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ABSTRACT: Interface layers used for electron transport (ETL) and hole transport
(HTL) often significantly enhance the performance of organic solar cells (OSCs).
Surprisingly, interface engineering for hole extraction has received little attention - R

thus far. By finetuning the chemical structure of carbazole-based self-assembled ‘:T . Tt KL
monolayers with phosphonic acid anchoring groups, varying the length of the alkane © o . L
linker (2PACz, 3PACz, and 4PACz), these HTLs were found to perform favorably %

in OSCs. Compared to archetypal PEDOT:PSS, the PACz monolayers exhibit
higher optical transmittance and lower resistance and deliver a higher short-circuit
current density and fill factor. Power conversion efficiencies of 17.4% have been
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obtained with PM6:BTP-eC9 as the active layer, which was distinctively higher than

the 16.2% obtained with PEDOT:PSS. Of the three PACz derivatives, the new 3PACz consistently outperforms the other two
monolayer HTLs in OSCs with different state-of-the-art nonfullerene acceptors. Considering its facile synthesis, convenient
processing, and improved performance, we consider that 3PACz is a promising interface layer for widespread use in OSCs.

KEYWORDS: organic solar cells, hole-transport layer, monolayer, 3PACz, nonfullerene acceptor

B INTRODUCTION

Organic solar cells (OSCs) attract the interest of the
photovoltaic community because of their rapidly improving
power conversion efficiency (PCE) combined with character-
istic advantages, including potential low cost, ink-based large-
area production, light weight, flexibility, and semitranspar-
ency. > In most OSCs, the photovoltaic active layer is
sandwiched between a transparent conductive oxide front
electrode and a metal back electrode. Interface layers between
the active layer and the electrodes are generally used to
improve the selective extraction of photogenerated electrons
and holes.”” ' Recent efforts have focused mainly on
developing novel polymer donors and nonfullerene acceptors
and have resulted in astoundingly high PCEs of 17—19%, '~
which are almost on par with commercial photovoltaic
technologies. Next to the photoactive layer, interface layers,
such as the electron-transport layer (ETL) and the hole-
transport layer (HTL), can contribute significantly to
enhancing device performance.'”*® However, interface en-
gineering, especially the development of new HTLs, has
received comparatively little attention.'®***

Interface layers are carrier-selective charge-transport layers
that help generate a built-in electric field and a barrier-free
contact between the electrode and photoactive layer, allowing
charge carriers to drift and be collected.”**” Most efforts have
so far focused on studying ETLs; many alcohol-soluble ETLs,
including PENBr, PNDIT-F3N, PDINO, PDINN (for system-
atic names, see the Supporting Information), and others, have
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been developed and are widely used in high-efliciency
OSCs.””?*°7*" Interestingly, some small-molecule-based solar
cells do not require an ETL to reach high efficiency.”®* In
contrast, HTL material development has lagged behind.
Despite reports of impressive inorganic composites and
nanosheets as HTL to create high-performance OSCs, their
complex preparation methods seem to hinder widespread use
and commercialization.”>**3° Poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is by
far the most ubiquitous HTL used in OSCs and has become
the standard. However, the modest conductivity, corrosive and
hygroscopic properties, and absorption in the near-infrared
region of PEDOT:PSS may restrict performance improve-
ments and compromise the long-term stability.”*” As a result,
there is a need for novel solution-processable HTLs with
optimal characteristics and potential for commercial applica-
tion.

Hole-extracting monolayers have recently emerged as a
valuable strategy to improve the performance of metal-halide
perovskite solar cells. Albrecht et al. developed and advanced
various hole-selective self-assembled monolayer forming agents
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Figure 1. (a) Device structure of the OSCs and the chemical structures of active layer materials and HTLs. (b) Transmittance spectrum of bare
ITO and HTL-covered ITO electrodes. (c) Transmittance spectrum of the BHJ layers on glass/ITO covered with HTLs. (d) Schematic energy-
level diagram showing the work functions of bare ITO and ITO covered with PEDOT:PSS, 2PACz, 3PACz, and 4PACz.

such as 2PACz, MeO-2PACz, and Me-4PACz for high-
performance perovskite solar cells.”’ These materials form a
monolayer on indium tin oxide (ITO) electrodes via the
anchoring phosphonic acid moiety.”* Perovskite solar cells that
use these undoped monolayers as HTL provide PCEs over
20% and are potentially cost-effective due to extremely low
material consumption and scalable processing. These materials
are also suitable for more complex device configurations such
as tandem solar cells because they provide a conformal
coverage on rough metal oxide textures.”> Monolithic metal-
halide perovskite-silicon tandem solar cells using Me-4PACz as
a hole contact material have achieved a PCE of 29.15%,>" and
copper indium gallium selenide (CIGSe)-perovskite tandem
solar cells using MeO-2PACz afford a PCE of 23.26% at a cell
area of 1.03 cm®’* Encouraged by these excellent results,
researchers also incorporated hole-extracting monolayers in
OSCs and obtained PCEs over 18%.'®'**"*% Despite these
promising examples, hole-extracting monolayers have attracted
limited attention in OSCs. The examples above also
demonstrate that the chemical structure can have a significant
influence on the performance, implying that finetuning of the
molecular design is critical in obtaining novel monolayer
molecules for efficient OSCs.

Herein, we designed 3PACz (Figure 1), a carbazole-based
molecule with phosphonic acid as the anchoring group. Its
chemical structure is similar to 2PACz,'® but it has one more
methylene group in the side chain. Two closely related
molecules, 2PACz and 4PACz, and diluted PEDOT:PSS as a
reference, were used as the HTL to examine the impact

molecules with very similar structures but subtle differences in
alkyl chains on device performance. All three molecules can be
easily processed into self-assembled monolayers without any
post-treatment. Importantly, the PACz monolayers exhibit
higher optical transmittance and reduce series resistance
compared to PEDOT:PSS layers, leading to improved device
performance. Among the monolayer-based OSCs, 3PACz-
based devices show the best performance, with fill factors
approaching 0.80, and provide PCEs of 17.4% with excellent
reproducibility for different nonfullerene acceptors. The results
demonstrate that 3PACz is a promising alternative to
PEDOT:PSS for high-performance and cost-effective OSC
devices.

