the sulfur atoms of the thiophene side chain
and the TPA group in the immediate neighbors, resulting in the
compact molecular packing of BDT-TPA-sTh in the lm, and the
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Configuration sketches of the planar cores and molecular structures of HTMs with planar cores.
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hole mobility increased to 5.79 � 10�4 cm2 V�1 s�1 aer
annealing. The PCE of 17.83% was achieved in BDT-TPA-sTh
based dopant-free devices, which could further increase to
20.50% by a solution-processed secondary growth technique.
Aer storage for 500 h, 90% of the initial PCE was still retained
from the unencapsulated BDT-TPA-sTh-based dopant-free
devices, and the great stability is mainly due to the compact
lm with few defects.

Apart from planar cores with linear shapes, some conjugated
systems with branched structures and multiple linkage posi-
tions were also employed, and several alkyl chains were
attached to reduce the possible crystallization in the fabrication
process. For instance, truxene with a planar and C3h-symmetric
structure was employed in compound Trux-OMeTAD as a star-
This journal is © The Royal Society of Chemistry 2021
shaped core,68 which tended to form a face-on molecular
packing with a columnar arrangement, resulting in the hole
mobility of 3.6 � 10�3 cm2 V�1 s�1. Accordingly, the Trux-
OMeTAD-based dopant-free PSC exhibited a PCE of 18.6% with
an FF of 0.79. Similarly, an alkyl-substituted planar triazatrux-
ene core was applied in SP-12,69 contributing to a high hole
mobility of 2.41 � 10�4 cm2 V�1 s�1, and SP-12-based doped
devices obtained a PCE of 18.8% with a high FF of 0.77.

Also, some fused-ring systems with special shapes have been
incorporated, and the varied symmetry has been proved as an
efficient approach to adjusting the crystallinity and molecular
packing in the aggregated states. For instance, TPH-T with a tri-
phenylene core exhibited a hole mobility of 1.83 � 10�4 cm2 V�1

s�1 for the optimized p–p interactions, and the corresponding
J. Mater. Chem. A, 2021, 9, 18148–18163 | 18153
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Table 1 Photovoltaic performances of PSCs applying twisted molecules as HTMs

HTM Architecture Perovskite mh/10
�4 cm2 V�1 s�1

Voc/
V Jsc/mA cm�2 FF PCE/% Spiro PCE/% Ref.

TTE-1 n–i–p (doped) (FAPbI3)0.95(MAPbBr3)0.05 0.87 1.03 18.5 0.717 13.68 — 53
TTE-2 n–i–p (doped) (FAPbI3)0.95(MAPbBr3)0.05 6.18 1.11 23.4 0.775 20.04 — 53
X60 n–i–p (doped) (FAPbI3)0.85(MAPbBr3)0.15 1.9 1.14 24.2 0.71 19.84 — 57
s-
CPDTOMe

n–i–p (doped) MAPbI3 0.30 0.97 19.3 0.72 13.4 15.0 58

CJ-01 n–i–p (doped) MAPbI3 0.58 1.11 22.3 0.747 18.56 18.69 59
XY1 p–i–n (dopant-free) (CsPbI3)0.05

[(FAPbI3)0.83(MAPbBr3)0.17]0.95
3.76 1.11 22.2 0.762 18.78 — 60

HTB-OMe n–i–p (dopant-free) MAPbI3 5.48 1.03 22.8 0.737 17.29 — 61
m-MTDATA p–i–n (dopant-free) Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 0.44 1.04 22.5 0.78 18.12 — 62
Si-OMeTPA p–i–n (doped) MAPbI3 0.88 1.07 23.1 0.772 19.06 — 65

Table 2 Photovoltaic performances of PSCs with twisted molecules as HTMs

HTM Architecture Perovskite mh/10
�4 cm2 V�1 s�1 Voc/V Jsc/mA cm�2 FF PCE/% Spiro PCE/% Ref.

