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Abstract: Although organic solar cells (OSCs) have
delivered an impressive power conversion efficiency
(PCE) of over 19 %, most of them demonstrated rather
limited stability. So far, there are hardly any effective
and universal strategies to improve stability of state-of-
the-art OSCs. Herein, we developed a hybrid electron-
transport layer (ETL) in inverted OSCs using ZnO and
a new modifying agent (NMA), and significantly
improved the stability and PCEs for all the tested
devices. In particular, when applied in the D18 :N3
system, its inverted OSC exhibits so far the highest PCE
(18.20%) among inverted single-junction OSCs, demon-
strating an extrapolated T80 lifetime of 7572 h (equiv-
alent to 5 years under outdoor exposure). This is the
first report with T80 over 5000 h among OSCs with over
18% PCE. Furthermore, a high PCE of 16.12% can be
realized even in a large-area device (1 cm2). This hybrid
ETL strategy provides a strong stimulus for highly
prospective commercialization of OSCs.

Introduction

Organic solar cells (OSCs) have demonstrated tremendous
potential for converting solar energy with considerable
competitiveness for commercial applications, because of

their remarkable merits, such as being lightweight, and their
transparency and flexibility.[1–4] Whether OSCs can emerge
as a truly practical application hinges on the combination of
high efficiency, high stability and low cost.[5,6] Although
impressive PCEs over 19 % have been reported for state-of-
the-art OSCs,[7–11] most of them demonstrated limited
stability and short lifetime. Partially, this might be that most
of them adopt a conventional device structure as ITO/hole-
transport layer (HTL)/bulk heterojunction (BHJ)/ETL/met-
al electrode,[7–15] and PEDOT :PSS has been selected as the
most frequently used HTL material.[7–13, 15] Although PE-
DOT: PSS holds many advantages as HTL, for example,
high optical transparency in a wide range, adjustable
conductivity, and well-matched work function (WF) with
most donor molecules,[16, 17] its several critical shortcomings
cannot be ignored, especially in the aspects of stability:
i) PEDOT: PSS can corrode ITO anode, leading to migra-
tion of In ions into the active layer;[18] ii) PEDOT chains
with positive charges can react with electronegative end
groups in most non-fullerene acceptors;[19] iii) PEDOT :PSS
always absorbs moisture and oxygen inevitably.[20, 21] This is
probably one of the most important reasons why the devices
with PEDOT :PSS exhibit overall low stability and short
lifetime.[16] While attempts have been made to address this
issue, the outcome for the stability performance using
conventional architecture so far has not been very
successful.[14, 19,22]

In contrast, inverted devices fabricated with the structure
of ITO/ETL/BHJ/HTL/metal electrode have attracted con-
siderable interest. These exhibited rather promising stability
results[23–27] and are promising for the solution-based roll-to-
roll printing industry.[28,29] But it is rather regrettable that the
PCEs of the above-stable systems reported so far are
relatively low. Another striking point is that almost all the
state-of-the-art OSC systems with high PCEs adopt the
conventional architecture,[7–15] and their inverted ones show
much lower performance.[26, 30] This situation clearly creates
an urgent and important need to design and fabricate OSCs
with inverted architecture demonstrating both high perform-
ance and stability. In inverted OSC devices, the most
popular ETL material has been ZnO, and the main reasons
are that this inorganic material demonstrates quite some
advantages such as good electron mobility, high optical
transparency in the visible region and stable chemical
structure composition.[31, 32] But one of the most challenging
issues for this material is its photoinduced catalysis, which
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leads to the downgraded stability of OSCs.[23, 33, 34] So, to
apply ZnO for stable OSCs, this challenge must also be
addressed.

With all these issues for both stable and high-perform-
ance OSCs, one strategy would be to develop inverted OSCs
using state-of-the-art active materials (for high performance)
and ZnO, but importantly with both the issues of low PCE
and ZnO’s photo-catalysis (for high stability) solved.
Following this strategy, in this work, we designed and
synthesized an organic molecule named 2-(3-(dimeth-
ylamino) propyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]-
isoquinoline-6,7-dicarboxylic acid (NMA) as a ZnO modify-
ing material (Figure 1a). Note that NMA has carboxylic acid
groups at one end, designed for strong coupling with the
surface of ZnO to deactivate the photoinduced catalysis of
ZnO.[35] Its main backbone has a large fused aromatic unit
derived from naphthalene diimide (NDI), beneficial for
electron transport/hoping.[36, 37] Furthermore, the amine and
alkyl groups at the other end of this molecule would endow
it with high miscibility with organic active layer materials on
its top.

As a result, when using this molecule as the modifying
material and combined it with ZnO together to form a
hybrid ETL, the tested typical five systems of state-of-the-
art materials using inverted OSC architecture all demon-
strated simultaneously improved stability and performance.
In particularly, a significantly improved PCE of 18.20% was
achieved for the inverted device of D18 : N3 enabled by the
hybrid ETL. This is the highest PCE among inverted single-

junction OSCs so far. Most importantly, with this top
performance, the devices based on the hybrid ETL main-
tained 95.4 % of its initial PCE after 1500 h illumination.
The T80 lifetime was extrapolated and determined to be
7572 h (equivalent to 5 years’ operational lifetime under
outdoor exposure), which is the first report achieving T80

over 5000 h among OSCs with over 18 % PCE. A high PCE
of 16.12% can also be realized even in large-area device of
1 cm2. Mechanism studies revealed that the main reasons for
such improvement of both performance and stability
include: i) compressed mismatch at the interface of the
electron acceptor material and our new hybrid ETL; ii) sup-
ppressed capacity of ZnO’s catalysis; iii) more optimal
vertical phase separation of active layer, iv) accelerated
charge extraction speed, prolonged carrier lifetime and
decreased charge recombination. We believe our strategy
and the results represent an important forward step towards
the materialization of OSCs’ future commercialization and
would also promote studies for OSCs with both high
performance and stability.

Results and Discussion

The structure of modifying material NMA is shown in
Figure 1a. Theoretical calculation based on the density
functional theory (DFT) at the B3LYP/6-31G* level was
firstly carried out to get the information of frontier
molecular orbitals (FMOs) of NMA. As displayed in

Figure 1. a) Illustration of the inverted device structure utilized in this work. Chemical structure, optimal geometric conformation and dipole
moment orientation of NMA. b) Operation stability test of devices under MPP tracking with continuous illumination of 100 mWcm� 2 provided by
LED arrays. c) Optimal current density–voltage (J–V) curves of the device based on ZnO or ZnO/NMA as the ETL under the illumination of AM
1.5G. Inset: PCE distributions counted by 25 devices. d) The statistical figure of PCE vs. T80 counting the OSCs reported with a T80 lifetime over
1000 h. e) Optimal current density–voltage (J–V) curves of the 1 cm2 device based on ITO/ZnO/NMA/D18 :N3/MoOx/Ag under the illumination of
AM 1.5G.
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Figure S1, the HOMO of NMA mainly distributes in the
electron-rich amine side chain, and the LUMO is mainly
distributed in the electron-poor aromatic backbone. The
electron-state density distributions in FMOs lead to an
intramolecular dipole moment of 3.07 Debye (Figure 1a).
When processed in common polar solvents, the existence of
an intramolecular dipole moment makes it easy to form an
interfacial dipole, which could be beneficial to the charge
extraction and transfer at the interface between charge
transport layers and active layer.[37, 38] In view of these merits,
we then combined NMA with ZnO as a new hybrid ETL.