B RESULTS AND DISCUSSION

Figure la shows the device structure, the structures of PM6
and BTP-eC9”° used in the bulk-heterojunction (BHJ)
photoactive layer, and the chemical structures of the HTLs.
2PACz is commercially available. The synthesis of 3PACz and
4PACz is depicted in Scheme S1 and the molecules were
obtained in high yield via three simple reactions. Inexpensive
raw materials and short and high-yield preparations make
3PACz cost-effective. The details on the synthesis and
molecular characterization are described in the Supporting
Information. 2PACz and 3PACz have good solubility in
methanol and ethanol. The solubility of 4PACz is slightly
lower, and solutions of 4PACz are slightly turbid at the same
concentrations. All three molecules are insoluble in water and
in weakly polar organic solvents such as chloroform and
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Figure 2. High-resolution XPS scans of the atomic core levels for ITO surface without and with monolayers on top. (a) P 2p, (b) N 1s, and (c) In
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Figure 3. (a) Optically simulated reflectance and absorptance spectra of the layers in an OSC with a PACz HTL. (b) Optical simulations of J. as a
function of the thicknesses of the active and MgF, layers for OSC with a PACz HTL assuming IQE = 100%. (c) J—V characteristics of PM6:BTP-
eC9 OSCs (with MgF,) for different HTLs). (d) Corresponding EQE spectra. (e) Statistical distribution of FF. (f) Statistical distribution of PCE.

chlorobenzene. This enables layer-by-layer solution processing
of conventional devices.

PACz molecules were dissolved in ethanol at a concen-
tration of 1.0 mmol mL™" and then spin coated directly onto
ultraviolet-ozone treated ITO electrodes on glass at 4000 rpm.
The phosphonic acid group forms strong and stable bonds to
ITO allowing for assembly of robust monolayers.'”*”***® As a
reference, a PEDOT:PSS layer with a thickness of approx-
imately 20 nm was spin coated onto the ITO electrodes using
the commercial PEDOT:PSS dispersion diluted with deionized
water (v/v, 1:1).”” Transmittance spectra (Figure 1b) indicate
that the thin PEDOT:PSS film reduces the transmittance of
light in the 420—550 nm and 700—1000 nm wavelength ranges
compared to ITO, whereas the PACz monolayers cause
minimal changes in transmittance. A similar trend is found

16499

after casting the PM6:BTP-eC9 photoactive layer on these
HTLs (Figure lc). Ultraviolet photoelectron spectroscopy
(UPS) was performed to determine the work function of the
monolayer-functionalized ITO-electrodes (Figure S1). The
work functions are 4.94, 4.97, and 4.81 eV for 2PACz, 3PACz,
and 4PACz, respectively, and are slightly lower than the 5.1 eV
work function of PEDOT:PSS on ITO. The reduced work
functions did not affect the open-circuit voltage (V,.) of the
OSCs (vide infra).

To confirm the presence of the monolayers on the ITO
surface, we performed X-ray photoelectron spectroscopy
(XPS). Figure 2 shows high-resolution XPS scans of ITO
without and with the monolayers. For the monolayers, signals
characteristic of N 1s and P 2p electrons can directly be
attributed to the presence of the PACz molecules. Because
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Table 1. Photovoltaic Parameters of PM6:BTP-eC9 OSCs with Different HTLs

HTL J..” (mA ecm™) V,. (V) FE* PCE® (%) J..2 (mA cm™) PCE” (%)
PEDOT:PSS 24.9 (24.69 + 0.137) 0.86 0.75 (0.735 + 0.011) 16.1 (15.61 + 0.243) 25.04 162
2PACz 25.2 (24.90 + 0.205) 0.86 0.76 (0.742 + 0.013) 16.5 (15.89 + 0.358) 25.84 169
3PACz 25.3 (25.02 + 0.155) 0.86 0.78 (0.761 + 0.014) 17.0 (16.38 + 0.335) 25.91 174
4PACz 25.3 (25.06 + 0.171) 0.86 0.75 (0.736 + 0.015) 16.3 (15.86 + 0.334) 25.80 16.6

“Values from J—V measurement. “Values from EQE measurement. The data outside the brackets are the highest value, and the data inside the

brackets are the average value calculated from 10 individual solar cells.

XPS is surface sensitive, probing up to an average depth of
approximately 5 nm,”** In 3d and Sn 3d signals originating
from the ITO electrode can also be observed in the XPS
spectra of the monolayers on ITO. These results confirm the
ultrathin nature of the monolayer HTLs. The atomic
concentrations of characteristic atoms (N, P for monolayers
and In, Sn for ITO) are summarized in Table S1. The surface
morphologies of bare ITO and the HTL films were
investigated by tapping-mode atomic force microscopy
(AFM). Figure S2 shows the height and phase images of the
ITO surface without and with HTLs. The three PACz
monolayers give rise to root-mean-squared surface roughness
(Rq) close to 1.0 nm, and similar to that of bare ITO (Rq =0.8
nm). Furthermore, the phase images reveal that ITO and
monolayers display similar surface textures. In contrast, the 20
nm PEDOT:PSS layer presents a smaller R, of 0.55 nm and
larger surface domains than the other four surfaces. These
results indicate that monolayers do not change the surface
features of ITO due to the ultrathin nature, unlike
PEDOT:PSS that generates a new smooth surface. The surface
height histograms extracted from the AFM images (Figure S3)
show a smoother PEDOT:PSS surface due to the narrower
height distribution, while the PACz monolayers have height
distributions comparable to bare ITO.'® Hence, both XPS and
AFM indicate that the PACz molecules form monolayers on
ITO.

