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Nonfullerene acceptors comprising a naphthalene
core for high efficiency organic solar cellsy
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A fused-ring electron acceptor (FREA) NDIC is designed and synthesized. Inspired by IDIC, NDIC was
constructed by replacing the benzene with a naphthalene ring in its core unit. IDIC exhibits an optical
bandgap of 1.60 eV and a lower lowest unoccupied molecular orbital (LUMO) energy level of —3.92 eV.
In comparison, NDIC displays an optical band gap of 1.72 eV and a higher lying LUMO energy level of
—3.88 eV. Due to the higher energy level, inverted devices based on NDIC exhibit a higher open circuit
voltage (Vo) of 0.90 V, which is much higher than that of IDIC (0.77 V). After a series of optimizations,
a power conversion efficiency (PCE) of 9.43% was obtained with a PBDB-T:NDIC blend active layer, in
comparison, a PCE of 9.19% was achieved based on IDIC. Our results demonstrate that a tiny variation in
the molecular structure could dramatically affect the optical and electrochemical properties, and thus

rsc.li/rsc-advances the photovoltaic performance.

1. Introduction

Polymer solar cells (PSCs) as clean energy conversion devices
have received extensive attention due to their light weight, low
cost, flexibility, and suitability for roll-to-roll printing.*”* In the
past several decades, the active layer of PSC devices, typically
with a bulk heterojunction (BHJ) structure, usually consists of
conjugated polymers as donors and fullerene derivatives as
acceptors. The power conversion efficiency (PCE) has reached
over 11% for PSCs based on fullerene derivative acceptors.
However, it is hard to further enhance the PCE of fullerene
based PSCs due to the inherent limitations of fullerene deriva-
tives, such as low absorption coefficient and limited absorption
region.® To further enhance the photovoltaic performance of
PSCs, fused-ring electron acceptors (FREAs) were developed to
fabricate high efficiency PSCs.”® Compared with traditional
fullerene acceptors, nonfullerene acceptors have many advan-
tages, such as facile synthesis, high absorption coefficient,
adjustable energy levels, wide absorption region and so on.*>** A
series of high efficiency nonfullerene acceptors (NFAs) with an
electron donating ladder-type central core and two electron
withdrawing end groups were developed. In 2015, Zhan and co-

“Key Laboratory of Eco-functional Polymer Materials of the Ministry of Education, Key
Laboratory of Eco-environmental Polymer Materials of Gansu Province, College of
Chemistry and Chemical Engineering, Northwest Normal University, Lanzhou
730070, China

’Beijing Key Laboratory of Energy Conversion and Storage Materials, College of
Chemistry, Beijing Normal University, Beijing 100875, China. E-mail: lyh1991a@
163.com; zsho@bnu.edu.cn

available. See DOL:

T Electronic  supplementary  information

10.1039/c9ra08092a

(ES)

This journal is © The Royal Society of Chemistry 2019

workers firstly designed and synthesized ITIC,"” a PCE of 7%
was achieved with PTB7-Th as donor polymer. Then, varied
FREAs were developed and PCEs over 16% and 17% were real-
ized in single junction and tandem OSCs, respectively.'*™*
High efficiency FREAs normally possess planar backbones to
facilitate the intramolecular charge transfer between the donor
unit and the acceptor unit, and the protruded side chains to
suppress self-aggregation to form large aggregates. Typically,
NFAs based on indacenodithiophene (IDT) unit exhibit excel-
lent photovoltaic performance. For examples, A-D-A type NFAs
such as IDIC, IEIC, IEICO, ITOIC and IDTBOC6 consisted of
a IDT core unit and two 1,1-dicyanomethylene-3-indanone
electron withdrawing end groups.’?® As one of state-of-the-art
NFAs, IDIC with planar chemical structure displays wide
absorption in the range of 500-800 nm and high electron
transport mobility of 1.1 x 10™* em® V! s™*, which is close to
fullerene derivatives and ensures effective charge carrier trans-
port. The as-cast PSCs based on PDBT-T1:IDIC blended films
showed a PCE of 8.71% and an optimal PCE of over 11% by
matching with polymer donor PTFBDT-BZS.*' IDIC was also
used to fabricate OSCs with a thick active layer by Zhang
et al.*®?* To further extend the chemical structures, as shown in
Fig. 1, NDIC was prepared by replacing the central aryl benzene
unit of IDIC to a naphthalene ring, which provide a good project
to explore the effect of tiny chemical structure modification on
molecular energy level, absorption, and photovoltaic perfor-
mance. Our result demonstrates that NDIC displays a larger
optical band gap of 1.72 eV and higher lowest unoccupied
molecular orbital (LUMO) energy level compared with IDIC. It is
worth noting that the same acceptor was also reported by Zhan
et al.,”* PTB7-Th:IHIC-N based binary devices exhibited an
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Scheme 1 The synthetic route of NDIC.