With this hybrid ETL of ZnO/NMA at hand, D18 :N3,
one of the high-performance OSC systems[39] (see chemical
structure in Figure S2) was selected to fabricate devices with
an inverted structure as ITO/ETL/D18 :N3/MoOx/Ag, where
devices with ETL of both bare ZnO and the hybrid ETL
were fabricated. Then these devices were evaluated for their
operational stability and PCEs following the standard
protocol.[23, 40] For operational stability test, devices were
placed under continuous 1 sun illumination simulated by
LED arrays (see light spectrum in Figure S3) under max
power point (MPP) tracking in a nitrogen-filled glovebox.
As shown in Figure 1b, while devices based on bare ZnO
had already degraded 20 % of the initial PCEs within 300 h,
the devices based on the hybrid ETL maintained 95.4 % of
its initial PCE after 1500 h illumination and still present a
steady-state. The plots of Voc, Jsc and FF vs. time with
continuous illumination were displayed in Figure S4. Ta-
ble S1 gave the specific retention rates of Voc, Jsc and FF.
Then, we can extrapolate T80 lifetime of the devices by
fitting the linearly decaying part and a value of 7572 h of T80

lifetime was determined (Figure S5). Furthermore, with the
estimating an average intensity (1500 kWh/(m2 year) of solar
irradiance outdoor for China,[24] the operational lifetime
under outdoor exposure is equivalent to over 5 years, much
longer than the majority OSC systems so far.[5,6]

Importantly, besides remarkable stability achieved,
much higher PCEs of the dedicated inverted devices of
ZnO/NMA were also observed. For example, for the
inverted D18 : N3 devices using the hybrid ETL, simulta-
neously enhanced Voc (from 0.856 to 0.864 V), Jsc (from
26.55 to 27.23 mAcm� 2) and FF (from 73.2 % to 77.3%)
endow devices with a clear improved PCE from 16.64% to
18.20%, which is the highest value among inverted single-
junction OSCs till now. The plots of the J–V curves are
provided in Figure 1c, with PCE distributions as inset.

Details of photovoltaic parameters are summarized in
Table 1. We then summarized OSCs reported in the
literatures with T80 lifetime over 1000 h (Figure 1d and
Table S2). It can be seen that this is the first report achieving
T80 over 5000 h among OSCs with over 18 % PCE. We then
calculated effective lifetime energy yield (LEY) of OSCs in
Table S2, to evaluate OSCs’ potential of practical applica-
tion considering both performance and stability. Assuming
the degradation of PCE from the beginning to T80 is a linear
decay, we got the corresponding LEY based on the equation
of LEY ¼

R T80
0 PCE tð Þdt following the literature[41, 42] and

summarized them in Table S2. It can be seen that the
devices demonstrated in this work is among the top five
OSC systems based on LEY values. These results demon-
strate the superiority of NMA of promoting devices’
efficiency and stability simultaneously. Moreover, a high
PCE of 16.12% can also be realized even in the large-area
device of 1 cm2 enabled in hybrid ETL/D18 : N3 system,
which is among the most efficient OSCs with device area of
1 cm2 (Figure 1e and Table S3).

To understand the reasons for the simultaneously
improved stability and efficiency enabled by the hybrid
ETL, mechanism studies were performed. We first inves-
tigated the surface properties difference of ZnO before and
after modification with NMA. X-ray photoelectron spectra
(XPS) measurement was carried out firstly. Compared with
that without modification, the region of the C1s core level
(Figure 2a) can be split into four peaks, with new peaks at
284.8 eV (for C� H and C� C bond), 286.0 eV (for C� N
bond), 288.2 eV (for N� C=O group) and 289.2 eV (for
COO� group),[35, 43] corresponding to the chemical structure
of NMA. Note that weak peaks at 284.8 and 288.5 eV before
modification should be assigned to the ubiquitous “adventi-
tious” carbon and carbonate.[44] On the other hand, after
modification, a 0.2 eV shift of peaks at the Zn 2p core level
towards lower energy was observed (Figure 2b), indicating a
change of ZnO layer’s nature that oxygen defects were
largely reduced.[45, 46] Figure 2c displays the XPS at O 1s core
level. After modification, the signal of lattice oxygen of ZnO
was still centered at 530.1 eV,[26] but importantly the signal
of defect oxygen of ZnO shifted from 531.8 to 531.6 eV with
a 0.2 eV change. Moreover, the peak intensity of lattice
oxygen increased, but that for defect oxygen decreased. The
stoichiometric ratio of lattice oxygen to defect oxygen are
0.83 and 1.89 before and after modification calculated from
corresponding peak areas, respectively, which strongly

Table 1: Photovoltaic parameters of optimized inverted OSCs utilizing D18 :N3 as active layer and based on ZnO or ZnO/NMA as the ETL under
the illumination of AM 1.5G (100 mWcm� 2).[a]

ETL/Active layer Voc [V] Jsc [mAcm� 2] Jsc
cal [mAcm� 2][b] FF [%] PCE [%]

ZnO/D18 :N3 0.856
(0.855�0.004)

26.55
(26.12�0.45)

25.92 73.2
(73.5�0.9)

16.64
(16.40�0.20)

ZnO/NMA/D18 :N3 0.864
(0.864�0.003)

27.23
(27.48�0.40)

26.82 77.3
(75.6�0.8)

18.20
(17.95�0.18)

[a] Optimal results and statistical results are listed outside of parentheses and in parentheses, respectively. The average parameters were
calculated from 25 independent devices. [b] Current densities calculated from EQE curves.
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reveals the function of NMA as defect oxygen inhibitor of
ZnO,[26, 47] consistent with the above results observed from
Zn 2p peaks. In addition, after modification, signals at 531.1
and 532.4 eV emerged, ascribed to the COO� and the
N� C=O group of NMA, consistent with the XPS for neat
NMA film (Figure S6). XRD analysis has also been carried
out for both ZnO films with and without NMA modification,
no clear diffraction peak or difference was observed, in line
with the literature.[48]