The performance of the hole-transporting monolayers was
explored by fabricating conventional-configuration glass/ITO/
HTL/PM6:BTP-eC9/PFNBr/Ag OSCs (Figure la). PACz
molecules were dissolved in ethanol at 1.0 mmol mL™}, and
then spin coated onto the ITO electrodes at 4000 rpm for 60 s,
without any post-treatment to form monolayers, optimization
of specific processing conditions are summarized in Table S2
and Figure S4. Further details on the device fabrication are
provided in the Supporting Information. OSCs with hole-
transporting monolayers provide PCEs close to 16%, i.e.,
higher than for the PEDOT:PSS-based device with a PCE of
15.5% (Figure S5 and Table S3). The enhanced PCEs result
from increased J,. and FF. The 3PACz-based OSC has the
highest performance. Although the work functions of the
monolayers on ITO are lower than those of PEDOT:PSS on
ITO, the open-circuit voltage (V.. = 0.86 V) is the same in
each case, implying that the hole-transporting monolayers form
an ohmic contact with the active layer without causing
additional V_ losses.

One reason for the moderate performance of the control
device on ITO/PEDOT:PSS is its relatively low J.'"*%*
Optical simulations using the transfer matrix method on the
entire device stack (Figure 3a) reveal that considerable photon
loss is caused by reflection of light from the front glass surface.
Introducing a MgF, (n & 1.4) antireflection coating is effective
in enhancing transmission of light though the glass (n > 1.5).%
Optical simulations (Figure 3b) reveal that a 105 nm MgF,

antireflection layer combined with a 110 nm active layer result
in an optimum J,. over 29.0 mA cm™2, when assuming 100%
internal quantum efficiency (IQE). Accordingly, OSCs with a
MgF, layer provide an enhanced J,. (Figure 3¢, d and Table 1)
compared to the same devices without MgF, (Figure SS and
Table S3). As a result, the PCE of the control device with
PEDOT:PSS increases to 16.1%. Similarly, the PCEs of devices
with the monolayers increased to 16.5% (2PACz), 17.0%
(3PACz), and 16.3% (4PACz).

When comparing PEDOT:PSS and PACz devices, 2PACz
and 3PACz monolayers provide a higher FF. This is reflected
by the shunt (Ry,) and series (R,) resistances.”"** The Ry, is
4.5, 5.0, 5.5, and 4.8 kQ cm? for PEDOT:PSS, 2PACz, 3PACz,
and 4PACz, respectively, whereas R, is 18.6, 17.7, 18.0, and
17.8 Q cm® The monolayers thus result in higher Ry and
lower R, than PEDOT:PSS, consistent with the improved FE.*
R, is not only determined by charge transport in the
photoactive layer but also by the contribution of the HTL.
The latter can be estimated from the current—voltage (I—V)
curves of ITO/HTL/Ag devices (Figure $6)*° and compared
to that of ITO/Ag as a reference. The resistance was 1.17 Q
cm® for bare ITO, and 1.38, 1.19, 1.17, and 1.23 Q cm’ for
PEDOT:PSS, 2PACz, 3PACz, and 4PACz HTLs. Clearly, the
monolayer-based devices have almost unchanged resistances
compared to that of bare ITO, whereas even a thin PEDOT
layer results in a small increase in R,.

External quantum efficiency (EQE) spectra (Figure 3d and
Figure S4b) reveal a higher response in the 300—920 nm
wavelength range when using MgF,. The ], of OSCs without/
with MgF, integrated from the EQE spectra are 24.0/25.0,
24.4/25.8, 24.6/25.9, and 24.4/25.8 mA cm™* for the
PEDOT:PSS, 2PACz, 3PACz, and 4PACz devices, respec-
tively, and agree well with the values obtained from the solar
simulator. Optical simulations (Figure S7) confirm the increase
in J,. when going from PEDOT:PSS to a PACz monolayer as
HTL. The monolayers improve J,. compared to PEDOT:PSS
because parasitic absorption is reduced, but experimental
differences in J,. among the three PACz molecules are small.
The MgF, antireflection layer increases J,. of the PACz
monolayer devices by ~1.4 mA cm™ compared to 1.0 mA
cm ™2 for the PEODT:PSS device. The statistical distribution of
the FF and PCE reveals that monolayers result is slightly wider
spread than PEDOT:PSS but still demonstrate good
reproducibility (Figure 3e, f, Table 1). Overall, the trend in
PCE resembles the difference in FF and all the monolayer-
based solar cells surpass the efficiency of PEDOT:PSS cells,
with 3PACz yielding the highest efficiency of 17.0% in the -V
scan and 17.4% after the EQE correction.

To test the wider applicability of hole-transporting
monolayers, we have tested OSCs based on two more blends,
PM6:Y6-BO-4CI*° and PM6:Y6-BO-4F,** with PEDOT:PSS
and PACz monolayers (Figures S8 and S9 and Tables S4 and
S5). Both blends exhibit the same trend; with PEDOT:PSS,
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Figure 4. (a) Light intensity dependence of J,.. (b) Light intensity dependence of V.. In fitting the V,, we ignored the measurements at the lowest

light intensity because the V. is most affected by residual shunts.
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Figure S. AFM height images of the active layer cast on the top of four HTLs (top) and the corresponding 2D GIWAXS patterns (bottom).

the PCEs are lower than 16%, whereas the monolayer-based
devices have PCEs >16% because of the higher J,. and FF.
Among the monolayers, 3PACz gave again the highest FFs,
approaching 0.80, implying that 3PACz performs very well
with state-of-the-art OSCs.

Charge recombination was studied by measuring the light
intensity (Pﬁght) dependence of J;. and V. The slopes of log J,.
vs log Py, are very close to or equal to 1 (Figure 4a) and
imply negligible bimolecular recombination at short-circuit.
The slope of a plot of V,. vs In Py, is close to the thermal
energy (kT/q, where k is the Boltzmann constant, T is the
absolute temperature, and g is the elementary charge) for all
cells (Figure 4b), suggesting trap-assisted recombination is
suppressed. To gain more insight into the effect of the
monolayer HTL on the photovoltaic performance, the charge
collection efliciency of the four OSCs was estimated using the
photocurrent density (Jo, = Jighe — Jaar) s determined from
the J—V characteristics in the dark and under illumination. An
indication of the efficiency of charge collection can obtained by
dividing J,, at short circuit (0 V) by the saturated photocurrent
density (J,) at —2 V. This resulted in 95.8%, 98.2%, 98.5%,
and 98.8% for PEDOT:PSS, 2PACz, 3PACz, and 4PACz based
devices respectively, indicating that the monolayers improve
collection efficiency, contributing to the high FF.