inferior PCE of 6.91% compared with its analogue IHIC (10.6%),
and the ternary devices gave an improved PCE of 11.9%. To
further explore the possibility of improving the photovoltaic
performance of NDIC, PBDB-T was selected as the donor
material due to its high hole mobility and deep HOMO energy
level.*?>2° According to the literature, the elevated LUMO levels
of acceptors and the decreased highest occupied molecular
orbital (HOMO) level of donors could effectively increase the
open-circuit voltage of PSCs.***' Due to the elevated LUMO
energy levels of NDIC, PSCs based on NDIC exhibit an V. of
0.90 V which is much higher that of IDIC (0.79 V). An optimal
PCE of 9.43% was obtained for NDIC based devices.

2. Results and discussion
2.1 Material synthesis and characterization

A brief synthetic route of NDIC is shown in Scheme 1. NDIC was
synthesized in a yield of 74% by Knoevenagel condensation of
the dialdehyde intermediate and 2-(3-oxo-2,3-dihydro-1H-
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inden-1-ylidene)malononitrile. The detailed synthetic proce-
dures are described in the ESI{ NDIC displays an excellent
solubility in common organic solvents such as dichloro-
methane, chloroform and o-dichlorobenzene (0-DCB).

The packing of acceptors in films is studied by wide angle X-
ray diffraction (XRD). As shown in Fig. S4,} the two acceptors
display varied packing styles. IDIC exhibited a peak located at
an angle of 20 = 24.75° corresponding to a m-m stacking
distance of 3.59 A. As for NDIC, a strong and sharp peak at 20 =
5.28° and a weak peak at 20 = 24.87° are observed, which
correspond to a lamellar distance of 16.73 A and a 7t— stacking
distance of 3.57 A, respectively. The above results indicate that
a small structural difference can cause a dramatic change in
their XRD results.

2.2 Optical and electrochemical properties

Ultraviolet-visible (UV-vis) absorption spectra of NDIC and IDIC
in dilute chloroform solutions and as thin films are shown in
Fig. 2. In dilute chloroform solutions, NDIC displays a wide
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Fig. 2 Absorption spectra of NDIC and IDIC in dilute chloroform solutions (a) and as thin films (b).
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Table 1 Electronic and optical properties of NDIC and IDIC

Molecules A9 [nm] 289 [nm] A [nm] A [nm] EgP [eV] HOMO?” [eV] LUMO’ [eV]
NDIC 598 690 614 734 1.72 —5.71 —3.88

IDIC 669 723 716 776 1.60 —5.69 —-3.92

“ Estimated from the absorption edge of film (ESP* = 1240/A,nser)- * Energy levels evaluated by CV.
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Fig. 3 Cyclic voltammetry curves of NDIC and IDIC as thin films on Pt electrode measured in 0.1 M BusNPFg acetonitrile solutions at a scan rate

of 100 mV s L.

absorption in the range of 500 to 680 nm and IDIC shows a red-
shifted absorption in the range of 550 to 720 nm. The main
absorption peak of NDIC and IDIC in chloroform solutions is
located at 601 and 670 nm, respectively. In going from solutions
to films, the absorption of both NDIC and IDIC exhibits an
obvious red-shift with the maximum absorption peak located at
614 and 717 nm, respectively. The optical bandgap of NDIC is
calculated to be 1.72 eV according to the equation: Eg?* = 1240/
Aonset, Which is slightly larger than that of IDIC (1.60 eV). The
related optical data are also summarized in Table 1.