BDT-POZ p–i–n (dopant-free) MAPbI3 2.1 1.04 22.6 0.817 19.16 — 66
BDT-TPA-sTh p–i–n (dopant-free) MAPbI3 5.79 1.15 22.9 0.78 20.50 — 67
Trux-OMeTAD p–i–n (dopant-free) MAPbI3 36 1.02 23.2 0.79 18.6 16.3 68
SP-12 n–i–p (doped) MAPbI3 2.41 1.08 22.8 0.77 18.8 16.9 69
TPH-T n–i–p (doped) (FAPbI3)0.85(MAPbBr3)0.15 1.83 1.11 23.0 0.76 19.4 19.0 70
PCA-1 n–i–p (dopant-free) MAPbI3 0.83 1.06 22.3 0.767 18.17 — 71
DBC-2 n–i–p (doped) MAPbI3�xClx 9.85 1.11 22.7 0.788 20.02 18.18 73
ATT-OMe n–i–p (doped) (FAPbI3)0.85(MAPbBr3)0.15 — 1.07 21.8 0.781 18.13 17.80 76
F-TPE n–i–p (doped) (FAPbI3)0.85(MAPbBr3)0.15 7.48 1.11 21.4 0.77 18.30 18.16 77
ZnP n–i–p (dopant-free) (FAPbI3)0.85(MAPbBr3)0.15 3.06 1.10 22.7 0.713 17.78 18.59 80
CuP n–i–p (dopant-free) (FAPbI3)0.85(MAPbBr3)0.15 2.89 1.07 21.6 0.663 15.36 18.59 80
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PSCs achieved a PCE of 19.4%.70 Similarly, PCA-1 with the fused
2,5,9,12-tetra(tert-butyl)diacenaphtho[1,2-b:10,20-d]thiophene
core demonstrated a PCE of 18.17% in dopant-free devices with
a low cost of only $1.02 per g, which is distinctly lower than that
of spiro-OMeTAD (around $92 per g).71 Besides, DBC-2 bearing
the dibenzo[a,c]carbazole (DBC) core with asymmetric struc-
ture72,73 exhibited a hole mobility of 9.85� 10�4 cm2 V�1 s�1 and
the PCE of the doped device reached 20.04%.

Once the conjugated planes of cores are further expanded by
the incorporation of more aromatics into the fused-ring
systems, the strong p–p interactions can be formed in the
lm, which might result in high crystallinity.74,75 Thus, some
twisted moieties were introduced as peripheral groups to opti-
mize the molecular packing and improve the hole mobility.
When four triphenylamine derivatives were attached to the
symmetric anthra[1,2-b:4,3-b0:5,6-b00:8,7-b000]tetrathiophene
(ATT) core, the resultant ATT-OMe as HTM obtained a PCE of
18.13% in the doped devices.76 A planar fused-
tetraphenylethylene by cyclization was applied in F-TPE as
a core unit,77 and the roughness of resultant lm was 11.2 nm
with smooth morphology, and the water-contact angle was 84�,
larger than that of the tetraphenylethylene-based analogue
(79�), indicating the compact molecular packing in the aggre-
gated states. A high hole mobility of 7.48 � 10�4 cm2 V�1 s�1

was achieved by F-TPE, and it demonstrated a PCE of 18.30% in
18154 | J. Mater. Chem. A, 2021, 9, 18148–18163
doped devices and 13.11% in dopant-free devices. Porphyrin
derivatives have also drawn attention for their planar and
symmetrical structures.78,79 Two triphenylamine-substituted
porphyrin complexes CuP and ZnP have been applied as
HTMs in dopant-free PSC devices.80 The intermolecular charge
transfer along the p-stacking was enhanced for compact
molecular p-stacking, and high hole mobilities of CuP (3.06 �
10�4 cm2 V�1 s�1) and ZnP (2.89 � 10�4 cm2 V�1 s�1) were
achieved; the PCEs of their dopant-free devices were as high as
17.78% and 15.36%, respectively.