Considering that charge transport is also affected by the
nanoscale phase separation and molecular packing of the donor
and acceptor, the morphology of BHJ films cast on top of four

HTLs was studied in more detail. First, the surface
morphologies of the four BHJ films were investigated by
AFM in tapping-mode (Figure S). The AFM height images
reveal that the four films have a similar R, (root-mean-squared
surface roughness) of approximately 1.1 nm and exhibit well-
distributed fibrous structures, indicating a smooth and ordered
surface structure for all films. Two-dimensional grazing-
incidence wide-angle X-ray scattering (2D GIWAXS) measure-
ments were conducted to investigate the molecular packing of
the films (Figure S). The corresponding in-plane and out-of-
plane line-cut profiles are shown in Figure S10. Except for the
subtle differences in the intensity of diffraction peaks that may
be caused by the difference in film thickness, all four films
show nearly identical 2D GIWAXS patterns with a preferred
face-on orientation. The peaks in the out of plane and in plane
directions are at ~1.74 and ~0.29 A7, respectively, consistent
with those reported in the literature.”® Accordingly, we infer
that there is no difference in the morphology of the active layer
prepared on these four different HTLs. This implies that the
improvement of the performance is not related to a change in
morphology.

High-resolution XPS measurements of the Cl 2p and F 1s
binding energy regions for the four blends are shown in Figure
S11 (Supporting Information) and the atomic concentrations
are summarized in Table S6 (Supporting Information). Cl and
F are the tracer atoms for BTP-eC9 and PM6. The very similar
intensity of Cl 2p and F 1s signals and atomic concentrations
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confirms that the four active layers have the same distribution
of donor and acceptor and thus the same morphology.

In principle, the surface free energy of the hole-transport
layer can affect the morphology of the active layer.* To
investigate surface energies, the water contact angles for the
three PACz layers were measured (Figure S12). The water
contact angle is marginally lower for 3PACz (71.8°) than for
2PACz (73.6°) and somewhat higher for 4PACz (83.9°). For
PEDOT:PSS the water contact angle is a function of time: it
starts above 70° but decreases with time.*° Hence, water
contact angles and thus surface energies do not strongly differ
for the hole-transport layers, consistent with the similar blend
morphologies found by AFM and GIWAXS (Figure S).

The combined results show the PACz layers and especially
3PACz are interesting alternatives to PEDOT:PSS for use in
OSCs. Next to performance, stability is an important issue for
OSCs. So far, two studies comparing the OSC stability using
2PACz monolayers give rather different results, and suggest
that more extensive studies are needed to resolve the
differences.'®*!

B CONCLUSIONS

Through finetuning the chemical structure of carbazole-based
self-assembled monolayers, by varying the length of the alkyl
linker between the carbazole unit and the surface-anchoring
phosphonic acid group, we found that 3PACz shows superior
performance when used as a monolayer HTL in OSCs,
compared to 2PACz, 4PACz, and PEDOT:PSS. XPS and AFM
measurements demonstrated that monolayers were successfully
integrated onto the top of the ITO electrode. Compared to
PEDOT:PSS, all PACz monolayer HTLs exhibit higher optical
transmittance and lower electrical resistance, which is
beneficial for the J,. and FF improves. Among the three
monolayer-based devices, the 3PACz-based device consistently
provides the best performance using PM6 and three different
nonfullerene acceptors (BTP-eC9, Y6-BO-4Cl, and Y6-BO-
4F) giving the highest FF approaching 0.80. Using an MgF,
antireflection layer, 17.4% PCE has been realized in PM6:BTP-
eC9 OSCs with 3PACz as monolayer HTL. This is
distinctively higher for a reference device (16.2%) with
PEDOT:PSS as HTL. AFM, 2D-GIWAXS, and XPS revealed
that the PACz monolayer HTLs do not affect the
morphologies of the BHJ active layer. Considering its facile
synthesis and convenient processing, we think that 3PACz can
also be applied successfully in semitransparent OSCs and has
promising potential for commercialization.

B EXPERIMENTAL SECTION

Chemical reagents and catalysts were purchased from Sigma-Aldrich
and used as received, unless otherwise specified. PM6, BTP-eC9, Y6-
BO-4Cl, and Y6-BO-4F were purchased from Solarmer Materials Inc.
(Beijing, China). 2PACz was purchased from TCI The detailed
experimental and fabricated conditions are shown in the Supporting
Information.
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@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c01900.

Experimental details of the synthesis of 3PACz and
4PACz, device fabrication details, characterizations of
the OCSs (i.e., measurements and instruments used),

UPS, XPS, AFM, GIWAXS, and 'H NMR and mass
spectra (PDF)

B AUTHOR INFORMATION

Corresponding Author
René A. J. Janssen — Molecular Materials and Nanosystems &
Institute for Complex Molecular Systems, Eindhoven
University of Technology, Eindhoven 5600 MB, The
Netherlands; Dutch Institute for Fundamental Energy
Research, Eindhoven 5612 AJ, The Netherlands;
orcid.org/0000-0002-1920-5124; Email: r.a.jjanssen@
tue.nl

Authors

Haijun Bin — Molecular Materials and Nanosystems &
Institute for Complex Molecular Systems, Eindhoven
University of Technology, Eindhoven 5600 MB, The
Netherlands

Kunal Datta — Molecular Materials and Nanosystems &
Institute for Complex Molecular Systems, Eindhoven
University of Technology, Eindhoven 5600 MB, The
Netherlands; © orcid.org/0000-0003-2284-328X

Junke Wang — Molecular Materials and Nanosystems &
Institute for Complex Molecular Systems, Eindhoven
University of Technology, Eindhoven 5600 MB, The
Netherlands

Tom P. A. van der Pol — Molecular Materials and
Nanosystems & Institute for Complex Molecular Systems,
Eindhoven University of Technology, Eindhoven 5600 MB,
The Netherlands

Junyu Li — Molecular Materials and Nanosystems & Institute
for Complex Molecular Systems, Eindhoven University of
Technology, Eindhoven 5600 MB, The Netherlands

Martijn M. Wienk — Molecular Materials and Nanosystems &
Institute for Complex Molecular Systems, Eindhoven
University of Technology, Eindhoven 5600 MB, The
Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c01900

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge funding by The Netherlands
Organization for Scientific Research (NWO) (NWO Spinoza
grant and the Joint Solar Programme III (Project 680.91.011))
and the Ministry of Education, Culture and Science (Gravity
program 024.001.035).

