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A novel perylene diimide-based zwitterion as the cathode

interlayer for high-performance perovskite solar cells

Helin Wang,?® Jun Song,*® Junle Qu,” Jiarong Lian,? Peng-Cheng Qian,*¢ Wai-Yeung Wong*3¢

Perovskite solar cells (PSCs) have earned widespread and intense
interest because of their excellent device performance. However,
the existence of poor interface contacts and energy losses in the
device are key challenges for the development of the PSCs in the
future. In this work, we developed a novel perylene diimide-based
zwitterion (QAPDI) as a cathode interlayer to improve the device
performance of inverted PSCs. QAPDI exhibits excellent solubility,
appropriate energy levels, and high electron mobility, suggesting
that it is a suitable interlayer engineering material in inverted
PSCs. The use of QAPDI as a cathode interlayer between the PCBM
layer and metal electrode could improve the interface contact and
reduce the energy level barrier, thus facilitating efficient electron
injection and transport. Moreover, the application of QAPDI could
obstruct the permeation of moisture into the perovskite film to
reform the device stability. As a consequence, the optimal QAPDI-
based device efficiency reached 20.55% together with enhanced
device stability compared with that of the control device (18.6%).
This work provides an excellent alternative cathode interlayer
material for high-performance inverted PSCs.

1. Introduction

Perovskite materials have broad application prospects in the field
of optoelectronic materials due to their advantages such as high
molar extinction coefficient, double carrier transport, and long
exciton lifetime.l3 By employing the high-efficiency perovskite
materials to fabricate third-generation solar cells, the device
efficiency increased from 3.8% to 25.2%, which fully illustrates that
there is great potential for the development of perovskite solar cells
(PSCs).#6 However, device efficiency, stability, and large-area
fabrication are three key issues that need to be resolved for the
commercialization of the PSCs. Usually, the device structure of the
PSCs is composed of two electrodes, an active layer of perovskite
material, and two carrier transport layers. Due to the differences in
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compatibility and energy levels between the layers, this could lead
to poor interface contacts and the presence of larger energy level
barriers, resulting in increased energy losses and charge
recombination in the devices, accompanied by decreased device
efficiency and stability.”1* Therefore, the development of effective
interlayer engineering materials can effectively solve the above
challenges.

In contrast with the conventional structure, the inverted PSCs
have advantages in terms of flexibility and full solution-processing.
However, there are poor interface contacts and increased energy
losses between the electron transport layer and the metal
electrode, which is a great obstacle for the development of the
inverted PSCs.1516 Usually, calcium,” barium,8 and metal salts (for
example, LiF and BaF,)!° can be used as the cathode interlayer to
modify the metal electrode, but the use of high vacuum fabrication
increases the production cost of the device. In addition, calcium and
barium are easily oxidized, and metal salts are easily degraded by
moisture. These defects could greatly reduce the stability of the
PSCs. Metal oxides (for example, TiO; and Zn0)2% 21 represent a
better alternative, but their need for high-temperature thermal
annealing is the limitation for large-scale device fabrication. Based
on the above discussion, the development of organic interlayer
engineering materials could further solve these problems.
Compared with polymers, organic small-molecular materials show
some advantages of easy structure determination, low cost, easy
purification, and large-scale production.?2 2 They would be
expected to be the best substitutes for the above interlayer
materials. Based on the inverted PSCs, BCP (2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline)?* 2> and Bphen (4,7-diphenyl-1,10-
phenanthroline)?6 27 are utilized as two kinds of effective buffer
layers, but the determined molecular energy levels lead to the
existence of energy level barriers in the device, which is not
conducive to electron injection. Other novel organic small-
molecular cathode interlayer materials can efficiently enhance the
device performance and stability, which is beneficial to the
development of the photovoltaic field.2832 Furthermore, the
organic small-molecular interlayer engineering material containing
a zwitterionic molecular skeleton could achieve good ohmic contact
between the layers. If it has the suitable energy levels at the same
time, a better energy level gradient can be achieved for facilitating
electron injection. Therefore, we intend to develop organic small-
molecular interlayer engineering materials with dipolar interface
property and suitable energy levels to optimize the device
performance.