It has been widely reported that ZnO can catalyze the
decomposition of acceptors of OSCs induced by ultraviolet
light, and defect oxygen of ZnO plays a key role.[23, 33, 34] As
aforementioned, by modifying NMA on a ZnO film, a lower
content of defect oxygen was achieved, which should help
prevent acceptors from being decomposed. To study the
decomposition behavior of the acceptors under UV light
before and after modification, we tested the stability of the
acceptor molecule N3 under continuous UV illumination
(365 nm, 40 mW cm� 2). As shown in Figure 2d, the N3 film
coated upon glass/ZnO exhibited rather poor stability,
where its absorption strength decreased quickly as time
went on and became almost colorless ultimately in merely
30 h. On the contrary, when coated onto glass/ZnO/NMA,
rather high stability of N3 film was achieved without any
observed decay of the absorption intensity in the same
period (Figure 2e), which clearly verified the much-reduced
photocatalytic activity of ZnO after modification with
NMA. On the other hand, carboxylic acid groups of NMA
ensure strong coupling with the surface of ZnO to form a
protector in space, blocking the reaction between photo-
generated holes[49] (in ZnO) and active layer materials
effectively. These results could unravel the cause of much-

enhanced operational stability and the prolonged T80 life-
time of the devices with hybrid ETL.

Ultraviolet photoelectron spectroscopy (UPS) using a
He I discharge lamp (21.22 eV) was then conducted. As
illustrated in Figure S7, the secondary electron cutoff
(ECutoff) edges with and without modification with NMA are
17.33 and 17.45 eV, respectively, and the gap between EF

and the highest occupied state (HOS) with and without
modification with NMA are 3.41 and 3.47 eV, respectively.
Thus, the valence band maximum (VBM) and WF before
and after the modification are � 7.24/3.77 eV and � 7.30/
3.89 eV, respectively. The increased WF likely benefits from
a downward intramolecular dipole[35] caused by the electron-
donating amine side chain and the electron-withdrawing
carboxyl group. On the other hand, optical band gaps of
ZnO and ZnO/NMA are 3.53 and 3.43 eV (Figure S8),
respectively. Thus, the conduction band minimum (CBM)
can be estimated from the VBM and optical band gap and is
determined to be � 3.71 and � 3.87 eV for ZnO and ZnO/
NMA, respectively (Figure 2f). At the same time, the CBM
(LUMO) value of N3 was obtained from its UPS and UV-
Vis spectrum (Figure S9, S10) and determined to be
� 3.79 eV. That the LUMO of N3 is lower than the CBM of
the ZnO film is unfavorable to electron hopping in inverted
devices. Herein, with this hybrid ETL, a cascade alignment
of CBM between N3 and hybrid ETL was achieved with a
rather small mismatch of 0.08 eV at the interface of them
(Figure S11 and Table S4). Such a small energy level
mismatch at the BHJ/ETL interface can also help sweep out
defects and trap and avoid charge accumulation in space.[35]

Dynamic measurements enable us to explore the exciton
dissociation process, charge transport properties and recom-

Figure 2. XPS for ZnO before and after modification with NMA for C 1s core level (a), Zn 2p core level (b) and O 1s core level (c). The UV/Vis
absorption spectra of N3 coated upon glass/ZnO (d) and glass/ZnO/NMA (e) with different exposure time under continuous UV illumination in
ambient conditions. The insets are photos of films under corresponding illumination time. f) Energy level diagrams of ZnO and ZnO/NMA. Evac

and EF represent vacuum level and Fermi level, respectively.
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bination behaviors of optimized devices. External quantum
efficiency (EQE) was conducted first. Devices with hybrid
ETL achieved a higher EQE response in the wide range
from 300 to 1000 nm (Figure S12). The EQE offset (Fig-
ure S13) can give direct insight into the difference. The
integral current density value obtained from EQE curves
was improved from 25.92 to 26.82 mAcm� 2 by employing
the hybrid ETL, likely due to promoted exciton dissociation
at the interface between the ETL and active layer, and
responsible for improved Jsc.

[50] Figure 3a exhibits curves of
photocurrent density (Jph) with respect to effective bias,
which corresponds to the results observed from EQE
spectra. Dissociation probabilities P (E,T) were improved in
devices with hybrid ETL from 94.8 % to 96.5% (for the
short-circuit condition) and from 81.9 % to 86.8 % (for the
maximal power output condition), compared with that of
bare ZnO-based devices. Figure 3b shows the J–V character-
istics of OSCs under dark conditions, in which a reduced
leakage current under a reverse bias voltage and an
enhanced rectification ratio of devices enabled by the hybrid
ETL were clearly observed, corresponding to an improved
carrier injection registered process from active layer to the
ETL.[51]

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed to investigate the interface resist-
ance, with a bias voltage equal to Voc of the corresponding
devices. Nyquist plots are depicted in Figure 3c, fitted by an
equivalent-circuit model (ECM) referencing previous
work.[52] Under ECM, series resistances (Rseries) and inter-
facial resistance (Rsurface) are 56.7 and 54.1 Ω for the devices

based on ZnO, and 44.1 and 31.5 Ω for devices based on
ZnO/NMA film, respectively. Simultaneously reduced Rseries

and Rsurface after modification demonstrates fewer interfacial
defects and better contact between the active layer and
ETL, which should suppress charge recombination
further.[53, 54] To verify this, the dependence of the Jsc and Voc

on light intensity was examined (Figure S14 and Figure 3d).
After modification, the exponent α of the equation Jsc/P

α is
closer to 1 (0.987 vs. 0.984) in Jsc ~Plight curves, and the slope
is closer to 1 kT/q (1.26 vs. 1.40 kT/q) in Voc ~Plight curves,
which proves that bimolecular and trap-assisted recombina-
tion decreased in the hybrid ETL-based devices.[55, 56] Tran-
sient photovoltage (TPV) and transient photocurrent (TPC)
measurements were carried out to understand the influence
of decreased recombination behavior and are displayed in
Figure S15 and Figure 3e. After modification, the charge
extraction speed is accelerated to 1.68 times (0.28 vs.
0.47 μs), and the carrier lifetime is prolonged to 1.72 times
(88.8 vs. 51.5 μs). These dynamic study results are consistent
with the observed significantly improved FF and Jsc of
devices using the hybrid ETL.[57]

As known, the built-in electric field reflects the internal
electric field state of the device, impacting the drifting of
charge towards the corresponding electrode and often
deciding the upper limit of open-circuit voltage.[50] Figure 3f
displays the C–V characteristics of the devices with bare
ZnO and hybrid ETL, from which the built-in voltage (Vbi)
was evaluated by utilizing the Mott–Schottky analysis.[58] A
larger value of Vbi in devices based on the hybrid ETL than
that based on ZnO (0.748 vs. 0.735 V) corresponds to a