B REFERENCES

(1) Li, Y. Molecular Design of Photovoltaic Materials for Polymer
Solar Cells: Toward Suitable Electronic Energy Levels and Broad
Absorption. Acc. Chem. Res. 2012, 45, 723—733.

(2) Ly, L.; Zheng, T.; Wu, Q; Schneider, A. M.; Zhao, D.; Yu, L.
Recent Advances in Bulk Heterojunction Polymer Solar Cells. Chem.
Rev. 2015, 115, 12666—12731.

(3) Yao, H;; Ye, L.; Zhang, H; Li, S.; Zhang, S.; Hou, J. Molecular
Design of Benzodithiophene-Based Organic Photovoltaic Materials.
Chem. Rev. 2016, 116, 7397—7457.

(4) Nielsen, C. B.; Holliday, S.; Chen, H. Y.; Cryer, S. J.; McCulloch,
I. Non-Fullerene Electron Acceptors for Use in Organic Solar Cells.
Acc. Chem. Res. 20185, 48, 2803—2812.

https://doi.org/10.1021/acsami.2c01900
ACS Appl. Mater. Interfaces 2022, 14, 16497—16504


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c01900/suppl_file/am2c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c01900/suppl_file/am2c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c01900/suppl_file/am2c01900_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01900?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c01900/suppl_file/am2c01900_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rene%CC%81+A.+J.+Janssen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1920-5124
https://orcid.org/0000-0002-1920-5124
mailto:r.a.j.janssen@tue.nl
mailto:r.a.j.janssen@tue.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haijun+Bin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kunal+Datta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2284-328X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junke+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tom+P.+A.+van+der+Pol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junyu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martijn+M.+Wienk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01900?ref=pdf
https://doi.org/10.1021/ar2002446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar2002446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar2002446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c01900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(5) Ye, L.; Zhang, S.; Huo, L.; Zhang, M.; Hou, J. Molecular Design
toward Highly Efficient Photovoltaic Polymers Based on Two-
Dimensional Conjugated Benzodithiophene. Acc. Chem. Res. 2014, 47,
1595—1603.

(6) Liu, S.; Zhang, K.; Lu, J.; Zhang, J.; Yip, H. L.; Huang, F.; Cao,
Y. High-Efficiency Polymer Solar Cells via the Incorporation of an
Amino-Functionalized Conjugated Metallopolymer as a Cathode
Interlayer. J. Am. Chem. Soc. 2013, 135, 15326—15329.

(7) Zhang, Z. G.; Qj, B.; Jin, Z; Chi, D,; Qi, Z.; Li, Y.; Wang, J.
Perylene Diimides: A Thickness-Insensitive Cathode Interlayer for
High Performance Polymer Solar Cells. Energy Environ. Sci. 2014, 7,
1966—1973.

(8) Graham, K. R;; Cabanetos, C.; Jahnke, J. P.; Idso, M. N.; El
Labban, A.; Ngongang Ndjawa, G. O.; Heumueller, T.; Vandewal, K;
Salleo, A.; Chmelka, B. F.; et al. Importance of the Donor:Fullerene
Intermolecular Arrangement for High-Efficiency Organic Photo-
voltaics. J. Am. Chem. Soc. 2014, 136, 9608—9618.

(9) Nian, L.; Zhang, W.; Zhu, N.; Liu, L.; Xie, Z.; Wu, H.; Wiirthner,
F.; Ma, Y. Photoconductive Cathode Interlayer for Highly Efficient
Inverted Polymer Solar Cells. J. Am. Chem. Soc. 2015, 137, 6995—
6998.

(10) Xiao, B; Wu, H, Cao, Y. Solution-Processed Cathode
Interfacial Layer Materials for High-Efficiency Polymer Solar Cells.
Mater. Today 2015, 18, 385—394.

(11) Liu, L,; Kan, Y.; Gao, K; Wang, J.; Zhao, M.; Chen, H.; Zhao,
C; Jiu, T; Jen, A. K. Y,; Li, Y. Graphdiyne Derivative as
Multifunctional Solid Additive in Binary Organic Solar Cells with
17.3% Efficiency and High Reproductivity. Adv. Mater. 2020, 32,
1907604.

(12) Luo, Z.; Ma, R,; Luo, Z.; Ma, R;; Liu, T.; Yu, J.; Xiao, Y.; Sun,
R,; Xie, G. Fine-Tuning Energy Levels via Asymmetric End Groups
Enables Polymer Solar Cells with Efficiencies over 17%. Joule 2020, 4,
1236—1247.

(13) Zhan, L;; Li, S; Lau, T. K; Cui, Y; Lu, X; Shi, M,; Li, C. Z.; Li,
H.; Hou, J; Chen, H. Over 17% Efficiency Ternary Organic Solar
Cells Enabled by Two Non-Fullerene Acceptors Working in an Alloy-
like Model. Energy Environ. Sci. 2020, 13, 635—645.

(14) Ma, R;; Liu, T.; Luo, Z.; Guo, Q.; Xiao, Y.; Chen, Y.; Li, X;;
Luo, S.; Lu, X; Zhang, M,; Li, Y. F.; Yan, H. Improving Open-Circuit
Voltage by a Chlorinated Polymer Donor Endows Binary Organic
Solar Cells Efficiencies over 17%. Sci. China Chem. 2020, 63, 325—
330.

(1) Cui, Y;; Xu, Y.; Yao, H,; Bi, P.; Hong, L.; Zhang, J.; Zu, Y,;
Zhang, T.; Qin, J.; Ren, J.; Chen, Z.; He, C.; Hao, X,; Wei, Z.; Hou, J.
Single-Junction Organic Photovoltaic Cell with 19% Efficiency. Adv.
Mater. 2021, 33, 2102420.