The HOMO and LUMO energy levels of NDIC and IDIC were
measured by electrochemical cyclic voltammetry (CV) with Ag/
AgCl as reference electrode calibrated with ferrocene/
ferrocenium (Fc/Fc') redox couple (4.8 eV below vacuum).*
From the onset oxidation/reduction potentials (Eoyeq) in the CV
curves (as shown in Fig. 3), the HOMO/LUMO energy levels of
NDIC and IDIC were calculated to be —5.71/—3.88 eV, —5.69/
—3.92 eV, respectively, according to the equations of Eyomoy
LUMO — _e(on/red — Egc/per + 4-8) (CV), where Eoxired and Erc/pe'
are the onset oxidation/reduction potentials and redox potential
of Fc/Fc', respectively. Compared with IDIC, NDIC exhibits
a higher LUMO energy level, which is beneficial for obtaining
higher V,.. The detailed data are also summarized in Table 1.
The energy levels of IDIC, NDIC and other materials used for
fabricating photovoltaic devices are also shown in Fig. 4.

Density functional theory (DFT) calculations at B3LYP/6-
31g(d) were performed to investigate the molecular geometry
and energy levels of the simplified IDIC and NDIC. The
molecular backbones of simplified NDIC and IDIC are planar,
which is beneficial for intermolecular -7 stacking and charge

This journal is © The Royal Society of Chemistry 2019

transport. The theoretically calculated LUMO/HOMO energy
levels are —3.69/—5.95 eV for IDIC and —3.68/—5.97 eV for
NDIC, respectively. The trend of calculated energy levels is
consistent with that obtained by electrochemical measure-
ments. The absorptions of NDIC and IDIC were calculated by
DFT at CAM-B3LYP(d,p) level. As shown in Fig. S6,} the calcu-
lated absorption wavelength of simplified IDIC is 494 nm,
which is much higher than that of NDIC (480 nm). The trend of
calculated result is consistent with UV-vis measurement.
Moreover, various configuration interactions, the natural tran-
sition orbitals (NTOs) and reorganization energies are also
described in ESL.}

active layer

Fig. 4 Energy band diagram of NDIC and IDIC.
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Fig. 5 (a) J-V and (b) EQE curves of NDIC and IDIC based devices.

2.3 Photovoltaic performance

The photovoltaic performance of IDIC and NDIC was investi-
gated by fabricating inverted devices of ITO/ZnO/donor:-
acceptor/MoO;/Ag. The ZnO layer was prepared according to
pervious reported procedure.** PBDB-T was used as the donor to
evaluate the photovoltaic performance of IDIC and NDIC. A
variety of conditions were optimized, such as active layer
composition, spin-coating rate, additive and thermal annealing
(TA) condition (Tables S2-S67). J-V curves and EQE spectra of
the optimized devices are shown in Fig. 5. The photovoltaic
parameters are listed in Table 2. IDIC-based devices demon-
strated a PCE of 8.47% with a V,. of 0.79 V. In comparison,
a PCE of 7.92% with a higher open-circuit voltage (V,) of 0.87 V
was obtained for the as-cast devices based on NDIC. After
a systematical optimization, the photovoltaic performance of
NDIC was markedly improved, and the optimal devices gave
a PCE of 9.43% with a V,. of 0.90 V, a short-circuit current
density (Js.) of 15.10 mA cm ™ > and a fill factor (FF) of 69.60%,
which is slightly higher than that of IDIC-based devices (9.19%).
Compared with NDIC and IDIC based devices, the higher V.
can be attribute to the elevated LUMO energy level of NDIC.?*?*
External quantum efficiency (EQE) measurement was per-
formed under the irradiation of monochromatic light at an
interval of 10 nm. As shown in Fig. 5b, the PBDB-T:NDIC and
PBDB-T:IDIC based photovoltaic devices display a wide photo-
electric conversion response in the range of 300-750 nm and
300-800 nm, respectively, which is consistent with their UV-vis
absorptions. The calculated J,. values integrated from the EQE
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curves showed a 3-5% mismatch compared with those obtained
from the J-V curves.

