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The central core size effect in quinoxaline-based
non-fullerene acceptors for high VOC organic solar
cells†
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For organic solar cells (OSCs), obtaining a high open circuit voltage (VOC) is often accompanied by the

sacrifice of the circuit current density (JSC) and filling factor (FF), and it is difficult to strike a balance

between VOC and JSC × FF. The trade-off of these parameters is often the critical factor limiting the

improvement of the power conversion efficiency (PCE). Extended backbone conjugation and side chain

engineering of non-fullerene acceptors (NFAs) are effective strategies to optimize the performance of

OSCs. Herein, based on the quinoxaline central core and branched alkyl chains at the β position of the

thiophene unit, we designed and synthesized three NFAs with different sized cores. Interestingly, Qx-

BO-3 with a smaller central core showed better planarity and more appropriate crystallinity. As a result,

PM6:Qx-BO-3-based devices obtained more suitable phase separation, more efficient exciton dis-

sociation, and charge transport properties. Therefore, the OSCs based on PM6:Qx-BO-3 yielded an out-

standing PCE of 17.03%, significantly higher than the devices based on PM6:Qx-BO-1 (10.57%) and PM6:

Qx-BO-2 (11.34%) although the latter two devices have lower VOC losses. These results indicated that

fine-tuning the central core size can effectively optimize the molecular geometry of NFAs and the film

morphology of OSCs. This work provides an effective method for designing high-performance

NFA-OSCs with high VOCs.

1. Introduction

Organic solar cells (OSCs) are considered to be one of the most
promising emerging photovoltaic technologies due to their
advantages of low cost, flexibility, transparency, and solution
processing.1–6 With material innovation, device optimization,
and mechanism studies, OSCs have witnessed significant pro-
gress in the past decade and achieved power conversion
efficiencies (PCEs) of over 19% and 20% for single junction
and tandem devices, respectively.7–16 However, it is still a chal-
lenge to comprehend the relationship between the molecular
structure of NFAs and their photovoltaic performance and to
achieve a balance among the various parameters influencing
the PCE of OSCs.17–19

As one of the most successful NFAs, Y6 possesses a unique
banana-like configuration with an A–DA′D–A architecture and
achieved a PCE breakthrough of 15.7%.20 Numerous innovative
studies have been conducted to enhance the device perform-
ance through structural modifications of Y-series
acceptors.21–27 In OSCs, a high energy loss (Eloss) often leads to
limited VOC, consequently, and extending the conjugated back-
bone is widely recognized as an effective approach to achieve a
superior VOC.

28–30 A series of studies have introduced quinoxa-
line-fused cores instead of the traditional benzothiadiazole
(BTZ)-fused cores in Y-series acceptors, resulting in the cre-
ation of quinoxaline (Qx)-series acceptors.31–33 The Qx-series
NFAs possess various advantages, such as enhanced molecular
rigidity, additional chemical modification sites, and reduced
non-radiation energy loss.34,35 For instance, Zhu et al. reported
AQx-series NFAs that incorporate quinoxaline-fused cores.
They found that the reductive phase-separated morphology
enhances hole transfer and suppresses geminate recombina-
tion. Therefore, a high PCE of 16.64% was achieved in binary
OSCs.36 Wei et al. reported that by suppressing the molecular
vibration of the C–C bond stretching of Qx-series molecules,
the Eloss caused by exciton dissociation and nonradiative
recombination was significantly reduced.37 These efforts

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr05077g
‡These authors contributed equally to this work.

aCAS Key Laboratory of Nanosystem and Hierarchical Fabrication, CAS Center for

Excellence in Nanoscience, National Center for Nanoscience and Technology, Beijing

100190, China. E-mail: lvk@nanoctr.cn
bSino-Danish Center for Education and Research, Sino-Danish College University of

Chinese Academy of Sciences, Beijing 100049, P. R. China

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 18291–18299 | 18291

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

8/
20

24
 1

0:
39

:1
0 

A
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-3549-1482
http://orcid.org/0000-0002-3403-2516
http://orcid.org/0000-0001-6188-3634
https://doi.org/10.1039/d3nr05077g
https://doi.org/10.1039/d3nr05077g
https://doi.org/10.1039/d3nr05077g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr05077g&domain=pdf&date_stamp=2023-11-21
https://doi.org/10.1039/d3nr05077g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015045


encourage us to continue exploring more possibilities for the
Qx system.