2.1.2 Linking types—the linking positions and numbers of
peripheral groups. Besides the structures of core units, the
molecular congurations of HTMs are also determined by the
positions and numbers of peripheral groups (Fig. 6a).

With triarylamine as the peripheral group linked to the
different positions of the 9,9-bis(4-diphenylaminophenyl)
uorene (FLTPA) core, TPA-2,7-FLTPA-TPA and TPA-3,6-
FLTPA-TPA (Fig. 6b) exhibited different shapes for the molec-
ular skeletons, with the linear type for TPA-2,7-FLTPA-TPA, and
the “V” type for TPA-3,6-FLTPA-TPA.89 The twisted skeleton of
TPA-3,6-FLTPA-TPA has an adverse effect on the intramolecular
charge transfer and the possible p–p stacking; accordingly, the
TPA-2,7-FLTPA-TPA-based device showed a higher FF of 0.78
and PCE of 17.1% than those of TPA-3,6-FLTPA-TPA (FF and
PCE are 0.67 and 13.9%, respectively). Thus, different linking
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) A sketch of linkage types, including the positions and
numbers of peripheral groups. (b) Chemical structures of TPA-2,7-
FLTPA-TPA and TPA-3,6-FLTPA-TPA. (c) Chemical structures of Ph-
TPA-2A, Ph-TPA-4A and Ph-TPA-6A. (d) Chemical structures of DBC-
1, DBC-2 and DBC-3.
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positions could decide the molecular shape and planarity,
which inuenced the molecular packing and further hole-
transporting properties.

The numbers of peripheral groups also makes a big differ-
ence in the photovoltaic properties of HTMs. Ph-TPA-2A, Ph-
TPA-4A and Ph-TPA-6A consist of one, two, or three
triarylamines-linked imidazole groups as the peripheral groups
and the same benzene core (Fig. 6c).90 According to the AFM
images, the roughness RMS of the Ph-TPA-4A lm (3.29 nm) is
smaller than those of Ph-TPA-2A (3.94 nm) and Ph-TPA-6A (4.52
nm). The change in the steady-state PL spectra of the perovskite
and HTM-coated perovskite exhibited the fastest PL-quenching
and hole-extracting in Ph-TPA-4A and slowest in Ph-TPA-2A. As
a result, Ph-TPA-4A had the best PCE (18.03%) with the highest
Jsc of 24.91 mA cm�2 and FF of 0.75, as compared to those of Ph-
TPA-6A (PCE: 13.71%, Jsc: 21.80 mA cm�2 and FF: 0.62) and Ph-
TPA-2A (PCE: 12.74%, Jsc: 19.79mA cm�2 and FF: 0.62). Both Ph-
TPA-2A with the smallest number of peripheral groups and Ph-
TPA-6A with the largest are not good choices for optimizing the
photovoltaic performance, while Ph-TPA-4A with the medial
ones makes a good balance. Therefore, the numbers of
peripheral groups may change the symmetry of HTMs and
This journal is © The Royal Society of Chemistry 2021
density of the efficient hole-transporting moieties, then impact
the hole mobility and extraction.

Our group has reported several HTMs, named DBC-1, DBC-2
and DBC-3 with the DBC core and different numbers of N-(4-
methoxyphenyl)-9,9-dimethyl-9H-uorene-2-amine (F(Me)NPh)
groups as peripheral moieties (Fig. 6d).73 By adding one
peripheral group to DBC-1, the tighter molecular packing of
DBC-2 and DBC-3 in the lm was observed by 2D grazing inci-
dence wide-angle X-ray scattering (2D-GIWAXS) measurements.
Compared to DBC-2, DBC-3 with the third F(Me)NPh group
substituted at the C11 position led to a more planar congura-
tion and tighter p–p stacking for less steric hindrance; however,
a higher tendency for crystallization was observed, which
resulted in poor lm morphology. According to the AFM
images, the roughness of DBC-1, DBC-2 and DBC-3 was
13.91 nm, 11.46 nm and 17.67 nm, respectively. The doped
devices of DBC-2 obtained the highest PCE of 20.02%, higher
than 18.81% forDBC-1 and 16.77% forDBC-3, while the PCEs of
dopant-free devices of DBC-1, DBC-2 and DBC-3 were 14.25%,
16.43% and 15.47%, respectively. Therefore, both the linking
positions and numbers can inuence the molecular planarity
and crystallization, which may affect the molecular packing and
lm-forming properties, then further inuence the device
performances.
2.2 The main effects of electronic properties on photovoltaic
performance