Among the n-type semiconductor materials, perylene diimide
derivatives have attracted great attention in the field of
semiconductor materials due to their advantages of easy chemical
modification, high electron affinity, high electron mobility, and
good chemical stability.33-35 Therefore, compared to previous work,
we have developed a novel perylene diimide derivative, namely
QAPDI, as a cathode interlayer for the PSCs with the following
advantages. (1) The shorter synthetic routes and higher yields are
conducive to reducing the costs; (2) due to the introduction of the
quaternary ammonium salt and herringbone side chains, QAPDI
shows good solubility in the polar and nonpolar solvents, which
facilitates solution processing and film preparation; (3) the
existence of large conjugated skeleton guarantees high electron
mobility, which could improve the electron transport performance
in the device; (4) QAPDI shows suitable energy levels, which match
the energy levels of perovskite (MAPbIls) and PCBM, thereby
reducing the energy level barrier and enhancing the electron
injection; (5) large conjugated skeleton and zwitterionic structure
can establish an excellent dipolar molecular framework, which is
beneficial for the formation of a dipolar interface to achieve ohmic
contact between the layers. Furthermore, the formed dipole
interface can enhance the built-in voltage, and the electric field
caused by the dipolar interface is superposed upon the original
built-in electrical field in the devices, which could improve the
electron transport and collection. Based on the above advantages,
we hope that QAPDI could have a positive impact on the device
efficiency and stability to achieve high-performance PSCs.

Herein, QAPDI was developed by three-step reactions in a high
yield, and it exhibits suitable energy levels (LUMO = -3.99 eV and
HOMO = -5.84 eV) and high electron mobility (1.05x10-3 cm?2 V-1 s1),
which indicates that QAPDI could be utilized as a potential
interlayer engineering material for inverted PSCs. Owing to the
enhanced electron injection, reduced energy losses, and improved
interface contacts, the optimal device efficiency increased from
18.6% for the Bphen-based device to 20.55% for the QAPDI-based
device, which is attributed to the excellent improvement of the
device parameters such as short-circuit current density (Jsc), open-
circuit voltage (Voc), and fill factor (FF). What is more, efficient
interlayer engineering could strengthen the film coverage on the
PCBM layer and inhibit the permeation of moisture into the
perovskite film, thereby improving the device stability. This work
suggests that QAPDI can become an excellent alternative interlayer
for future inverted PSCs.

2. Results and discussion

The synthesis and methodology of QAPDI are displayed in
Scheme S1 and Supporting Information. QAPDI is synthesized by the
bromination, amination, and quaternization reactions with a 36%
total yield. Such a simple efficient synthetic route and methodology
are beneficial to realize the commercial production of QAPDI. The
design idea of the molecular skeleton is as follows. Firstly, the
conjugated skeleton (perylene diimide unit) of QAPDI provides
suitable energy levels and high electron mobility. Secondly, the
herringbone side chain provides a guarantee of high solubility in the
nonpolar solvents and promotes the distortion of the conjugated
framework to reduce intermolecular aggregation. Thirdly, the

quaternary ammonium salt increases the molecular polarity,
thereby realizing the generation of a zwitterionic structure and
increasing the solubility in the polar solvents. As a result, QAPDI is
soluble in almost all common organic solvents, for instance,
chloroform, toluene, chlorobenzene, methanol, ethanol, 2-butanol,
dimethylformamide and dimethyl sulfoxide. Among them, the
solubility in methanol, 2-butanol, and chloroform are higher than
15 mg mL?, indicating that excellent solubility is very important for
the device fabrication. The molecular structures of intermediate
and QAPDI were characterized by NMR and HRMS as depicted in
Figures S1-S6.

The UV-Vis spectra of QAPDI
dichloromethane and the thin film. Figure 1a shows two absorption
maxima at 561 nm in solution and 567 nm in the thin film,
respectively, suggesting that the maximum absorption peaks were
only red-shifted by 6 nm due to the weaker intermolecular
aggregation. Then, the optical bandgap (E;) was estimated to be
1.85 eV. Cyclic voltammetry (CV) was adopted to estimate the
electrochemical properties of QAPDI as depicted in Figure 1b. The
CV trace of QAPDI exhibits two pairs of reversible reduction peaks
and three pairs of oxidation peaks, which are attributed to the
perylene diimide core and the quaternary ammonium salt group.
The lowest unoccupied molecular orbital (LUMO) level of QAPDI
was estimated to be -3.99 eV in terms of the onset reduction
potential (-1.09 V), which is very close to those of MAPblI; (-3.90 eV)
and PCBM (-3.90 eV). This result suggests that the appropriate
LUMO level makes it easy to achieve efficient electron injection and
to reduce the energy level barrier between the layers. Moreover,
the highest occupied molecular orbital (HOMO) level of QAPDI was
estimated to be -5.84 eV according to the onset oxidation potential.

were characterized in

The current density-voltage (J-V) traces of electron-only devices
were tested to estimate the electron mobilities of PCBM and QAPDI
on the basis of the space charge limited current (SCLC) method. The
SCLC device architecture is ITO/ZnO/active layer/Ca/Al. As depicted
in Figure 1d, the electron mobility of QAPDI was calculated to be
1.05x103 cm?2 V-1 571, which is comparable to that of PCBM (1.21x10
3 cm? V1 s1), This indicates that QAPDI could be employed as a
potential electron transport material, which could strengthen the
directional movement of carriers and prevent charge recombination.
Overall, QAPDI shows excellent solubility, appropriate energy levels,
and high electron mobility, so it could be used as an interlayer
engineering material to enhance the device performance.