However, the improvement of VOC is usually accompanied
by the sacrifice of other parameters. Therefore, it is essential
to consider the trade-off between VOC and JSC × FF for high-per-
formance OSCs. Side-chain engineering is also considered as
an effective strategy to improve the performance of NFAs.38 By
introducing a large 2-butyloctyl branched alkyl chain at the β
position of the thiophene unit, the resulting NFA L8-BO exhibi-
ted not only a higher VOC but also a higher FF compared with
Y6.39 The branched alkyl chain at the β position of the thio-
phene unit has two key functions. Firstly, the branched-chain
can change the energy level and light absorption range of the
molecule; secondly, it can fine-tune steric hindrance in the
molecules, therefore adjusting the molecular aggregation
form.40 These characteristics encourage us to design NFAs by
introducing branched alkyl chains into a high VOC system. It
remains to be explored whether branched alkyl chains exhibit
comparable effects in Qx systems with high VOCs.

Herein, based on large Qx central cores, with introduction
of branched alkyl chains at the β thiophene position, we first
synthesized two novel NFAs, named Qx-BO-1 and Qx-BO-2
(Fig. 1a). As a result, the devices based on PM6:Qx-BO-1 and
PM6:Qx-BO-2 achieved extremely high VOCs above 0.95 V with
excellent nonradiative energy losses as small as 0.18 eV.
However, the excessive blue-shifted absorption spectrum and
suboptimal film morphology result in a decreased JSC and FF,
thereby affecting the PCEs of devices based on Qx-BO-1 and
Qx-BO-2, which are not so satisfactory. Subsequently, we
attempted to decrease the size of the central core, resulting in
the synthesis of Qx-BO-3. Interestingly, the PCE of PM6:Qx-

BO-3-based devices has been significantly improved to 17.03%
with a relatively high VOC of 0.889 V, a higher JSC of 24.76 mA
cm−2, and a higher FF of 77.39%. Qx-BO-3 showed better pla-
narity, which may be attributed to the smaller steric hindrance
of the branched alkyl chain and the central core with a moder-
ate size. Besides, the PM6:Qx-BO-3 blend film showed a more
suitable crystallinity and phase separation size, which is con-
ducive to the generation and transport of charge carriers.41

The more balanced carrier mobility, higher exciton separation
efficiency, and charge collection efficiency of the PM6:Qx-BO-3
blend film are also important factors for its excellent device
performance. These results illustrated that fine adjustment of
the size of the central core containing the outside chains of
NFAs is necessary. Our work also provides a useful reference
for the molecular design of quinoxaline-based non-fullerene
acceptors in the future.

2. Results and discussion
Optical and electrochemical properties

Fig. 1a shows the chemical structure of three NFAs, and the
synthetic routes of Qx-BO-1, Qx-BO-2, and Qx-BO-3 are pre-
sented in Scheme S1.† The three NFAs share similar synthetic
procedures, and different precursors were used for the syn-
thesis of the central core unit. All products have been con-
firmed by 1H-NMR, 13C-NMR, the MALDI-TOF mass test and
elemental analysis (Fig. S1–S6, S11–S13 and Table S12†). These
molecules exhibited good solubility in common solvents. The
optimal molecular geometries and dihedral angles of Qx-BO-1,
Qx-BO-2, and Qx-BO-3 were calculated using density functional

Fig. 1 (a) Chemical structures; (b) normalized solution absorption spectra; (c) normalized film absorption spectra; and (d) energy levels of PM6, Qx-
BO-1, Qx-BO-2, and Qx-BO-3.

Paper Nanoscale

18292 | Nanoscale, 2023, 15, 18291–18299 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

8/
20

24
 1

0:
39

:1
0 

A
M

. 
View Article Online

https://doi.org/10.1039/d3nr05077g


theory (DFT). For simplicity, we removed the alkyl chains on
pyrrole units to obtain an optimized configuration. As shown
in Fig. S7,† the molecular backbones of the three NFAs are all
quasi-planar, enabling π-electrons to be well delocalized across
the entire molecular backbone.42 The dihedral angles between
the central core and the terminal group of Qx-BO-3 are 4.46°
and 9.82°, which are smaller than those of Qx-BO-1 and Qx-
BO-2 (4.71°, 12.46° and 4.70°, 12.89°). The interaction between
the central core containing branched alkyl chains and the end
group will affect the dihedral angle and then affect the planar-
ity. The huge central cores of Qx-BO-1 and Qx-BO-2 make the
molecules too crowded. Therefore, Qx-BO-3 showed slightly
better planarity, which can better regulate the compatibility
with the donor in the thin film state.