Generally, the electronic properties of HTMs are determined by
the building blocks with electron-donating or withdrawing
properties. The building blocks of HTMs are mainly electron
donors (D) and p-conjugated bridges, which are benecial for
hole extraction and transport in most cases.91–96 However, the
electron-rich properties of HTMs usually result in high HOMO
levels, which could decrease the Voc values and stability of
devices in principle.97,98 Thus, the incorporation of electron
acceptors (A) was proved to be an efficient approach to deepen
the HOMO levels by the intramolecular charge transfer (ICT) in
D–A structures.99–104 Also, the ICT effect can induce charge
separation, and the resultant zwitterionic resonance may play
a similar role to dopants in HTL to enhance the conductivity.105

Moreover, the strong dipole–dipole interactions among D–A
structures may induce compact molecular packing.106 Both
charge separation and dipole–dipole interactions are favorable
to hole transport, and various structures of D–p–D and D–A
alternate types of HTMs have been developed (Fig. 7). The
chemical structures of selected HTMs with electron acceptors
are shown in Fig. 8, with the related photovoltaic performances
summarized in Table 3.

The malononitrile moiety with strong electron-withdrawing
properties has been applied in many D–A alternating HTMs.
Li and coworkers designed an HTM BTPA-TCNE of D–A type,107

in which tricyanovinylene (TCNE) groups were introduced as
electron acceptors, and triarylamine groups as electron donors.
Tight antiparallel molecular packing was observed through
crystal XRD analysis, which could possibly cancel out the
negative impact for charge transport from molecular dipole
J. Mater. Chem. A, 2021, 9, 18148–18163 | 18155
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Fig. 7 Schematic representation of D–p and D–A type of HTMs.
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moments. Therefore, BTPA-TCNE had slightly higher hole
mobility (3.14 � 10�5 cm2 V�1 s�1) as compared to that of BTPA
(1.13 � 10�5 cm2 V�1 s�1) with the removal of the TCNE moiety.
The PCEs of BTPA-TCNE-based PSCs reached 17.68% (doped
device) and 16.94% (dopant-free device), respectively, higher
Fig. 8 Sketches of selected electron acceptors and molecular structure

18156 | J. Mater. Chem. A, 2021, 9, 18148–18163
than those of the BTPA-based devices (14.07% for doped devices
and 4.51% for dopant-free devices). Arora et al. designed two D–
p–A HTMs SN5 and SN6 with dicyanovinylene groups as the
electron acceptor and different lengths of p-bridges.108

Compared to SN6, SN5 with a shorter length of the p-bridge
demonstrated the higher PCE (17.7%) in the doped device. This
can be attributed to the slightly deeper HOMO of SN5, leading
to higher Voc (1.043 eV).

The spiro(uorene-9,90-xanthene) (SFX) group has been
proved to be a potential core for D–p–D HTMs, but low hole
mobility leads to the dependence on dopants.56,109 To improve
the hole mobility, Guo and coworkers tried to reduce the elec-
tron density of the SFX core by the introduction of uorine
atoms, hoping to enhance the intermolecular dipole–dipole
interactions.110 2mF-X59 with a uorinated SFX core exhibited
a higher hole mobility of 7.14 � 10�5 cm2 V�1 s�1 as compared
to that of X59 without uorine atoms (5.5 � 10�5 cm2 V�1 s�1,
previously measured by Bi et al.111), and the hydrophobicity of
2mF-X59was higher than that of X59 for the larger water contact
angle (100.3� and 95.4� for 2mF-X59 and X59, respectively). The
doped and dopant-free devices of 2mF-X59 obtained PCEs of
18.13% and 15.45%, respectively. The high hydrophobicity of
2mF-X59 resulted in the great stability of long-term storage, and
s of HTMs with D–A alternate type.