Figure 3. a) Photocurrent density versus effective voltage (Jph–Veff) characteristics for the devices based on ZnO or the hybrid ETL. b) J–V
characteristics in the dark of devices based on ZnO or the hybrid ETL. c) Nyquist plots of devices based on ZnO or the hybrid ETL. Inset: The
equivalent-circuit model employed for fitting of EIS data. d) Voc values of the photovoltaic devices versus light intensity. e) Transient photocurrent
measurements of devices based on ZnO or the hybrid ETL analyzed by a one order exponential decline model. f) Mott–Schottky fitting to the
capacitance–potential plots of the devices based on ZnO or the hybrid ETL.
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superior built-in electric field. On the other hand, as
reported by Tang,[59, 60] augmented Vbi obtained by regulat-
ing the carrier transport layer in devices will decrease
undesired diffusion to the “wrong” electrode, which will
further lead to suppressed non-radiative recombination.
We then carried out electroluminescence external quantum
efficiency (EQEEL) measurement to explore this. As shown
in Figure S16, the device based on the hybrid ETL yielded
a higher EQEEL of 1.20 × 10� 4 than that of a bare ZnO-
based device (6.75 × 10� 5), and corresponded to a much
lower energy loss of non-radiative recombination (calcu-
lated according to � kTlnðEQEELÞ) of 0.232 eV than that of
bare ZnO (0.247 eV). The enhanced Vbi and reduced non-
radiative recombination should account for the improved
Voc and FF after modification of ZnO with NMA.[35, 50]

In addition to changing the contact barrier, another
important role of the modification layer in OSCs is to tune
the surface energy of the interface and modulate the active
layer morphology. Thus, we subsequently analyzed the
active layer morphology coated upon ZnO or ZnO/NMA.
Molecular dynamics simulation (details are in Supporting
Information) was first carried out to investigate the surface
molecule adsorption properties. As depicted in Figure S17,
the adsorption energy (Eads) of N3 and D18 on the surface
of the ZnO film is � 147.9 kJ mol� 1 (Eads (ZnO/N3)) and
� 108.4 kJ mol� 1 (Eads(ZnO/D18)), respectively. Eads of N3 and
D18 on the surface of the ZnO/NMA film is � 566.2 kJmol� 1

(Eads (ZnO/NMA/N3)) and � 292.2 kJ mol� 1 (Eads(ZnO/NMA/D18)), re-
spectively. The ratio of Eads (ZnO/NMA/N3) to Eads(ZnO/NMA/D18) is
much larger than the ratio of Eads (ZnO/N3) to Eads(ZnO/D18) (1.9
vs. 1.4), which should promote the acceptor N3 to segregate
more likely at the BHJ-ETL interface. In order to confirm
this, we studied the surface properties of the interface layer
before and after modification. First, as shown in Figure S18,
the surfaces of ZnO and ZnO/NMA film are both smooth
and uniform. Next, the contact angles of ZnO, ZnO/NMA,
D18 and N3 films based on water and glycerol were tested
(Figure S19 and Table S5), based on which surface tension
(γ) values were calculated following Wu’s model.[61] The
surface tension of the ZnO/NMA film is smaller than that of
the ZnO film (36.52 vs. 66.72 mNm� 1) and is closer to that
of the N3 and D18 films. Such a change of the ETL surface
from hydrophilic to hydrophobic is due to the well-
conjugated naphthalene unit and alkyl chain of NMA, which
is likely also beneficial to achieve better contact between the
ETL and active layer. Furthermore, the surface tension of
ZnO/NMA is closer to that of N3 (compared with D18),
indicating that N3 more likely attempts to gather at the
bottom (close to the cathode of the device).[35]

To further verify the difference in vertical phase
distribution of the D18 : N3 layer for the devices using bare
ZnO and hybrid ETL, time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was carried out, where CN�

acted as an indicator of the component N3, and F�

represents the total component of BHJ. Hence, the ratio of
CN� intensity to F� intensity could partially represent the
amount of N3 at a specific location/height in the vertical
direction. The CN� and F� intensity, together with CN� /F�

variation are plotted in Figure 4a,b. Notably, with the hybrid

ETL, a higher CN� /F ratio was exhibited in the region near
the bottom of the ETL (2.89 vs. 1.26), revealing a N3
accumulated distribution happening near the cathode[15, 62]

consistent with the result of theoretical calculations and the
surface tension analysis above. To provide more in-depth
information, film-depth-dependent light absorption spectra
(FLAS) of the BHJ based on ZnO and ZnO/NMA films
were carried out. The experimental and numerical simula-
tion methods were conducted following previous
reports.[63,64] The absorption peaks located from 500 to
600 nm in Figure 4c,d are mainly attributed to D18, and the
absorption around 800 nm is mainly ascribed to N3. With
this, the component content distributions along the vertical
direction were obtained and are illustrated in Figure 4e, f. It
can be observed clearly that the content of N3 at the bottom
in the hybrid ETL-based devices is larger, which guaranteed
a more favorable vertical phase separation (depicted in
Figure 4g,h). On the other hand, grazing-incident wide-
angle X-ray scattering (GIWAXS), atomic force microscopy
(AFM) and transmission electron microscopy (TEM) were
conducted to further study the microscopic morphology of
the active layer upon ZnO and ZnO/NMA (Figure S20 and
S21, Table S6). D18 : N3 upon ZnO and ZnO/NMA both
adopt a face-on orientation, with nearly the same location of
the (100) diffraction peak around 0.30 Å� 1 (d spacing:
20.94 Å) in the in-plane direction and a π–π stacking (010)
diffraction peak around 1.73 Å� 1 (d spacing: 3.63 Å) in the
outof-plane direction. However, a slightly larger crystal
coherence length (CCL) of both (010) (36.48 vs. 35.12 Å)
and (100) diffraction peaks (62.14 vs. 58.18 Å) was delivered
for that upon the ZnO/NMA film, which is beneficial for
charge transport. From AFM images, both flat and uniform
surfaces of D18 : N3 films upon ZnO/NMA and ZnO were
observed with approximate roughness values of 0.725 and
0.761 nm, respectively. According to TEM images, a better
continuous phase separation of D18 :N3 with clearer nano-
scale fibrillar structure was achieved upon ZnO/NMA. The
well-modulated morphology could explain the reduced
charge accumulation, faster extraction process and inhibited
recombination behavior, responsible for improved perform-
ance with the hybrid ETL.