The absorption spectra of PM6, Qx-BO-1, Qx-BO-2 and Qx-
BO-3 in chloroform solution as well as in the solid state are
presented in Fig. 1b and c, and the related optical parameters
are outlined in Table S1.† When constructing OSC devices,
three NFAs could form complementary absorption with PM6
in the light-absorbing active layers. In solution, these three
NFAs showed almost the same absorption spectra. The
maximum absorption peaks of them in neat film are located at
786, 775 and 791 nm. In addition, Qx-BO-3 showed the most
red-shifted absorption band edge at 881 nm in the thin film.
From solutions to films, Qx-BO-3 exhibited more remarkable
red shifts (45 nm for Qx-BO-1, 37 nm for Qx-BO-2, and 94 nm
for Qx-BO-3), which are attributed to the distinct aggregation
and intermolecular interaction behavior of Qx-BO-3 in the
solid state. Moreover, compared to Qx-BO-1 and Qx-BO-2, Qx-
BO-3 showed a higher film absorption coefficient (Fig. S14,
S15 and Table S11†), which is conducive to obtaining a higher
JSC in devices. The optical bandgaps of Qx-BO-1, Qx-BO-2 and
Qx-BO-3 were calculated to be 1.46 eV, 1.47 eV and 1.41 eV
according to the formula Eoptg = 1240/λonset. The molecular
energy levels of these three NFAs were examined by cyclic vol-
tammetry (CV) measurement (Fig. 1d and S8†). The lowest
unoccupied molecular orbital (LUMO) and the highest occu-
pied molecular orbital (HOMO) values of Qx-BO-1, Qx-BO-2
and Qx-BO-3 are 3.74/5.56 eV, 3.80/5.50 eV, and 3.84/5.64 eV,
respectively, which were calculated according to the estab-
lished formulas: EHOMO = −e(EOX − EFc/Fc+ + 4.8) and ELUMO =
−e(ERE − EFc/Fc+ + 4.8). From Qx-BO-1 to Qx-BO-3, the slightly
downshifted LUMO values could be related to the reduction of
the conjugated aromatic rings and also to the weak electron-
donating properties of the benzene ring. The results indicated
that Qx-BO-1 and Qx-BO-2 possess smaller charge transfer
driving forces and nonradiative energy losses, which will be
discussed in detail later.

Device performance

To study the influence of different central core size effects on
the device performance, OSCs were fabricated based on the
device structure of ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag.
The detailed fabrication process and optimization data are dis-
played in Tables S2–S4.† As shown in Fig. 2a and Table 1, the
Qx-BO-1-based devices showed a PCE of 10.57%, with a VOC of

0.956 V, a JSC of 18.21 mA cm−2 and an FF of 60.64%. As for
the Qx-BO-2-based device, an increased VOC value was
obtained, which is up to 0.963 V. Compared with Qx-BO-1 and
Qx-BO-2, the PM6:Qx-BO-3-based device showed a notably elev-
ated PCE of 17.03%, a JSC of 24.76 mA cm−2 and an FF of
77.39%. Although the VOC of the Qx-BO-3-based device has
decreased to 0.889 V, it still belongs to the high level among
those for high-performance Y-series NFAs in literature reports
(Fig. S10 and Table S10†).20,43–54 The overall photovoltaic per-
formance has been significantly improved due to the higher
JSC and FF of the Qx-BO-3-based device. The external quantum
efficiency (EQE) curves of the three devices are displayed in
Fig. 2b. The devices based on PM6:Qx-BO-3 exhibited a broad
and strong photo-response in the range of 450–900 nm. The
enlarged EQE values of Qx-BO-3-based devices should be
ascribed to more efficient charge generation and transport.
The calculated JSC values from the EQE spectra were in good
agreement with the JSC values obtained in current density–
voltage ( J–V) measurements (within a 5% error). The scatter
plots of VOC and JSC × FF value distribution of 16 independent
measurements of OSCs based on the above three systems are
displayed in Fig. 2c, intuitively showing that the improved JSC
and FF are the main reasons for the more efficient perform-
ances of PM6:Qx-BO-3-based devices.

To further reveal the reasons for the improvement of JSC
and FF in Qx-BO-3-based devices, it is necessary to explore the
photophysical processes of the three systems. The relationship
between the photogenerated current density Jph and the
effective voltage Veff of the devices was first studied to under-
stand exciton dissociation and collection of the devices
(Fig. 2d). When the Veff reaches 2 V, the exciton of the device
will completely dissociate into free charge, so the current
density of the device is the saturated current density Jsat. The
exciton dissociation efficiency ηdiss and charge collection
efficiency ηcoll of the device can be obtained by calculating the
ratio of Jph and Jsat under a short circuit and the maximum
output power of the device.55 The detailed data are summar-
ized in Table S5.† Compared with PM6:Qx-BO-1-based devices
and PM6:Qx-BO-2-based devices, PM6:Qx-BO-3-based devices
showed higher ηdiss and ηcoll of 99.72% and 96.78%, respect-
ively. The improved ηdiss in PM6:Qx-BO-3-based OSCs may be
related to their downshifted LUMO energy levels, which
induced a larger driving force in theory for exciton
dissociation.56