To explore the effect of QAPDI as a cathode interlayer on the
device performance, we fabricated the inverted PSCs possessing the
device architecture of ITO/PTAA/PMMA/MAPbI3/PCBM/Bphen or
QAPDI/Al. The Bphen-based devices were employed as control
devices. Figures 1c and 1e show the molecular structure of QAPDI
and the device structure, respectively, and the energy levels of
materials are also displayed in Figure 1f. The energy levels of four
materials (MAPbl;, PCBM, Bphen, and QAPDI) were measured by
the ultroviolet photoelectron spectrometer (UPS) method, and the
results are summarized in Table S1. The UPS spectra of the four
materials are shown in Figure S7. As a result, the UPS and CV results
show the same trend. The UPS results reveal that the energy level
diagram (Figure 1e) is reliable, and the close LUMO energy levels of
the three materials (MAPbls, PCBM, and QAPDI) is more conducive



to electron injection and transport. Then, the thickness of the
QAPDI interlayer can be varied from 0 to 15 nm to determine the
influence of the thickness of the cathode interlayer on the device
performance (see Figure S8) and the results are summarized in
Table S2. With increasing thickness of the QAPDI layer from 0 nm to
5 nm, the device efficiencies of PSCs are improved from 16.81% to
20.51% due to the efficient electron injection and transport.
However, with the increasing film thicknesses from 5 nm to 15 nm,
the PCE values of PSCs are decreased partly because of the poor
film morphology when the film thicknesses are increased. Figure 2a
and Table 1 present the champion J-V curves for the control and
QAPDI-based devices and the optimal device parameters,
respectively. The devices with Bphen display the lower power
conversion efficiencies (PCE) than those of QAPDI-based devices
partly due to the mismatched LUMO energy levels between PCBM
and Bphen. The LUMO level of Bphen is located at -3.00 eV, which is
larger than the conduction band of MAPbIs; and the LUMO level of
PCBM, resulting in poor electron injection and transport. The best
PCE of Bphen-based inverted PSCs is found to be 18.6% with a Jsc of
22.59 mA cm?, a V, of 1.114 V, and a FF of 0.7393, respectively.
After using QAPDI as the cathode interlayer, all key J-V parameters
were improved, affording the enhanced PCE of 20.55% along with a
higher J;cof 23.87 mA cm2, a V. of 1.130 V, and a FF of 0.7618. This
is one of the highest efficiency reported for perylene diimide-based
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PSCs to date.36-52 The PCE values of perylene diimide-based PSCs are
summarized in Table S3. Figure S9 shows that compared with the
previous works, the best PCE value was obtained in this work, which
suggests that QAPDI as a cathode interlayer could efficiently
enhance the electron transport and improve the interface contact.
In addition, the high electron mobility of QAPDI contributes to the
higher J,. and FF owing to the efficient electron injection and
transport. Especially, the high FF values of QAPDI-based devices are
attributed to the reduced charge recombination and improved
interface contact that arise from the dipolar interface. The Vi,
values increase from 1.114 V to 1.130 V owing to the fewer energy
losses thanks to the adjacent energy levels between PCBM and
QAPDI. To further reveal the influence of interlayer on the
hysteresis effect in inverted PSCs, the J-V curves were measured for
the control device and QAPDI-modified device. As expected, the
less hysteresis effect for the QAPDI-based device is attained
compared with that of the control device partly due to the higher
electron transport and improved interface contact. The hysteresis
index (HI) was calculated according to the literature.’® 54
Consequently, the HI value of the QAPDI-based device is 0.0041,
which is lower than that of the control device (0.016), suggesting
that the QAPDI interlayer can suppress the hysteresis effect in the
inverted device.
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Fig. 1 (a) Solution and film absorption spectra of QAPDI; (b) cyclic voltammogram of QAPDI in dichloromethane solution; (c) chemical structure of QADPI; (d) corresponding J-V
curves of the electron-only SCLC devices with various active layers; (e) device configuration of inverted PSCs; (f) energy levels of materials.