With the exciting results for the top performance of the
D18 :N3 active material, four other typical systems
(PM6 :Y6 : PC71BM; PM6: L8-BO; PM6:F-2Cl and
PCE10 :PC71BM) in inverted devices were selected to
explore the generality of our hybrid ETL approach (see
chemical structures in Figure S22). With the hybrid ETL, all
the PCEs have been enhanced significantly together with
simultaneously enhanced Voc, Jsc and FF (Figure 5, Table 2
and Figure S23). More importantly, besides such perform-
ance improvement, operational stability was also enhanced
for all devices utilizing the hybrid ETL. PCEs’ degradations
vs. time are shown in Figure 5, and plots of Voc, Jsc and FF
vs. time are shown in Figures S24–S27. Specific retention
rates of Voc, Jsc, FF and PCE are summarized in Table S7. It
can be seen clearly that by employing the hybrid ETL, the
enhanced operation stability comes from concurrently
increased stability of Voc, Jsc and FF, which is in alignment
with the results in the above D18 :N3 system. With the
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positive results of our hybrid ETL for these typical and
state-of-the-art systems, while further studies are needed for
other systems to have a conclusion, it is likely similar results
could be achieved following the same strategy by designing
similar modifying agents such as derivatives of NMA.

It should be noted that, in addition to operation stability,
thermal stability of OSCs is another crucial aspect for
commercial application.[65] Thus, we examined the thermal
stability of these two types of devices with bare ZnO and
the hybrid ETL by a continuous thermal stress of 85 °C

under dark conditions. Importantly, all the above-mentioned
five systems exhibited much enhanced thermal stability
(Figure S28) when employing the hybrid ETL. As indicated
from previous reports,[66–68] the active layer morphology will
change induced by heat, and will further change the inter-
face adhesion between the active layer and carrier transport
layers. This will further create barriers and defects that are
unfavorable to charge transport and extraction, leading to
performance deterioration eventually. As mentioned above,
compared with bare ZnO, the surface energies of the

Figure 4. a) Relative TOF-SIMS ion intensity of F� (blue diamonds and line) and CN� (red balls and line), and CN� /F� intensity ratio (green
triangles and line) as a function of t/tmax in the BHJ coated upon ZnO (a) or ZnO/NMA (b), where “t” is specific sputtering time and tmax is total
sputtering time. Film-depth-dependent light absorption spectra of the photoactive layer for ZnO/D18 :N3 (c) and ZnO/NMA/D18 :N3 (d).
Distribution of the donor and the acceptor in the photoactive layer coated upon ZnO (e) and ZnO/NMA (f) along the vertical direction as obtained
from the real-time absorption spectra. Schematic illustrations of composition gradient of photoactive layer coated upon ZnO (g) and ZnO/
NMA (h). The blue fibers represent D18 blocks and the orange bricks represent N3 blocks.
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interface between the active layer and the hybrid ETL
match better. This will decrease the driving force for the
active layer’s morphology relaxation,[24] which could provide
the reasons for the improved thermal stability for all the
tested systems.

Conclusion

An organic modifying material of ZnO was designed and
synthesized, and when combined with ZnO as a hybrid ETL
to fabricate inverted OSCs devices, both significantly
enhanced performance and stability were achieved for all
tested typical devices. For example, the device with D18 :N3
as the active layer offered a PCE of 18.20% and an

extrapolated T80 lifetime of 7572 h, equivalent to an opera-
tional lifetime up to 5 years under outdoor exposure. This is
among the best results for OSCs, when considering both
performance and stability together. The main reasons for
such dual-improvement include: i) NMA reduced the con-
tent of defect oxygen on the surface of the ZnO film and
suppressed ZnO’s capacity for photo-catalysis; ii) the energy
barrier at the ETL/N3 interface was reduced and hence
decreased the charge accumulation and recombination; iii) a
more optimal vertical phase separation of the active layer
has formed. These excellent results and the generality of our
approach demonstrate a high feasibility for broad applica-
tions for other state-of-the-art OSC systems and the
potential of practical commercialization of OSCs.

Figure 5. Optimal current density–voltage (J–V) curve of the device with ZnO or the hybrid ETL as the ETL under the illumination of AM 1.5G
(100 mWcm� 2) based on PM6:Y6 :PC71BM (a); PM6 :L8-BO (c); PM6 :F-2Cl (e) and PCE10 :PC71BM (g). Operation stability test of devices with
ZnO or the hybrid ETL as the ETL under MPP tracking with continuous illumination of 100 mWcm� 2 provided by LED arrays at 23–27 °C in N2

atmosphere based on PM6:Y6 :PC71BM (b); PM6 :L8-BO (d); PM6 :F-2Cl (f) and PCE10 :PC71BM (h).

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202207397 (8 of 10) © 2022 Wiley-VCH GmbH



Acknowledgements

The authors gratefully acknowledge the financial support
from MoST (2019YFA0705900) of China, NSFC (21935007,
52025033), Tianjin city (20JCZDJC00740) and 111 Project
(B12015). We also appreciate the help of Prof. Fenghong Li
in Jilin University for the UPS measurements.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: High Efficiency · High Stability · Organic Solar
Cells · ZnO Modification

[1] J. Yuan, Y. Zhang, L. Zhou, G. Zhang, H.-L. Yip, T.-K. Lau,
X. Lu, C. Zhu, H. Peng, P. A. Johnson, M. Leclerc, Y. Cao, J.
Ulanski, Y. Li, Y. Zou, Joule 2019, 3, 1140–1151.

[2] F. Qin, L. Sun, H. Chen, Y. Liu, X. Lu, W. Wang, T. Liu, X.
Dong, P. Jiang, Y. Jiang, L. Wang, Y. Zhou, Adv. Mater. 2021,
33, 2103017.

[3] Y. Sun, M. Chang, L. Meng, X. Wan, H. Gao, Y. Zhang, K.
Zhao, Z. Sun, C. Li, S. Liu, H. Wang, J. Liang, Y. Chen, Nat.
Electron. 2019, 2, 513–520.

[4] J. Wan, Y. Xia, J. Fang, Z. Zhang, B. Xu, J. Wang, L. Ai, W.
Song, K. N. Hui, X. Fan, Y. Li, Nano-Micro Lett. 2021, 13, 44.

[5] S. Park, T. Kim, S. Yoon, C. W. Koh, H. Y. Woo, H. J. Son,
Adv. Mater. 2020, 32, 2002217.

[6] Q. Burlingame, M. Ball, Y.-L. Loo, Nat. Energy 2020, 5, 947–
949.

[7] L. Zhu, M. Zhang, J. Xu, C. Li, J. Yan, G. Zhou, W. Zhong, T.
Hao, J. Song, X. Xue, Z. Zhou, R. Zeng, H. Zhu, C. C. Chen,
R. C. I. MacKenzie, Y. Zou, J. Nelson, Y. Zhang, Y. Sun, F.
Liu, Nat. Mater. 2022, 21, 656–633.

[8] C. He, Y. Pan, Y. Ouyang, Q. Shen, Y. Gao, K. Yan, J. Fang,
Y. Chen, C.-Q. Ma, J. Min, C. Zhang, L. Zuo, H. Chen, Energy
Environ. Sci. 2022, 15, 2537–2544.