(16) Bi, P.; Zhang, S.; Chen, Z.; Xu, Y.; Cui, Y.; Zhang, T.; Ren, J;
Qin, J.; Hong, L,; Hao, X.; Hou, J. Reduced Non-Radiative Charge
Recombination Enables Organic Photovoltaic Cell Approaching 19%
Efficiency. Joule 2021, S, 2408—2419.

(17) Li, C; Zhou, J.; Song, J.; Xu, J.; Zhang, H.; Zhang, X.; Guo, J;
Zhu, L.; Wei, D.; Han, G.; Min, J.; Zhang, Y.; Xie, Z.; Yi, Y,; Yan, H,;
Gao, F.; Liy, F,; Sun, Y. Non-Fullerene Acceptors with Branched Side
Chains and Improved Molecular Packing to Exceed 18% Efficiency in
Organic Solar Cells. Nat. Energy. 2021, 6, 605—613.

(18) Lin, Y.; Firdaus, Y.; Isikgor, F. H.; Nugraha, M. L; Yengel, E.;
Harrison, G. T.; Hallani, R.; El-Labban, A.; Faber, H.; Ma, C.; Zheng,
X.; Subbiah, A.; Howells, C. T.; Bakr, O. M.; McCulloch, I.; Wolf, S.
D.; Tsetseris, L.; Anthopoulos, T. D. Self-Assembled Monolayer
Enables Hole Transport Layer-Free Organic Solar Cells with 18%
Efficiency and Improved Operational Stability. ACS Energy Lett. 2020,
S, 2935—2944.

(19) Lin, Y.; Magomedov, A.; Firdaus, Y.; Kaltsas, D.; El-Labban, A;
Faber, H,; Naphade, D. R,; Yengel, E.; Zheng, X; Yarali, E; et al.
18.4% Organic Solar Cells Using a High Ionization Energy Self-
Assembled Monolayer as Hole-Extraction Interlayer. Chem. Sus.
Chem. 2021, 14, 3569—3578.

(20) Cui, Y;; Yao, H,; Zhang, J.; Xian, K; Zhang, T.; Hong, L;
Wang, Y,; Xu, Y.; Ma, K; An, C.; He, C,; Wei, Z.; Gao, F.; Hou, J.

Single-Junction Organic Photovoltaic Cells with Approaching 18%
Efficiency. Adv. Mater. 2020, 32, 1908205.

(21) Chen, S; Feng, L.; Jia, T.; Jing, J.; Hu, Z.; Zhang, K.; Huang, F.
High-Performance Polymer Solar Cells with Efficiency over 18%
Enabled by Asymmetric Side Chain Engineering of Non-Fullerene
Acceptors. Sci. China Chem. 2021, 64, 1192—1199.

(22) Liu, Q; Jiang, Y.; Jin, K; Qin, J.; Xu, J.; Li, W.; Xiong, J.; Liy, J;
Xiao, Z.; Sun, K; Yang, S; Zhang, X; Ding, L. 18% Efficiency
Organic Solar Cells. Sci. Bull. 2020, 65, 272—275.

(23) Lin, Y,; Adilbekova, B.; Firdaus, Y.; Yengel, E.; Faber, H.;
Sajjad, M.; Zheng, X.; Yarali, E.; Seitkhan, A.; Bakr, O. M.; El-Labban,
A.; Schwingenschlogl, U,; Tung, V.; McCulloch, I; Laquai, F.;
Anthopoulos, T. D. 17% Efficient Organic Solar Cells Based on
Liquid Exfoliated WS, as a Replacement for PEDOT:PSS. Adv. Mater.
2019, 31, 1902965.

(24) Kang, Q.; Zheng, Z,; Zu, Y.; Liao, Q.; Bi, P.; Zhang, S.; Yang,
Y.; Xu, B.; Hou, J. n-Doped Inorganic Molecular Clusters as a New
Type of Hole Transport Material for Efficient Organic Solar Cells.
Joule 2021, S, 646—658.

(25) Alhummiany, H.; Rafique, S.; Sulaiman, K. XPS Analysis of the
Improved Operational Stability of Organic Solar Cells Using a V,Os
and PEDOT:PSS Composite Layer: Effect of Varied Atmospheric
Conditions. J. Phys. Chem. C 2017, 121, 7649—7658.

(26) Yao, J; Qiu, B; Zhang, Z. G.; Xue, L.; Wang, R; Zhang, C;
Chen, S;; Zhou, Q.; Sun, C.; Yang, C,; et al. Cathode Engineering
with Perylene-Diimide Interlayer Enabling over 17% Efficiency Single-
Junction Organic Solar Cells. Nat. Commun. 2020, 11, 2726.

(27) Sorrentino, R.; Kozma, E.; Luzzati, S.; Po, R. Interlayers for
Non-Fullerene Based Polymer Solar Cells: Distinctive Features and
Challenges. Energy Environ. Sci. 2021, 14, 180—223.

(28) Bin, H.; Wang, J.; Li, J.; Wienk, M. M.; Janssen, R. A. J. Efficient
Electron Transport Layer Free Small-Molecule Organic Solar Cells
with Superior Device Stability. Adv. Mater. 2021, 33, 2008429.

(29) Wu, H.; Yue, Q;; Zhou, Z.; Chen, S.; Zhang, D.; Xu, S.; Zhou,
H,; Yang, C,; Fan, H;; Zhu, X. Cathode Interfacial Layer-Free All
Small-Molecule Solar Cells with Efficiency over 12%. J. Mater. Chem.
A 2019, 7, 15944—15950.

(30) Kang, Q; Zu, Y.; Liao, Q; Zheng, Z.; Yao, H.; Zhang, S.; He,
C.; Xu, B.; Hou, J. An Inorganic Molecule-Induced Electron Transfer
Complex for Highly Efficient Organic Solar Cells. J. Mater. Chem. A
2020, 8, 5580—5586.