Moreover, Figure 2b shows the external quantum efficiency
(EQE) and the integrated photocurrent density for the two PSCs. It
is clear that a strong photo-response spectrum of the QAPDI-based
device is obtained in contrast to that of the control device, which
could be attributed to the more efficient electron injection and
collection at the interface between QAPDI and metal electrode. The
integrated Js. values were obtained as 21.68 and 22.55 mA cm2 for
the control and QAPDI-based devices, respectively, which is in good
agreement with the J-V investigation. Then, the stable photocurrent
density and PCE for the two PSCs were conducted at the maximum
power point as depicted in Figure 2c. As a result, the stable

photocurrent density values are found to be 21.85 and 23.38 mA
cm2 together with the corresponding the PCE values to be 18.08%
and 20.17% for the control and QAPDI-based devices, respectively.
This implies that QAPDI as the cathode interlayer could steadily
enhance the photocurrent density as well as PCE in the device. The
PCE statistical distribution histograms of 40 individual devices with
various cathode interlayers are summarized in Figure 2d. The
standard deviation values of the two devices are reasonable,
suggesting that the two devices are repeatable and reproducible. It
is apparent that the devices with QAPDI interlayer show a higher
PCE average values of 20.15+0.31% in comparison with that of the



control device (18.17+0.32%), which is consistent with the J-V
results. This excellent performance indicates that QAPDI could be
employed as a cathode interlayer to elevate the device efficiency
for the inverted PSCs.

In order to comprehend the origin of the enhancement of the
QAPDI-based PSCs, the surface morphologies of the MAPbI; films
were measured by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). As depicted in Figures 3a-3c, three AFM
height images of MAPbI; films are shown, and the root-mean-
square (RMS) roughness values are found to be 17.01, 5.03, and
4.98 nm for the bare MAPblI; film and that covered by PCBM/Bphen
or PCBM/QAPDI, respectively. These results suggest that the QAPDI-
coated film exhibits better coverage than the control film, and such
smooth surface morphology can be obtained for achieving excellent
interface contact. In addition, there are lots of QAPDI crystals on
the surface of the QAPDI-modified film, which is helpful for efficient
electron transport. Figures 3d-3f show that the AFM 3D images for
three kinds of films exhibit seriously decreased the depth of grain

boundaries from bare MAPDbI; film to the QAPDI-covered film. The
use of QAPDI as a cathode interlayer could form a continuous film
over the complete MAPbIs/PCBM surface along with good surface
morphology and grain boundary. This facilitates the better stability
of the perovskite layer due to the suppression of moisture in
intruding into the perovskite film. In other words, a uniform and
smooth interlayer film could contribute to the improved device
parameters, which agrees well with the J-V characterization.
Additionally, SEM top-view images of pristine MAPbI; and that
coated by PCBM/Bphen or PCBM/QAPDI are shown in Figures 3g-3i.
There are some pinholes on the surface of the bare MAPbI; film. In
comparison, the PCBM/Bphen and PCBM/QAPDI-modified films
exhibit large grain-size distributions along with the smooth and
pinhole-free  film morphologies. Overal, AFM and SEM
investigations demonstrate that the use of QAPDI as a cathode
interlayer is an efficient strategy for the improvement of the
interface contact and film coverage.
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Fig. 2 (a) J-V curves of two devices with different scanning directions; (b) corresponding EQE spectra and the integrated Js. curves of two devices; (c) the stabilized J;c and PCE traces

for two devices; (d) the statistics of the PCE distribution for two devices.

To gain further insight into the effect of the QAPDI interlayer on
the device performance, the charge recombination mechanism in
PSCs was investigated by measuring the change of J;. or V, versus
light intensity (P). Figure 4a shows the traces based on the
dependence of light intensity on Js. together with their linear model
fitted to the data. According to Jsc versus P%, the scaling factors (a)
were estimated to be 0.93 and 0.95 for the control and QAPDI-
based devices, respectively, indicating that the QAPDI modification
could reduce bimolecular recombination because of efficient
electron injection and decreased charge recombination.
Furthermore, the plots based on the V,. versus light intensity are

shown in Figure 4b. The trap-assisted recombination is related to
the slope of V,. versus P.>5 Figure 4b shows that the excellent
dependence of V, on light intensity was displayed, and the slopes
of the two devices were calculated to 1.38 kT g! for the control
device and 1.29 kT g for the QAPDI-based device, respectively.
These results reveal that decreased trap-assisted recombination is
attributed to the efficient electron transport and improved
interface contact, which is helpful for reducing energy losses in the
device and thus increasing V,c and PCE.