[9] K. Chong, X. Xu, H. Meng, J. Xue, L. Yu, W. Ma, Q. Peng,
Adv. Mater. 2022, 34, 2109516.

[10] R. Sun, Y. Wu, X. Yang, Y. Gao, Z. Chen, K. Li, J. Qiao, T.
Wang, J. Guo, C. Liu, X. Hao, H. Zhu, J. Min, Adv. Mater.
2022, 34, 2110147.

[11] Y. Cui, Y. Xu, H. Yao, P. Bi, L. Hong, J. Zhang, Y. Zu, T.
Zhang, J. Qin, J. Ren, Z. Chen, C. He, X. Hao, Z. Wei, J. Hou,
Adv. Mater. 2021, 33, 2102420.

[12] F. Liu, L. Zhou, W. Liu, Z. Zhou, Q. Yue, W. Zheng, R. Sun,
W. Liu, S. Xu, H. Fan, L. Feng, Y. Yi, W. Zhang, X. Zhu, Adv.
Mater. 2021, 33, 2100830.

[13] C. Li, J. Zhou, J. Song, J. Xu, H. Zhang, X. Zhang, J. Guo, L.
Zhu, D. Wei, G. Han, J. Min, Y. Zhang, Z. Xie, Y. Yi, H. Yan,
F. Gao, F. Liu, Y. Sun, Nat. Energy 2021, 6, 605–613.

[14] Y. Lin, Y. Firdaus, F. H. Isikgor, M. N. Nugraha, E. Yengel,
G. T. Harrison, R. Hallani, A. El-Labban, H. Faber, C. Ma, X.
Zheng, A. Subbiah, C. T. Howells, O. M. Bakr, I. McMulloch,
S. De Wolf, L. Tsetseris, T. D. Anthopoulos, ACS Energy Lett.
2020, 5, 2935–2944.

[15] L. Zhan, S. Li, X. Xia, Y. Li, X. Lu, L. Zuo, M. Shi, H. Chen,
Adv. Mater. 2021, 33, 2007231.

[16] H. Xu, F. Yuan, D. Zhou, X. Liao, L. Chen, Y. Chen, J. Mater.
Chem. A 2020, 8, 11478–11492.

[17] K. Yang, S. Chen, J. Fu, S. Jung, J. Ye, Z. Kan, C. Hu, C.
Yang, Z. Xiao, S. Lu, K. Sun, ACS Appl. Mater. Interfaces
2020, 12, 30954–30961.

[18] K. W. Wong, H. L. Yip, Y. Luo, K. Y. Wong, W. M. Lau, K. H.
Low, H. F. Chow, Z. Q. Gao, W. L. Yeung, C. C. Chang, Appl.
Phys. Lett. 2002, 80, 2788–2790.

[19] Y. Wang, W. Lan, N. Li, Z. Lan, Z. Li, J. Jia, F. Zhu, Adv.
Energy Mater. 2019, 9, 1900157.

Table 2: Photovoltaic parameters of OSCs under the illumination of AM 1.5G (100 mWcm� 2).[a]

Active layer ETL Voc [V] Jsc [mAcm� 2] Jsc
cal [mAcm� 2][b] FF [%] PCE [%]

PM6 :Y6 :PC71BM ZnO 0.831
(0.830�0.001)

26.71
(26.17�0.45)

26.11 72.9
(72.7�0.6)

16.19
(15.80�0.27)

ZnO/NMA 0.838
(0.837�0.003)

27.56
(27.77�0.31)

26.80 75.4
(74.0�0.9)

17.41
(17.19�0.11)

PM6 :L8-BO ZnO 0.875
(0.875�0.002)

25.93
(25.82�0.34)

25.08 75.9
(73.3�1.6)

17.21
(16.54�0.36)

ZnO/NMA 0.880
(0.879�0.003)

26.04
(26.07�0.19)

25.36 77.2
(75.7�0.9)

17.68
(17.35�0.19)

PM6 :F-2Cl ZnO 0.902
(0.885�0.005)

19.96
(19.70�0.40)

19.52 74.9
(74.3�0.9)

13.48
(13.12�0.25)

ZnO/NMA 0.905
(0.906�0.006)

20.34
(20.41�0.31)

19.76 76.5
(75.3�0.8)

14.07
(13.93�0.13)

PCE10 :PC71BM ZnO 0.800
(0.801�0.001)

17.49
(17.12�0.28)

17.07 63.8
(63.6�1.6)

8.93
(8.72�0.14)

ZnO/NMA 0.804
(0.800�0.005)

17.72
(17.58�0.36)

17.30 67.5
(66.5�0.7)

9.62
(9.36�0.17)

[a] Optimal results and statistical results are listed outside of parentheses and in parentheses, respectively. The average parameters were
calculated from 10 independent devices. [b] Current densities calculated from EQE curves.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202207397 (9 of 10) © 2022 Wiley-VCH GmbH

https://doi.org/10.1016/j.joule.2019.01.004
https://doi.org/10.1002/adma.202103017
https://doi.org/10.1002/adma.202103017
https://doi.org/10.1038/s41928-019-0315-1
https://doi.org/10.1038/s41928-019-0315-1
https://doi.org/10.1002/adma.202002217
https://doi.org/10.1038/s41560-020-00732-2
https://doi.org/10.1038/s41560-020-00732-2
https://doi.org/10.1038/s41563-022-01244-y
https://doi.org/10.1039/D2EE00595F
https://doi.org/10.1039/D2EE00595F
https://doi.org/10.1002/adma.202109516
https://doi.org/10.1002/adma.202110147
https://doi.org/10.1002/adma.202110147
https://doi.org/10.1002/adma.202102420
https://doi.org/10.1002/adma.202100830
https://doi.org/10.1002/adma.202100830
https://doi.org/10.1038/s41560-021-00820-x
https://doi.org/10.1021/acsenergylett.0c01421
https://doi.org/10.1021/acsenergylett.0c01421
https://doi.org/10.1002/adma.202007231
https://doi.org/10.1039/D0TA03511D
https://doi.org/10.1039/D0TA03511D
https://doi.org/10.1021/acsami.0c06759
https://doi.org/10.1021/acsami.0c06759
https://doi.org/10.1063/1.1469220
https://doi.org/10.1063/1.1469220
https://doi.org/10.1002/aenm.201900157
https://doi.org/10.1002/aenm.201900157


[20] B. Ecker, J. C. Nolasco, J. Pallarés, L. F. Marsal, J. Posdorfer,
J. Parisi, E. von Hauff, Adv. Funct. Mater. 2011, 21, 2705–2711.