This journal is © The Royal Society of Chemistry 2021
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Table 3 Photovoltaic performances of PSCs applying some HTMs of the D–A alternate type

HTM Architecture Perovskite
mh/10

�4 cm2 V�1

s�1
Voc/
V

Jsc/mA
cm�2 FF PCE/%

Spiro
PCE/% Ref.

BTPA-TCNE n–i–p (doped) MAPbI3 0.31 1.06 21.1 0.792 17.68 15.70 107
SN5 n–i–p (doped) Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 0.12 1.04 22.5 0.724 17.7 19.8 108
SN6 n–i–p (doped) Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 0.31 1.02 21.7 0.699 16.1 19.8 108
2mF-X59 n–i–p (doped) MAPbI3 0.71 1.01 25.0 0.716 18.13 18.22 110
JY5 n–i–p (doped) MAPbI3�xClx 3.53 1.06 21.1 0.76 16.87 16.24 114
JY6 n–i–p (doped) MAPbI3�xClx 8.84 1.07 21.4 0.81 18.54 16.24 114
JY7 n–i–p (doped) MAPbI3�xClx 4.28 1.05 20.6 0.73 15.71 16.24 114
DFBT(DTS-
FBTTh2)2

n–i–p (dopant-
free)

MAPbI3 1.78 1.1 20.7 0.760 17.3 17.4 115

D106 p–i–n (dopant-
free)

MAPbI3 2.41 1.05 22.3 0.778 18.24 — 119

TQ2 n–i–p (doped) MAPbI3 2.29 1.12 22.55 0.777 19.62 18.54 120
YN2 n–i–p (dopant-

free)
(FAPbI3)0.85(MAPbBr3)0.15 9.65 1.11 23.15 0.75 19.27 17.80 99
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only 5% loss of the initial PCE was observed aer 500 h storage
without encapsulation.

The uorinated benzo[c][1,2,5]thiadiazole (FBT) group is
widely used in D–A alternating HTMs for its suitable electron-
withdrawing ability and planar structure.101,112,113 Zhu et al.
designed FBT-based HTMs JY5, JY6 and JY7 with different
numbers of uorine atoms in FBT cores as electron acceptors.114

JY6 with one uorine substituted had the highest PCE of
18.54% in doped devices, while JY5 and JY7 exhibited PCEs of
16.87% and 15.71%, respectively. This is mainly related to the
varied lm morphology, and the high roughness of JY7 lms
with pinholes causes poor hole-transporting ability in photo-
voltaic devices. With multiple D and A moieties incorporated to
form the alternate D–A–D–A–D–A–D structures, the resultant
DFBT(DTS-FBTTh2)2 with 4,4-bis(2-ethylhexyl)-4H-silolo[3,2-
b:4,5-b0]dithiophene (DTS) as the D unit and FBT with one or
two uorine atoms as acceptors,115 exhibited strong dipole–
dipole interactions at the aggregated states, and a hole mobility
of 1.78 � 10�4 cm2 V�1 s�1 was obtained in the thin lm.
Accordingly, the PSC based on DFBT(DTS-FBTTh2)2 demon-
strated a PCE of 17.3% in the dopant-free device.