In order to gain a deeper understanding of the interlayer
engineering in the improvement of device efficiency, the stable



photoluminescence (PL) spectra were measured for MAPbI; film
with various modifications as shown in Figure 4c. The PL quenching
phenomenon occurred as perovskite films were modified, and the
PL intensity of the modified films decreased compared with the
bare perovskite film. What is more, the QAPDI-coated film suffers
from a significantly quenching in comparison to those of the PCBM
or PCBM/Bphen-covered films. This indicates that the use of the
QAPDI interlayer could efficiently enhance the electron extraction
from the MAPbI; film to the interlayer, which is in good accordance
with the J-V characterizations. Moreover, the trap density and
electron mobility of the control and QAPDI-based devices were
measured by the SCLC method. The electron-only SCLC devices
were fabricated with the structure of ITO/SnO,/MAPbls/PCBM/
Bphen or QAPDI/AI, and the J-V traces and the corresponding linear
model fitted to the data are depicted in Figure 4d. The Bphen-based
device is used as the control device to study the influence of QAPDI
modification on the enhancement of device performance.
According to the literature report,>® 57 the J-V traces have three
different regions (OHMIC, TFL, and SCLC regions) to estimate the
trap density and electron mobility in the device. The calculation
results are summarized in Table 2. As a result, the trap density of
the QAPDI-based film was found to be 1.40x10%> cm3 (with the

trap-filled limit voltage of 0.32 V), which is lower than that of the
control film (1.81x10%> cm3, 0.41 V). These results demonstrate
that the trap-assisted recombination in the QAPDI-modified film is
restricted owing to the efficient electron transport and reduced
energy level barrier. Meanwhile, the electron mobilities were
calculated to be 0.021 cm? V-1 s for the control film and 0.031 cm?
V1 st for the QAPDI-modified film, respectively, suggesting that
higher electron transport should be responsible for the higher
photocurrent density and device efficiency, which is in agreement
with the above analysis. Therefore, QAPDI is an outstanding
cathode interlayer for high-efficiency inverted PSCs.

Tab. 1 Optimal device parameters of the PSCs with different cathode interlayers.

Cathode interlayer  Scan direction Jse Voc FF PCE
[mA cm?] V] [%] [%]

Bphen forward scan 22.13 1.119 73.97 1831

Bphen reverse scan 22.59 1.114 7393 18.61

QAPDI forward scan 23.75 1.131 76.37 20.51

QAPDI reverse scan 23.87 1.130 76.18 20.55

Fig. 3 AFM height images of bare MAPbI; (a) and that coated by PCBM/Bphen (b) or PCBM/QAPDI (c); corresponding AFM 3D images of bare MAPbI; (d) and that coated by
PCBM/Bphen (e) or PCBM/QAPDI (f); SEM top-view images of bare MAPblI; (g) and that coated by PCBM/Bphen (h) or PCBM/QAPDI (i).

At last, the stability of the two PSCs was measured under the
ambient atmosphere with humidity of around 25%, and the devices
were stored in dark condition. Both devices were encapsulated to
measure the change in device efficiency. As depicted in Figure S10,
the device efficiency of the QAPDI-based device was maintained at
about 70% of its initial value after storage for 150 hours, whereas
the device efficiency of the control device degraded by 35% of its

initial value after being stored under the same conditions for the
same period of time. This investigation indicates that the
improvement of interface contact and film coverage is beneficial for
increasing the device stability.>®0 To understand the change of
three kinds of film surfaces, the water contact angles based on the
MAPDbI; film respectively coated by PCBM, PCBM/Bphen, or
PCBM/QAPDI were carried out as depicted in Figure S11. After
Bphen or QAPDI modification, the water contact angles sharply



decreased. However, the average value of the contact angle of the
QAPDI-modified film was found to be 86°, which is higher than that
of the control film (81°). The high hydrophobicity of the QAPDI
interlayer could inhibit the moisture permeation into the MAPbI3
film, resulting in better stability of the PSCs.
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Tab. 2 Trap density and electron mobility of the devices with different cathode
interlayers.

Cathode Vrr Ntrap He
interlayer V] [cm3] [cm?2V1s?]
Bphen 0.41 1.81 x 10% 0.021
QAPDI 0.32 1.40 x 105 0.031
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Fig. 4 (a) Corresponding J,. versus light intensity traces for two devices (symbols) together with a linear model fitted to the data (solid lines); (b) corresponding V,. versus light
intensity traces for two devices (symbols) together with a linear model fitted to the data (solid lines); (c) steady-state PL spectra for MAPblI; films, naked and that coated by PCBM,
PCBM/Bphen, or PCBM/QAPDI; (d) corresponding J-V curves of the electron-only two perovskite-based SCLC devices with various cathode interlayers.