[21] K. Kawano, R. Pacios, D. Poplavskyy, J. Nelson, D. D. C.
Bradley, J. R. Durrant, Sol. Energy Mater. Sol. Cells 2006, 90,
3520–3530.

[22] S. Chen, L. Feng, T. Jia, J. Jing, Z. Hu, K. Zhang, F. Huang,
Sci. China Chem. 2021, 64, 1192–1199.

[23] Y. Li, X. Huang, K. Ding, H. K. M. Sheriff Jr., L. Ye, H. Liu,
C. Z. Li, H. Ade, S. R. Forrest, Nat. Commun. 2021, 12, 5419.

[24] X. Xu, J. Xiao, G. Zhang, L. Wei, X. Jiao, H.-L. Yip, Y. Cao,
Sci. Bull. 2020, 65, 208–216.

[25] X. Du, T. Heumueller, W. Gruber, A. Classen, T. Unruh, N.
Li, C. J. Brabec, Joule 2019, 3, 215–226.

[26] Y. Han, H. Dong, W. Pan, B. Liu, X. Chen, R. Huang, Z. Li, F.
Li, Q. Luo, J. Zhang, Z. Wei, C.-Q. Ma, ACS Appl. Mater.
Interfaces 2021, 13, 17869–17881.

[27] Y. He, T. Heumüller, W. Lai, G. Feng, A. Classen, X. Du, C.
Liu, W. Li, N. Li, C. J. Brabec, Adv. Energy Mater. 2019, 9,
1900409.

[28] N. Chaturvedi, N. Gasparini, D. Corzo, J. Bertrandie, N.
Wehbe, J. Troughton, D. Baran, Adv. Funct. Mater. 2021, 31,
2009996.

[29] M. Fernández Castro, E. Mazzolini, R. R. Sondergaard, M.
Espindola-Rodriguez, J. W. Andreasen, Phys. Rev. Appl. 2020,
14, 034067.

[30] X. Song, G. Liu, W. Gao, Y. Di, Y. Yang, F. Li, S. Zhou, J.
Zhang, Small 2021, 17, 2006387.

[31] T. Li, Y. Wu, J. Zhou, M. Li, J. Wu, Q. Hu, B. Jia, X. Pan, M.
Zhang, Z. Tang, Z. Xie, T. P. Russell, X. Zhan, J. Am. Chem.
Soc. 2020, 142, 20124–20133.

[32] H.-L. Yip, S. K. Hau, N. S. Baek, H. Ma, A. K. Y. Jen, Adv.
Mater. 2008, 20, 2376–2382.

[33] Y. Jiang, L. Sun, F. Jiang, C. Xie, L. Hu, X. Dong, F. Qin, T.
Liu, L. Hu, X. Jiang, Y. Zhou, Mater. Horiz. 2019, 6, 1438–
1443.

[34] Q. Liao, Q. Kang, Y. Yang, Z. Zheng, J. Qin, B. Xu, J. Hou,
CCS Chem. 2021, 3, 1059–1069.

[35] H. Liu, Z. X. Liu, S. Wang, J. Huang, H. Ju, Q. Chen, J. Yu, H.
Chen, C. Z. Li, Adv. Energy Mater. 2019, 9, 1900887.

[36] Q. Kang, L. Ye, B. Xu, C. An, S. J. Stuard, S. Zhang, H. Yao,
H. Ade, J. Hou, Joule 2019, 3, 227–239.

[37] R. Sorrentino, E. Kozma, S. Luzzati, R. Po, Energy Environ.
Sci. 2021, 14, 180–223.

[38] Z. He, C. Zhong, S. Su, M. Xu, H. Wu, Y. Cao, Nat. Photonics
2012, 6, 591–595.

[39] K. Jin, Z. Xiao, L. Ding, J. Semicond. 2021, 42, 010502.
[40] H. Chen, R. Zhang, X. Chen, G. Zeng, L. Kobera, S. Abbrent,

B. Zhang, W. Chen, G. Xu, J. Oh, S.-H. Kang, S. Chen, C.
Yang, J. Brus, J. Hou, F. Gao, Y. Li, Y. Li, Nat. Energy 2021,
6, 1045–1053.

[41] M. Saliba, M. Stolterfoht, C. M. Wolff, D. Neher, A. Abate,
Joule 2018, 2, 1019–1024.

[42] J. Qian, Marco. Ernst, N. Wu, A. Blakers, Sustainable Energy
Fuels 2019, 3, 1439–1447.

[43] M. Kehrer, J. Duchoslav, A. Hinterreiter, M. Cobet, A. Mehic,
T. Stehrer, D. Stifter, Plasma Processes Polym. 2019, 16,
1800160.

[44] E. Smecca, A. Motta, M. E. Fragalà, Y. Aleeva, G. G.
Condorelli, J. Phys. Chem. C 2013, 117, 5364–5372.

[45] J. Wei, Z. Yin, S. C. Chen, Q. Zheng, ACS Appl. Mater.
Interfaces 2017, 9, 6186–6193.

[46] Y. Zhang, G. Du, X. Wang, W. Li, X. Yang, Y. Ma, B. Zhao,
H. Yang, D. Liu, S. Yang, J. Cryst. Growth 2003, 252, 180–183.

[47] P. Fu, X. Guo, S. Wang, Y. Ye, C. Li, ACS Appl. Mater.
Interfaces 2017, 9, 13390–13395.

[48] Y. Sun, J. H. Seo, C. J. Takacs, J. Seifter, A. J. Heeger, Adv.
Mater. 2011, 23, 1679–1683.

[49] H. Zhang, G. Chen, D. W. Bahnemann, J. Mater. Chem. 2009,
19, 5089–5121.

[50] Q. Liao, Q. Kang, Y. Yang, C. An, B. Xu, J. Hou, Adv. Mater.
2020, 32, 1906557.

[51] L. Yang, S. Zhang, C. He, J. Zhang, H. Yao, Y. Yang, Y.
Zhang, W. Zhao, J. Hou, J. Am. Chem. Soc. 2017, 139, 1958–
1966.

[52] M. A. Afroz, C. A. Aranda, N. K. Tailor, Yukta, P. Yadav,
M. M. Tavakoli, M. Saliba, S. Satapathi, ACS Energy Lett.
2021, 6, 3275–3286.

[53] Y. Dong, R. Yu, B. Zhao, Y. Gong, H. Jia, Z. Ma, H. Gao, Z.
Tan, ACS Appl. Mater. Interfaces 2022, 14, 1280–1289.

[54] L. Liu, S. Chen, Y. Qu, X. Gao, L. Han, Z. Lin, L. Yang, W.
Wang, N. Zheng, Y. Liang, Y. Tan, H. Xia, F. He, Adv. Mater.
2021, 33, 2101279.