Besides, six-membered N-heterocycle rings such as pyridine
and pyrazine have already been applied as electron-withdrawing
units, while the lone pair electrons of N atoms as the feature of
Lewis bases might have a passivation effect on Pb2+ defects of
the perovskite.116–118 D106 with 2,4,6-triarylpyridine structure
exhibited tight brick-layer packing and intermolecular dipole–
dipole interactions in the aggregated states, resulting in
a uniform and compact lm.119 Thus, it achieved a high hole
mobility of 1.78 � 10�4 cm2 V�1 s�1 and PCE of 18.24% in
dopant-free devices with a low cost of only $5.62 per g. Also,
TQ2, with benzopyrazine as the electron acceptor, exhibited
a PCE of 19.62% in the doped device,120 and YN2 bearing the
thienopyrazine moiety demonstrated a PCE of 19.27% in the
dopant-free device,99 indicating the key role of N-heterocycle
rings as electron acceptors in the hole transporting properties.
This journal is © The Royal Society of Chemistry 2021
2.3 The synergetic effects of molecular congurations and
electronic properties on the photovoltaic performance

Molecular congurations and electronic properties are the key
factors in the hole-transporting performances of HTMs. They
can impact p–p and dipole–dipole interactions in HTLs, and
further inuence molecular packing, hole mobility, solubility
and lm-forming properties. Thus, it is reasonable to take the
molecular congurations and electronic properties into
consideration when designing efficient HTM molecules.121–126

There are several methods for optimizing the effects from
molecular congurations and electronic properties since the
molecular conguration is mainly tuned by the modication of
core units and the electronic properties can be dominated by
the introduction of electron acceptor moieties into the core or
peripheral moieties, including the incorporation of some
electron-withdrawing substituents, and planar electron-
decient conjugated moieties as core units. These two
methods are shown in Fig. 9, with their photovoltaic perfor-
mances summarized in Table 4.

With the cyano-group attached to the conjugated core, TPA-
BFPN-TPA 127 bearing biphenylfumaronitrile (BFPN) exhibited
a hole mobility of 2.9 � 10�4 cm2 V�1 s�1 and compact hydro-
phobic lm with a water contact angle of 114�, the PCE of the
corresponding dopant-free device reached 18.40%. Aer expo-
sure under continuous illumination (AM 1.5 G) and humidity of
70% for 100 h, the PCE decreased from 18.4% to 8%, as
compared to the PCE of the doped spiro-OMeTAD device
declining from 16.5% to 5% aer only 20 h exposure under
similar conditions. BTF-4 (ref. 128) with the cyano substituted
uoranthene core exhibited a highly ordered herringbone
arrangement with edge-to-face packing mode. Compared to the
BTF-2 without cyano groups, BTF-4 demonstrated a higher hole
mobility (1.17 � 10�4 cm2 V�1 s�1 for BTF-4, 2.13 � 10�5 cm2

V�1 s�1 for BTF-2), lower series resistance and higher recom-
bination resistance. Moreover, the PCE of BTF-4 reached
18.03% in the dopant-free n–i–p devices and 17.01% in the p–i–
n devices, while those of BTF-2 were only 10.45% and 11.96%,
J. Mater. Chem. A, 2021, 9, 18148–18163 | 18157
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Fig. 9 Molecular structures of HTMs with the synergetic effects of molecular configurations and electronic properties.

Table 4 Photovoltaic performances of PSCs, applying some HTMs of the D–A alternate type with planar cores

HTM Architecture Perovskite mh/10
�4 cm2 V�1 s�1 Voc/V Jsc/mA cm�2 FF PCE/% Spiro PCE/% Ref.