3. Conclusions

In summary, a novel perylene diimide-based zwitterion, namely
QAPDI, was designed and synthesized by three-step reactions with
a high overall yield. Due to the quaternary ammonium salt and
largely conjugated framework, QAPDI has some advantages such as
outstanding solubility in almost all organic solvents, appropriate
energy levels (LUMO level is -3.99 eV), and high electron mobility.
The inverted PSCs with the QAPDI interlayer have been developed,
and the best PCE value was found to be 20.55% together with
improved key device parameters. This excellent device performance
could be attributed to the efficient QAPDI-based interlayer
engineering that includes enhanced interface contact, reduced
energy losses, and potent electron injection-transport-collection.
Furthermore, the QAPDI-modified devices exhibit better ambient
stability in comparison with the control devices because of the
hydrophobicity of QAPDI and good film coverage, thereby inhibiting
the degradation of the MAPbI; film. The practical and relevant
development of organic small-molecular zwitterion as the cathode

interlayer would expedite the advancement of stable and high-
performance inverted PSCs.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

W.-Y. W. would like to thank the Science, Technology and
Innovation Committee of Shenzhen Municipality
(JCYJ20180507183413211); National Natural Science Foundation of
China (51873176); the Hong Kong Research Grants Council (PolyU
123384/16P, C5037-18G); Hong Kong Polytechnic University (1-
ZE1C) and the Endowed Professorship in Energy from Ms. Clarea Au
(847S) for the financial support. This work has been partially
supported by the National Key R&D Program of China
(2018YFC0910602); the National Natural Science Foundation of
China (61775145, 61525503, 61620106016, 61835009); the China



Postdoctoral Science Foundation Funded Project (2018M643147);
(Key) Project of Department of Education of Guangdong Province

(2016KCXTD007);

Natural Science Foundation of Guangdong

Province (2019A1515011125); Science and Technology Project of
Shenzhen City (JCYJ20190808173813204). P.-C. Q. thanks the
Foundation of Wenzhou Science & Technology Bureau (No.
W20170003) and the National Natural Science Foundation of China
(No. 21828102) for the support.

Notes and references

1

10

11

12

13

14

15

16

17

18

19

20
21

22

23

24

W. S. Yang, B.-W. Park, E. H. Jung, N. J. Jeon, Y. C. Kim, D. U.
Lee, S. S. Shin, J. Seo, E. K. Kim, J. H. Noh, S. Seok, Science,
2017, 356, 1376.

W. S. Yang, J. H. Noh, N. J. Jeon, Y. C. Kim, S. Ryu, J. Seo, S.
Seok, Science, 2015, 348, 1234.

Q. Fu, X. Tang, B. Huang, T. Hu, L. Tan, L. Chen, Y. Chen, Adv.
Sci., 2018, 5, 1700387.

M. Liu, M. B. Johnston, H. J. Snaith, Nature, 2013, 501, 395.
H. Zhou, Q. Chen, G. Li, S. Luo, T.-b. Song, H.-S. Duan, Z.
Hong, J. You, Y. Liu, Y. Yang, Science, 2014, 345, 542.

H. Min, M. Kim, S. Lee, H. Kim, G. Kim, K. Choi, J. H. Lee, S.
Seok, Science, 2019, 366, 749.

Y. Zheng, J. Kong, D. Huang, W. Shi, L. McMillon-Brown, H. E.
Katz, J. Yu, A. D. Taylor, Nanoscale, 2018, 10, 11342.

J. J. Van Franeker, K. H. Hendriks, B. J. Bruijnaers, M. W.
Verhoeven, M. M. Wienk, R. A. Janssen, Adv. Energy Mater.,
2017,7,1601822.

X. Liu, H. Yu, L. Yan, Q. Dong, Q. Wan, Y. Zhou, B. Song, Y. Li,
ACS Appl. Mater. Interfaces, 2015, 7, 6230.

Y. Bai, X. Meng, S. Yang, Adv. Energy Mater., 2018, 8,
1701883.

D. Liu, C. J. Traverse, P. Chen, M. Elinski, C. Yang, L. Wang, M.
Young, R. R. Lunt, Adv. Sci., 2018, 5, 1700484.

S. Collavini, M. Saliba, W. R. Tress, P. J. Holzhey, S. F. Vélker,
K. Domanski, S. H. Turren-Cruz, A. Ummadisingu, S. M.
Zakeeruddin, A. Hagfeldt, M. Gratzel, J. L. Delgado,
ChemSusChem, 2018, 11, 1032.