(31) Al-Ashouri, A.; Kohnen, E.; Li, B.; Magomedov, A.; Hempel,
H.; Caprioglio, P.; Marquez, J. A,; Morales Vilches, A. B.;
Kasparavicius, E.; Smith, J. A.; et al. Monolithic Perovskite/Silicon
Tandem Solar Cell with > 29% Efficiency by Enhanced Hole
Extraction. Sience 2020, 370, 1300—1309.

(32) Levine, 1; Al-Ashouri, A;; Musiienko, A.; Hempel, H,;
Magomedov, A,; Drevilkauskaite, A.; Getautis, V.; Menzel, D,
Hinrichs, K.;; Unold, T.; et al. Charge Transfer Rates and Electron
Trapping at Buried Interfaces of Perovskite Solar Cells. Joule 2021, S,
2915-2933.

(33) RoB, M.; Severin, S.; Stutz, M. B.; Wagner, P.; Kobler, H,;
Favin-Léveque, M.; Al-Ashouri, A.; Korb, P.; Tockhorn, P.; Abate, A.;
Stannowski, B.; Rech, B.; Albrecht, S. Co-Evaporated Formamidinium
Lead Iodide Based Perovskites with 1000 h Constant Stability for
Fully Textured Monolithic Perovskite/Silicon Tandem Solar Cells.
Adv. Energy Mater. 2021, 11, 2101460.

(34) Al-Ashouri, A.; Magomedov, A.; Rof3, M.; Jost, M.; Talaikis, M.;
Chistiakova, G.; Bertram, T.; Marquez, J. A.; Kohnen, E;
Kasparavicius, E.; et al. Conformal Monolayer Contacts with Lossless
Interfaces for Perovskite Single Junction and Monolithic Tandem
Solar Cells. Energy Environ. Sci. 2019, 12, 3356—3369.

(35) Li, Y.; Li, T; Lin, Y. Stability : Next Focus in Organic Solar
Cells Based on Non-Fullerene Acceptors. Mater. Chem. Front. 2021, S,
2907-2930.

(36) Brinkmann, K. O.; Becker, T.; Zimmermann, F.; Gahlmann, T.;
Theisen, M.; Haeger, T.; Olthof, S.; Kreusel, C; Giinster, M,;
Maschwitz, T.; Gobelsmann, F.; Koch, C.; Hertel, D.; Caprioglio, P.;
Perdigon, L.; Al-Ashouri, A.; Merten, L.; Hinderhofer, A.; Schreiber,

https://doi.org/10.1021/acsami.2c01900
ACS Appl. Mater. Interfaces 2022, 14, 16497—16504


https://doi.org/10.1021/ar5000743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5000743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5000743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408363c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408363c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408363c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4ee00022f
https://doi.org/10.1039/c4ee00022f
https://doi.org/10.1021/ja502985g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502985g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502985g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mattod.2015.02.016
https://doi.org/10.1016/j.mattod.2015.02.016
https://doi.org/10.1002/adma.201907604
https://doi.org/10.1002/adma.201907604
https://doi.org/10.1002/adma.201907604
https://doi.org/10.1016/j.joule.2020.03.023
https://doi.org/10.1016/j.joule.2020.03.023
https://doi.org/10.1039/C9EE03710A
https://doi.org/10.1039/C9EE03710A
https://doi.org/10.1039/C9EE03710A
https://doi.org/10.1007/s11426-019-9669-3
https://doi.org/10.1007/s11426-019-9669-3
https://doi.org/10.1007/s11426-019-9669-3
https://doi.org/10.1002/adma.202102420
https://doi.org/10.1016/j.joule.2021.06.020
https://doi.org/10.1016/j.joule.2021.06.020
https://doi.org/10.1016/j.joule.2021.06.020
https://doi.org/10.1038/s41560-021-00820-x
https://doi.org/10.1038/s41560-021-00820-x
https://doi.org/10.1038/s41560-021-00820-x
https://doi.org/10.1021/acsenergylett.0c01421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.202100707
https://doi.org/10.1002/cssc.202100707
https://doi.org/10.1002/adma.201908205
https://doi.org/10.1002/adma.201908205
https://doi.org/10.1007/s11426-021-1013-0
https://doi.org/10.1007/s11426-021-1013-0
https://doi.org/10.1007/s11426-021-1013-0
https://doi.org/10.1016/j.scib.2020.01.001
https://doi.org/10.1016/j.scib.2020.01.001
https://doi.org/10.1002/adma.201902965
https://doi.org/10.1002/adma.201902965
https://doi.org/10.1016/j.joule.2021.01.011
https://doi.org/10.1016/j.joule.2021.01.011
https://doi.org/10.1021/acs.jpcc.6b13016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b13016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b13016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b13016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-16509-w
https://doi.org/10.1038/s41467-020-16509-w
https://doi.org/10.1038/s41467-020-16509-w
https://doi.org/10.1039/D0EE02503H
https://doi.org/10.1039/D0EE02503H
https://doi.org/10.1039/D0EE02503H
https://doi.org/10.1002/adma.202008429
https://doi.org/10.1002/adma.202008429
https://doi.org/10.1002/adma.202008429
https://doi.org/10.1039/C9TA05023J
https://doi.org/10.1039/C9TA05023J
https://doi.org/10.1039/D0TA00999G
https://doi.org/10.1039/D0TA00999G
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1016/j.joule.2021.07.016
https://doi.org/10.1016/j.joule.2021.07.016
https://doi.org/10.1002/aenm.202101460
https://doi.org/10.1002/aenm.202101460
https://doi.org/10.1002/aenm.202101460
https://doi.org/10.1039/C9EE02268F
https://doi.org/10.1039/C9EE02268F
https://doi.org/10.1039/C9EE02268F
https://doi.org/10.1039/D1QM00027F
https://doi.org/10.1039/D1QM00027F
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c01900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

E.; Albrecht, S.; Meerholz, K,; Neher, D.; Stolterfoht, M.; Riedl, T.
23.5% Efficient Monolithic Perovskite/Organic Tandem Solar Cells
Based on An Ultra-thin Metal-like Metal-oxide Interconnect. Research
Square 2020, S, 1-16.