TPA-BPFN-TPA n–i–p (dopant-free) MAPbI3 2.9 1.04 22.70 0.780 18.40 16.60 127
BTF-4 n–i–p (dopant-free) (FAPbI3)0.85(MAPbBr3)0.15 1.17 1.06 22.5 0.756 18.03 18.8 128
KR321 n–i–p (dopant-free) (FAPbI3)0.85(MAPbBr3)0.15 2.6 1.13 21.70 0.78 19.03 19.01 129
ACE-QA-ACE n–i–p (dopant-free) MAPbI3 2.3 1.06 22.41 0.770 18.2 15.2 131
MPA-BTTI p–i–n (dopant-free) CsFAMA 2.02 1.12 23.23 0.814 21.17 — 132
F22 n–i–p (dopant-free) MAPbI3�xClx 0.65 1.01 21.11 0.720 15.31 16.94 133
F23 n–i–p (dopant-free) MAPbI3�xClx 1.18 1.07 21.62 0.761 17.60 16.94 133
YN3 n–i–p (dopant-free) CsPbI2Br 1.98 1.12 22.43 0.75 18.84 18.41 135
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respectively. The A–D–A type molecule KR321 with a planar
triazatruxene core and malononitrile groups as the ending
groups can form compact molecular p–p stacking with a d-
spacing of 0.38 nm and face-on molecular orientation, resulting
in a high hole mobility of 2.6 � 10�4 cm2 V�1 s�1 and an
excellent PCE of 19.03% with an FF of 0.78 in dopant-free
devices.129
18158 | J. Mater. Chem. A, 2021, 9, 18148–18163
The carbonyl group has attracted attention for its electron-
withdrawing properties and defect passivation effect, which
can be combined in various conjugated cores.130 Once the qui-
nacridone (QA) unit with two ketonic carbonyl groups was
incorporated into compound ACE-QA-ACE,131 a high hole
mobility of 2.3 � 10�4 cm2 V�1 s�1 was achieved, and it
exhibited a PCE of 18.2% and the FF of 0.770 in dopant-free
devices. The core unit in MPA-BTTI exhibited a planar
This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Excellent photovoltaic performance of PSCs based on
dopant-free HTMs with different molecular configurations and elec-
tronic properties.37,67,132,136
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conguration and electron-decient properties, favoring
compact p–p stacking.132 It also exhibited higher hole mobility
(2.02 � 10�4 cm2 V�1 s�1) and conductivity (1.35 �
10�5 S cm�1). MPA-BTTI achieved an outstanding PCE of
21.17% in a dopant-free device, with a high FF of 0.814 and Voc
of 1.12 V. Moreover, 90% of the initial PCE remained aer
illumination for 500 h, and 94% aer storage at 80 �C for 800 h.
This was mainly due to the defect passivation effect, resulting in
less charge recombination and better surface contact between
the perovskite and HTL.

Bipyridine has a planar structure with electron-withdrawing
ability, and there are many sites for substitution, which make it
convenient to adjust the energy level, planarity and symmetry.133,134

Zhu and coworkers applied bipyridine as an electron-withdrawing
core in HTM F22 and F23 with tunable molecular shapes by the
changeable linking positions of peripheral groups;134 as a conse-
quence, the folded F23 had a higher hole mobility (1.18 � 10�4

cm2 V�1 s�1) and less lm roughness (RMS: 8.92 nm) as compared
to the linear F22 (6.45 � 10�5 cm2 V�1 s�1 and 8.92 nm for hole
mobility and roughness RMS, respectively), and the dopant-free
devices with F23 as HTL obtained an FF of 0.761 and a PCE of
17.60%, as compared to those of F22 (FF: 0.720, PCE: 15.31%). The
worse photovoltaic performance of F22 may be related to the
symmetrical structure, which can induce high crystallinity in the
thin lm, leading to poorer lm morphology and higher charge
recombination. In addition, the cyclopenta[hi]aceanthrylene unit,
which could also be regarded as a part of the C70 fullerene and an
electron acceptor, was applied in YN3 as the core unit to form the
D–A–D structure; accordingly, a high hole mobility of 2.25 � 10�4

cm2 V�1 s�1 and high PCE of 18.84%were observed in the dopant-
free devices.135
3. Conclusion

In this review, the relationship between the molecular struc-
tures of HTMs and hole-transporting performance in PSC
This journal is © The Royal Society of Chemistry 2021
devices is discussed and summarized, and the effects of the
molecular congurations and electronic properties of HTMs on
the hole-mobility and lm morphology are highlighted.
Generally, molecular conguration partly determines the
molecular packing and intermolecular interactions,137–142 while
electronic property signicantly affect intermolecular interac-
tions and charge-transport approaches. Improved photovoltaic
performance can be achieved from the molecular level to device
fabrication by the rational design of HTMs, together with the
optimized perovskite layer and electron-transporting materials.