J. Pascual, J. L. Delgado, R. Tena-Zaera, J. Phys. Chem. Lett.,
2018, 9, 2893.

J. Pascual, S. Collavini, S. F. Voélker, N. Phung, E. Palacios-
Lidon, L. Irusta, H. J. Grande, A. Abate, J. L. Delgado, R. Tena-
Zaera, Sustain. Energy Fuels, 2019, 3, 2779.

M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, H. J.
Snaith, Science, 2012, 338, 643.

K. A. Bush, A. F. Palmstrom, J. Y. Zhengshan, M. Boccard, R.
Cheacharoen, J. P. Mailoa, D. P. McMeekin, R. L. Hoye, C. D.
Bailie, T. Leijtens, Nat. Energy, 2017, 2, 17009.

G. Yang, H. Tao, P. Qin, W. Ke, G. Fang, J. Mater. Chem. A,
2016, 4, 3970.

J. Sun, J. Wu, X. Tong, F. Lin, Y. Wang, Z. M. Wang, Adv. Sci.,
2018, 5, 1700780.

K. Jiang, F. Wu, H. Yu, Y. Yao, G. Zhang, L. Zhu, H. Yan, J.
Mater. Chem. A, 2018, 6, 16868.

S.S.Kim, S. Bae, W. H. Jo, RSC Adv., 2016, 6, 19923.

J. Wu, W. K. Huang, Y. C. Chang, B. C. Tsai, Y. C. Hsiao, C. Y.
Chang, C. T. Chen, J. Mater. Chem. A, 2017, 5, 12811.

D. Luo, W. Yang, Z. Wang, A. Sadhanala, Q. Hu, R. Su, R.
Shivanna, G. F. Trindade, J. F. Watts, Z. Xu, Science, 2018,
360, 1442.

K. Liu, S. Chen, J. Wu, H. Zhang, M. Qin, X. Lu, Y. Tu, Q. Meng,
X. Zhan, Energy Environ. Sci., 2018, 12, 3463.

P. Karuppuswamy, C. Hanmandlu, K. M. Boopathi, P.
Perumal, C. Liu, Y. F. Chen, Y. C. Chang, P. C. Wang, C. S. Lai,
C. W. Chu, Solar Energy Mater. Solar Cells, 2017, 169, 78.

25

26

27

28

29

30

31
32
33
34
35
36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Z. Huang, X. Hu, C. Liu, L. Tan, Y. Chen, Adv. Funct. Mater.,
2017, 27,1703061.

H. Wang, F. Yang, N. Li, J. Song, J. Qu, S. Hayase, W.-Y. Wong,
Chem. Eng. J., 2020, 392, 123677.

F. Zhang, Q. Huang, J. Song, S. Hayase, J. Qu, Q. Shen, Sol.
RRL, 2020, 2000149.

L. Zhu, X. Li, C. Song, X. Liu, Y.-C. Wang, W. Zhang, J. Fang,
Org. Electron., 2017, 48, 204.

K. Wang, M. Neophytou, E. Aydin, M. Wang, T. Laurent, G. T.
Harrison, J. Liu, W. Liu, M. D. Bastiani, J. I. Khan, T. D.
Anthopoulos, F. Laquai, S. D. Wolf, Adv. Mater. Interfaces,
2019, 6, 1900434.

Q. Xue, Z. Hu, J. Liu, J. Lin, C. Sun, Z. Chen, C. Duan, J. Wang,
C. Liao, W. M. Lau, F. Huang, H.-L. Yip, Y. Cao, J. Mater. Chem.
A, 2014, 2, 19598.

D.-X. Yuan, X.-D. Yuan, Q.-Y. Xu, M.-F. Xu, X.-B. Shi, Z.-K.
Wang, L.-S. Liao, Phys. Chem. Chem. Phys., 2015, 17, 26653.
C. Song, X. Liu, X. Li, Y.-C. Wang, L. Wan, X. Sun, W. Zhang, J.
Fang, ACS Appl. Mater. Interfaces, 2018, 10, 14986.

H. Wang, L. Chen, Y. Xiao, Dyes Pigm., 2020, 180, 108508.

H. Wang, L. Chen, Y. Xiao, J. Mater. Chem. C, 2019, 7, 835.

H. Wang, Q. Fan, L. Chen, Y. Xiao, Dyes Pigm., 2019, 164, 384.
J. Huang, Z. Gu, L. Zuo, T. Ye, H. Chen, Sol. Energy, 2016, 133,
331.

A. F. Akbulatov, L. A. Frolova, M. P. Griffn, I. R. Gearba, A.
Dolocan, D. A. V. Bout, S. Tsarev, E. A. Katz, A. F. Shestakov,
K. J. Steveson, P. A. Troshin, Adv. Energy Mater., 2017, 7,
1700476.