2.4 Charge mobilities

In addition, the electron and hole mobilities of IDIC and NDIC
based blend films were measured by space charge-limited
current (SCLC) method with device structures of ITO/ZnO/
active layer/Al and ITO/PEDOT:PSS/active layer/Au, respec-
tively. The calculated charge mobility values are listed in Table
S1.7 The charge mobility was calculated according to the
equation: J = 9¢,e,uV?/8L%, and the dark current j*/>~V curves for
the calculation of the electron and hole mobility are shown in
Fig. S7.1 For the optimal condition of PBDB-T:IDIC film, the
electron and hole mobilities are 2.21 x 10" and 2.65 x 10~*
em® V' s, respectively; whereas for the PBDB-T:NDIC blend
film prepared under optimal conditions, the electron and hole
mobilities are 1.61 x 10™* and 1.52 x 10~* ecm? v ! 577,
respectively. The PBDB-T:NDIC based devices exhibited a more
balanced charge transport than PBDB-T:IDIC based ones, which
could well explain the higher FF for the NDIC based devices.

2.5 Film morphology analysis

The morphology for the blend films was studied by atomic force
microscope (AFM). As shown in Fig. 6b, the active layers for IDIC
are homogeneous with a root-mean-square (RMS) roughness
value of 1.60 nm, and more polymer fibrils with a RMS value of
2.11 nm could be observed after DIO was added. The as-cast
blend film of NDIC (Fig. 6¢) shows a RMS value of 2.30 nm.

Table 2 Photovoltaic parameters of NDIC and IDIC based devices

D:A Additive TA Vo (V) Jse (MA em™2) FF (%) PCE (%)
PBDB-T:IDIC=1:1 N/A N/A 0.79 15.62 68.4 8.47
PBDB-T:IDIC=1:1 0.3% DIO N/A 0.77 17.54 68.0 9.19
PBDB-T: NDIC =1:1.5 N/A N/A 0.87 13.35 68.3 7.92
PBDB-T: NDIC =1:1.5 0.7% CBA 140 °C 0.90 15.10 69.6 9.43
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Fig.6 AFM heightimages (5 x 5 pm) of the (a) PBDB-T:IDIC; (b) PBDB-T:IDIC with 0.3% DIO; (c) PBDB-T:NDIC; and (d) PBDB-T:NDIC with 0.7%
CBA and 140 °C TA films and TEM images (e) PBDB-T:IDIC; (f) PBDB-T:IDIC with 0.3% DIO; (g) PBDB-T:NDIC and (h) PBDB-T:NDIC with 0.7%

CBA and 140 °C TA films.

However, the addition of additive together with thermal
annealing treatment, the AFM image of NDIC-based devices
demonstrated a slightly rough surface with the RMS value
increased to 3.47 nm. The TEM image of IDIC:PBDB-T as-cast
film shows a homogeneous morphology with sparsely distrib-
uted polymer nanofibrils. After the addition of 0.3% DIO, the
morphology of the blend film shows similar morphology but
with more polymer nanofibrils. As for the as-cast NDIC:PBDB-T
blend films, the TEM images show obvious large aggregates
probably formed by the aggregation of NDIC molecules. The
result is understandable and consistent with the XRD
measurement. After the addition of 0.7% CBA and thermal
treatment at 140 °C for 5 min, the blend film becomes more
homogeneous with the dark aggregates disappeared.

3. Conclusion

In summary, an effective way was developed by tuning the
energy level to achieve a high open circuit voltage. The precisely
designed NFA NDIC with naphthalene as the core display an
optical band gap of 1.72 eV and a LUMO level of —3.88 eV, in
comparison, IDIC (benzene as the core) exhibits a narrower
optical band gap of 1.60 eV and a lower LUMO level of —3.92 eV.
PBDB-T was used as polymer donor to evaluate the photovoltaic
performance. Solvent additives and thermal annealing were
used for further device optimization. PSCs based on NDIC
exhibit a high PCE of 9.43% with a V,,. of 0.90 V. Compared with
NDIC, IDIC, a PCE of 9.19% with a lower V,. of 0.77 V was
achieved. These preliminary results indicate that NDIC is
a promising high efficient NFA for PSCs. Our results demon-
strate that the tiny variation of molecular structure could vividly

This journal is © The Royal Society of Chemistry 2019

affect the optical and electrochemical properties, and thus the
photovoltaic performance.
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