For doped devices and dopant-free devices, the strategies for
the optimization of HTMs are a little different. In general, both
the planar conguration and D–A alternating structures of
HTMs contribute to high hole mobility, which plays the domi-
nant role in dopant-free devices; alternatively, a twisted
conguration is favorable for good solubility and lm-forming
properties, which are more important to the doped devices.

More andmore evidence has proved that dopant-free devices
have better stability for storage and long-time work than those
of doped devices. Although there is room for improvement, the
shortcoming of low stability is increasingly worth the attention
for the large-scale applications of PSCs. To solve this problem,
more dopant-free HTMs with high efficiency must be devel-
oped, and Fig. 10 shows the most efficient dopant-free HTMs
with the different kinds of molecular congurations or electron
properties reported so far. The lm morphology should be
further improved on the premise of good solubility, and the
technology to analyze the aggregated states of HTMs is also
essential and urgent. Normally, the compact lm is essential to
increase the stability of PSCs by isolating them from the effects
of water and oxygen in the air. Also, it can suppress the possible
charge recombination to decrease energy loss. A systematic
project on adjusting the molecular conguration and electron
properties should be carried out to increase the hole mobility,
which is the key parameter of the photovoltaic performance.

Recently, many breakthroughs have been reported about the
perovskite-silicon tandem solar cells, and over 29% efficiency
has been reported so far,143 which displays great potential for
perovskite solar cells. However, there are still some difficulties
for commercialization, and material development must be an
essential step. As the key element of PSCs, the further require-
ment of HTLs will be thin lms with the perfect compact
structures and high hole mobility, which can improve the
stability and conversion efficiency together. Accordingly, to
achieve these requirements, the electron-decient cores with
planar structures and the optimized molecular congurations
by the peripheral moieties with adjustable positions and
structures are efficient strategies. Also, the defect passivation
effect by HTMs can further enhance the stability and promote
carrier transport, equally contributing to the commercialization
of PSCs.
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A. B. Djurǐsić, Z. He and X. Guo, Adv. Mater., 2019, 31,
1902781.

133 H. Lu, B. He, Y. Ji, Y. Shan, C. Zhong, J. Xu, J. LiuYang,
F. Wu and L. Zhu, Chem. Eng. J., 2020, 385, 123976.

134 F. Wu, Y. Shan, J. Qiao, C. Zhong, R. Wang, Q. Song and
L. Zhu, ChemSusChem, 2017, 10, 3833–3838.

135 D. Zhang, P. Xu, T. Wu, Y. Ou, X. Yang, A. Sun, B. Cui,
H. Sun and Y. Hua, J. Mater. Chem. A, 2019, 7, 5221–5226.

136 S. Paek, P. Qin, Y. Lee, K. T. Cho, P. Gao, G. Grancini,
E. Oveisi, P. Gratia, K. Rakstys, S. A. Al-Muhtaseb,
This journal is © The Royal Society of Chemistry 2021
C. Ludwig, J. Ko and M. K. Nazeeruddin, Adv. Mater.,
2017, 29, 1606555.

137 Q. Li and Z. Li, Adv. Sci., 2017, 4, 1600484.
138 Q. Li, Y. Tang, W. Hu and Z. Li, Small, 2018, 14, 1801560.
139 Y. Fan, Q. Li and Z. Li, Mater. Chem. Front., 2021, 5, 1525–

1540.
140 Q. Li and Z. Li, Sci. China Mater., 2020, 63, 177–184.
141 M. Jin, Z. Zhu, Q. Liao, Q. Li and Z. Li, Chin. J. Polym. Sci.,

2020, 38, 118–125.
142 F. Liu, S. Bi, X. Wang, X. Leng, M. Han, B. Xue, Q. Li,

H. Zhou and Z. Li, Sci. China: Chem., 2019, 62, 739–745.
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