D. Zou, F. Yang, Q. Zhuang, M. Zhu, Y. Chen, G. You, Z. Lin, H.
Zhen, Q. Ling, ChemSusChem, 2019, 12, 1155.

S.S.Kim, S. Bae, W. H. Jo, RSC Adv., 2016, 6, 19923.

P. Karuppuswamy, C. Hanmandlu, K. M. Boopathi, P.
Perumal, C. Liu, Y. F. Chen, Y. C. Chang, P. C. Wang, C. S. Lai,
C. W. Chu, Solar Energy Mater. Solar Cells, 2017, 169, 78.

M. Zhang, T. Li, G. Zheng, L. Li, M. Qin, S. Zhang, H. Zhou, X.
Zhan, Mater. Chem. Front., 2017, 1, 2078.

J. Wu, W. K. Huang, Y. C. Chang, B. C. Tsai, Y. C. Hsiao, C. Y.
Chang, C. T. Chen, C. T. Chen, J. Mater. Chem. A, 2017, 5,
12811.

F. Meng, K. Liu, S. Dai, J. Shi, H. Zhang, X. Xu, D. Li, X. Zhan,
Mater. Chem. Front., 2017, 1, 1079.

H. Zhang, L. Xue, J. Han, Y. Q. Fu, Y. Shen, Z. Zhang, Y. Li, M.
Wang, J. Mater. Chem. A, 2016, 4, 8724.

L. Yang, M. Wu, F. Cai, P. Wang, R. S. Gurney, D. Liu, J. Xia, T.
Wang, J. Mater. Chem. A, 2018, 6, 10379.

K. Jiang, F. Wu, H. Yu, Y. Yao, G. Zhang, L. Zhu, H. Yan, J.
Mater. Chem. A, 2018, 6, 16868.

Z. Luo, F. Wu, T. Zhang, X. Zeng, Y. Xiao, T. Liu, C. Zhong, X.
Lu, L. Zhu, S. Yang, C. Yang, Angew. Chem. Int. Ed., 2019, 58,
1.

Q. Guo, Y. Xu, B. Xiao, B. Zhang, E. Zhou, F. Wang, Y. Bai, T.
Hayat, A. Alsaedi, Z. Tan, ACS Appl. Mater. Interfaces, 2017,
9, 10983.

Y. Shi, W. Chen, Z. Wu, Y. Wang, W. Sun, K. Yang, Y. Tang, H.
Y. Woo, M. Zhou, A. B. Djurisi¢, Z. He, X. Guo, J. Mater. Chem.
A, 2020, 8, 13754.

T. Ye, S. Jin, R. Singh, M. Kumar, W. Chen, D. Wang, X. Zhang,
W. Li, D. He, Sol. Energy, 2020, 201, 927.

H. Wang, F. Yang, N. Li, M. A. Kamarudin, J. Qu, J. Song, S.
Hayase, C. J. Brabec, ACS Sustainable Chem. Eng., 2020, 8,
8848.

H. Wang, J. Song, Z. Li, L. Li, J. Li, X. Li, J. Qu, W.-Y. Wong, J.
Mater. Chem. A, 2020, 8, 11728.

F. Yang, G. Kapil, P. Zhang, Z. Hu, M. A. Kamarudin, T. Ma, S.
Hayase, ACS Appl. Mater. Interfaces, 2018, 10, 16482.

H.S. Kim, N. G. Park, J. Phys. Chem. Lett., 2014, 5, 2927.



55

56

57

58

59

60

X. Gong, Q. Sun, S. Liu, P. Liao, Y. Shen, C. Gratzel, S. M.
Zakeeruddin, M. Gratzel, M. Wang, Nano Lett., 2018, 18,
3969.

H. Wang, F. Yang, Y. Xiang, S. Ye, X. Peng, J. Song, J. Qu, W.-Y.
Wong, J. Mater. Chem. A, 2019, 7, 24191.

F. Zhang, J. Song, R. Hu, Y. Xiang, J. He, Y. Hao, J. Liao, B.
Zhang, P. Zeng, J. Qu, Small, 2018, 14, 1704007.

K. Yao, X. Wang, Y. Xu, F. Li, L. Zhou, Chem. Mater., 2016, 28,
3131.

T. Wu, Y. Wang, X. Li, Y. Wu, X. Meng, D. Cui, X. Yang, L. Han,
Adv. Energy Mater., 2019, 9, 1803766.

V. M. Arivunithi, S. S. Reddy, V. G. Sree, H.-Y. Park, J. Park, Y.-
C. Kang, E.-S. Shin, Y.-Y. Noh, M. Song, S.-H. Jin, Adv. Energy
Mater., 2018, 8, 1801637.