(37) Zhao, W.; Li, S.; Yao, H.; Zhang, S.; Zhang, Y.; Yang, B.; Hou,
J. Molecular Optimization Enables over 13% Efficiency in Organic
Solar Cells. J. Am. Chem. Soc. 2017, 139, 7148—7151.

(38) Zhu, W.; Spencer, A. P.; Mukherjee, S.; Alzola, J. M.; Sangwan,
V. K; Amsterdam, S. H.; Swick, S. M,; Jones, L. O.; Heiber, M. C;
Herzing, A. A; Li, G.; Stern, C. L.; DeLongchamp, D. M.; Kohlstedst,
K. L.; Hersam, M. C.; Schatz, G. C.; Wasielewski, M. R.; Chen, L. X;
Facchetti, A.; Marks, T. ]J. Crystallography, Morphology, Electronic
Structure, and Transport in Non-Fullerene/Non-Indacenodithieno-
thiophene Polymer:Y6 Solar Cells. J. Am. Chem. Soc. 2020, 142,
14532—14547.

(39) Lin, Y.; Nugraha, M. L; Firdaus, Y.; Scaccabarozzi, A. D.; Aniés,
F.; Emwas, A. H.; Yengel, E.; Zheng, X,; Liu, J.; Wahyudi, W.; Yarali,
E.; Faber, H.; Bakr, O. M.; Tsetseris, L.; Heeney, M.; Anthopoulos, T.
D. A Simple N-Dopant Derived from Diquat Boosts the Efficiency of
Organic Solar Cells to 18.3%. ACS Energy Lett. 2020, S, 3663—3671.

(40) Yoo, G. Y; Nurrosyid, N.; Lee, S.; Jeong, Y.; Yoon, I; Kim, C,;
Kim, W, Jang, S. Y; Do, Y. R. Newly Developed Broadband
Antireflective Nanostructures by Coating a Low-Index MgF, Film
onto a SiO, Moth-Eye Nanopattern. ACS Appl. Mater. Interfaces 2020,
12, 10626—10636.

(41) Burlingame, Q.; Huang, X; Liu, X;; Jeong, C.; Coburn, C;
Forrest, S. R. Intrinsically Stable Organic Solar Cells under High-
Intensity Hlumination. Nature 2019, 573, 394—397.

(42) Johnston, D. E.; Yager, K. G.; Hlaing, H.; Lu, X.; Ocko, B. M,;
Black, C. T. Nanostructured Surfaces Frustrate Polymer Semi-
conductor Molecular Orientation. ACS Nano 2014, 8, 243—249.

(43) Bin, H.; Zhang, Z. G.; Gao, L.; Chen, S.; Zhong, L.; Xue, L.;
Yang, C,; Li, Y. Non-Fullerene Polymer Solar Cells Based on
Alkylthio and Fluorine Substituted 2D-Conjugated Polymers Reach
9.5% Efficiency. J. Am. Chem. Soc. 2016, 138, 4657—4664.

(44) Pang, S.; Wang, Z.; Yuan, X.; Pan, L.; Deng, W.; Tang, H.; Wu,
H,; Chen, S.; Duan, C,; Huang, F; Cao, Y. A Facile Synthesized
Polymer Featuring B-N Covalent Bond and Small Singlet-Triplet Gap
for High-Performance Organic Solar Cells. Angew. Chem., Int. Ed.
2021, 60, 8813—8817.

(45) Zhang, H; Li, Y.; Zhang, X; Zhang, Y.; Zhou, H. Role of
interface properties in organic solar cells: from substrate engineering
to bulk-heterojunction interfacial morphology. Mater. Chem. Front.
2020, 4, 2863—2880.

(46) Duc, C.; Vlandas, A.; Malliaras, G. G.; Senez, V. Wettability of
PEDOT:PSS films. Soft Matter. 2016, 12, 5146—5153.

16504

[0 Recommended by ACS

Tripodal Triazatruxene Derivative as a Face-On Oriented
Hole-Collecting Monolayer for Efficient and Stable Inverted
Perovskite Solar Cells

Minh Anh Truong, Atsushi Wakamiya, et al.
MARCH 22,2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &'

Less Is More: Simplified Fluorene-Based Dopant-Free Hole
Transport Materials Promote the Long-Term Ambient
Stability of Perovskite Solar Cells

Paavo Mikinen, Paola Vivo, et al.
MARCH 14, 2023

CHEMISTRY OF MATERIALS READ '

Effect of 1,3-Disubstituted Urea Derivatives as Additives on
the Efficiency and Stability of Perovskite Solar Cells

Joanna Kruszynska, Daniel Prochowicz, et al.
OCTOBER 25, 2022

ACS APPLIED ENERGY MATERIALS READ &'

Carbazole-Based Hole Transport Polymer for
Methylammonium-Free Tin-Lead Perovskite Solar Cells
with Enhanced Efficiency and Stability

Jiantao Wang, Jinsong Huang, et al.
SEPTEMBER 12, 2022

ACS ENERGY LETTERS READ &

Get More Suggestions >

https://doi.org/10.1021/acsami.2c01900
ACS Appl. Mater. Interfaces 2022, 14, 16497—16504


https://doi.org/10.21203/rs.3.rs-125381/v1
https://doi.org/10.21203/rs.3.rs-125381/v1
https://doi.org/10.1021/jacs.7b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1544-1
https://doi.org/10.1038/s41586-019-1544-1
https://doi.org/10.1021/nn4060539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4060539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202016265
https://doi.org/10.1002/anie.202016265
https://doi.org/10.1002/anie.202016265
https://doi.org/10.1039/D0QM00398K
https://doi.org/10.1039/D0QM00398K
https://doi.org/10.1039/D0QM00398K
https://doi.org/10.1039/C6SM00599C
https://doi.org/10.1039/C6SM00599C
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c01900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/jacs.3c00805?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00145?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsaem.2c02313?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
http://pubs.acs.org/doi/10.1021/acsenergylett.2c01578?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719221462&referrer_DOI=10.1021%2Facsami.2c01900
https://preferences.acs.org/ai_alert?follow=1