[55] Y. Liu, M. Li, X. Zhou, Q.-Q. Jia, S. Feng, P. Jiang, X. Xu, W.
Ma, H.-B. Li, Z. Bo, ACS Energy Lett. 2018, 3, 1832–1839.

[56] Z. Wang, X. Zhu, J. Zhang, K. Lu, J. Fang, Y. Zhang, Z.
Wang, L. Zhu, W. Ma Z Shuai, Z. Wei, J. Am. Chem. Soc.
2018, 140, 1549–1556.

[57] S. Li, Y. Sun, B. Zhou, Q. Fu, L. Meng, Y. Yang, J. Wang, Z.
Yao, X. Wan, Y. Chen, ACS Appl. Mater. Interfaces 2021, 13,
40766–40777.

[58] X. Li, W. Chen, S. Wang, G. Xu, S. Liu, Y. Li, Y. Li, Adv.
Funct. Mater. 2021, 31, 2010696.

[59] Z. Tang, W. Tress, Q. Bao, M. J. Jafari, J. Bergqvist, T. Ederth,
M. R. Andersson, O. Inganäs, Adv. Energy Mater. 2014, 4,
1400643.

[60] Z. Tang, L. M. Andersson, Z. George, K. Vandewal, K.
Tvingstedt, P. Heriksson, R. Kroon, M. R. Andersson, O.
Inganas, Adv. Mater. 2012, 24, 554–558.

[61] J. Comyn, Int. J. Adhes. Adhes. 1992, 12, 145.
[62] X. Zhang, Y. Li, D. Zhang, G. Wu, H. Zhang, J. Zhou, X. Li,

Z. Saud uz, J. Zhang, Z. Wei, H. Zhou, Y. Zhang, Sci. China
Chem. 2021, 64, 116–126.

[63] Y. Wang, Y. Zhang, G. Lu, X. Feng, T. Xiao, J. Xie, X. Liu, J.
Ji, Z. Wei, L. Bu, ACS Appl. Mater. Interfaces 2018, 10, 13741–
13747.

[64] Y. Huo, X.-T. Gong, T.-K. Lau, T. Xiao, C. Yan, X. Lu, G. Lu,
X. Zhan, H.-L. Zhang, Chem. Mater. 2018, 30, 8661–8668.

[65] B. C. Thompson, J. M. Fréchet, Angew. Chem. Int. Ed. 2008,
47, 58–77; Angew. Chem. 2008, 120, 62–82.

[66] L. Duan, A. Uddin, Adv. Sci. 2020, 7, 1903259.
[67] T. L. Nguyen, T. H. Lee, B. Gautam, S. Y. Park, K. Gundogdu,

J. Y. Kim, H. Y. Woo, Adv. Funct. Mater. 2017, 27, 1702474.
[68] Y. Zhao, Y. Liu, X. Liu, X. Kang, L. Yu, S. Dai, M. Sun,

ChemSusChem 2021, 14, 4783–4792.

Manuscript received: May 19, 2022
Accepted manuscript online: June 28, 2022
Version of record online: July 14, 2022

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202207397 (10 of 10) © 2022 Wiley-VCH GmbH

https://doi.org/10.1002/adfm.201100429
https://doi.org/10.1016/j.solmat.2006.06.041
https://doi.org/10.1016/j.solmat.2006.06.041
https://doi.org/10.1007/s11426-021-1013-0
https://doi.org/10.1016/j.scib.2019.10.019
https://doi.org/10.1016/j.joule.2018.09.001
https://doi.org/10.1021/acsami.1c02613
https://doi.org/10.1021/acsami.1c02613
https://doi.org/10.1002/aenm.201900409
https://doi.org/10.1002/aenm.201900409
https://doi.org/10.1002/adfm.202009996
https://doi.org/10.1002/adfm.202009996
https://doi.org/10.1002/smll.202006387
https://doi.org/10.1021/jacs.0c09800
https://doi.org/10.1021/jacs.0c09800
https://doi.org/10.1002/adma.200703050
https://doi.org/10.1002/adma.200703050
https://doi.org/10.1039/C9MH00379G
https://doi.org/10.1039/C9MH00379G
https://doi.org/10.1002/aenm.201900887
https://doi.org/10.1016/j.joule.2018.10.024
https://doi.org/10.1039/D0EE02503H
https://doi.org/10.1039/D0EE02503H
https://doi.org/10.1038/nphoton.2012.190
https://doi.org/10.1038/nphoton.2012.190
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1038/s41560-021-00923-5
https://doi.org/10.1038/s41560-021-00923-5
https://doi.org/10.1016/j.joule.2018.05.005
https://doi.org/10.1039/C9SE00143C
https://doi.org/10.1039/C9SE00143C
https://doi.org/10.1002/ppap.201800160
https://doi.org/10.1002/ppap.201800160
https://doi.org/10.1021/jp308983p
https://doi.org/10.1021/acsami.6b13724
https://doi.org/10.1021/acsami.6b13724
https://doi.org/10.1016/S0022-0248(02)02481-8
https://doi.org/10.1021/acsami.7b00745
https://doi.org/10.1021/acsami.7b00745
https://doi.org/10.1002/adma.201004301
https://doi.org/10.1002/adma.201004301
https://doi.org/10.1039/b821991e
https://doi.org/10.1039/b821991e
https://doi.org/10.1002/adma.201906557
https://doi.org/10.1002/adma.201906557
https://doi.org/10.1021/jacs.6b11612
https://doi.org/10.1021/jacs.6b11612
https://doi.org/10.1021/acsenergylett.1c01099
https://doi.org/10.1021/acsenergylett.1c01099
https://doi.org/10.1021/acsami.1c23494
https://doi.org/10.1002/adma.202101279
https://doi.org/10.1002/adma.202101279
https://doi.org/10.1021/acsenergylett.8b00928
https://doi.org/10.1021/jacs.7b13054
https://doi.org/10.1021/jacs.7b13054
https://doi.org/10.1021/acsami.1c13035
https://doi.org/10.1021/acsami.1c13035
https://doi.org/10.1002/adfm.202010696
https://doi.org/10.1002/adfm.202010696
https://doi.org/10.1002/aenm.201400643
https://doi.org/10.1002/aenm.201400643
https://doi.org/10.1002/adma.201104579
https://doi.org/10.1016/0143-7496(92)90045-W
https://doi.org/10.1007/s11426-020-9837-y
https://doi.org/10.1007/s11426-020-9837-y
https://doi.org/10.1021/acsami.7b14698
https://doi.org/10.1021/acsami.7b14698
https://doi.org/10.1021/acs.chemmater.8b03980
https://doi.org/10.1002/anie.200702506
https://doi.org/10.1002/anie.200702506
https://doi.org/10.1002/ange.200702506
https://doi.org/10.1002/advs.201903259
https://doi.org/10.1002/adfm.201702474
https://doi.org/10.1002/cssc.202101383