The dependence of JSC and VOC on the light intensity was
investigated to reveal the charge recombination properties of
the devices. Curves of JSC versus light intensity for the three
devices are shown in Fig. 2d, and the functional relationship
between JSC and Plight follows the formula JSC ∝ (Plight)

α. The
closer the exponential factor (α) to 1, the lower the probability
of bimolecular recombination and the higher the charge col-
lection efficiency. Curves of VOC versus light intensity for the
devices are shown in Fig. 2e. The functional relationship
between VOC and Plight follows VOC ∝ nkT/q ln(Plight), where k is
the Boltzmann constant, T is the Kelvin temperature, and the
closer the ideality factor (n) to 1, the lower the probability of
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trap-assisted recombination of the devices. The α of the PM6:
Qx-BO-3-based device is 1.09, and the n is 1.39, which are
closer to 1 than those of the PM6:Qx-BO-1-based device (a =
1.10 and n = 1.46) and the PM6:Qx-BO-2-based device (a = 1.13
and n = 1.50), indicating that the bimolecular and geminate
recombination degree of the PM6:Qx-BO-3-based device is
lower, thus resulting in more efficient photodynamic
processes.

The hole and electron transport properties of the OSCs
were investigated using the space charge limited current

(SCLC) method (Fig. S9†), and the results are summarized in
Table S6.† The electron mobilities (μe)/hole mobilities (μh) of
the PM6:Qx-BO-1, PM6:Qx-BO-2, and PM6:Qx-BO-3 blend films
were 1.67 × 10−4/3.56 × 10−4 cm2 V−1 s−1, 2.75 × 10−4/3.92 ×
10−4 cm2 V−1 s−1, and 7.04 × 10−4/8.31 × 10−4 cm2 V−1 s−1,
respectively. The μh/μe ratio of the PM6:Qx-BO-1, PM6:Qx-BO-2
and PM6:Qx-BO-3 blend films varies from large to small with
the corresponding values of 2.13, 1.42 and 0.85. The results
indicated that the PM6:Qx-BO-3 blend films exhibited slightly
higher and more balanced hole and electron mobilities, which

Fig. 2 (a) J–V curves of the corresponding optimized OSCs; (b) EQE curves; (c) VOC and JSC × FF values distribution scatter chart of 16 indepen-
dently measured devices; (d) Jph versus Veff curves; (e) light intensity dependence of the JSC values and (f ) light intensity dependence of the VOC

values of the corresponding optimized devices; (g) FTPS-EQE spectra; (h) EQEEL of the devices at different injection current densities; and (i) sche-
matic of the radiative and nonradiative recombination losses.

Table 1 Optimal photovoltaic parameters of solar cells based on PM6:Qx-BO-1, PM6:Qx-BO-2 and PM6:Qx-BO-3

Active layer VOC (V) JSC (mA cm−2) FF (%) PCE (%) JSC-cal.

PM6:Qx-BO-1 0.956 (0.956 ± 0.004) 18.21 (18.36 ± 0.40) 60.64 (59.80 ± 0.72) 10.57 (10.44 ± 0.18)b 17.53 (96.3%)a

PM6:Qx-BO-2 0.963 (0.961 ± 0.002) 19.18 (18.89 ± 0.24) 61.49 (60.91 ± 0.77) 11.34 (11.15 ± 0.15) 18.76 (97.8%)
PM6:Qx-BO-3 0.889 (0.887 ± 0.003) 24.76 (24.77 ± 0.25) 77.39 (76.49 ± 0.50) 17.03 (16.81 ± 0.14) 23.85 (96.3%)

a The integrated JSC values in parentheses were calculated from the EQE spectra. b The average PCEs in parentheses were calculated from 20
devices.
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is favorable for charge transport and collection and can well
explain the higher JSC and FF of the PM6:Qx-BO-3-based
devices.57

Noting that the VOC values of the PM6:Qx-BO-1 and PM6:
Qx-BO-2-based devices were much higher than that of the
PM6:Qx-BO-3-based devices, Eloss tests on the devices of the
three systems were conducted respectively (Fig. 2g–i).
According to the Shockley–Queisser (SQ) limit, the Eloss in
OSCs can be divided into three parts: Eloss = Eg − qVOC = ΔE1 +
ΔE2 + ΔE3, where Eg is the photovoltaic energy bandgap
extracted from the derivation of the EQEPV curve.58 ΔE1 is the
energy loss due to the radiative recombination above the
optical gap, which is unavoidable for any sort of solar cell.59

The ΔE1 values of the three NFA-based devices are almost the
same (0.26 eV). The generation of ΔE2 is due to radiation
recombination losses below the band gap. The small ΔE2 of
the three NFA-based devices was about 0.05 eV, indicating that
the radiation recombination loss was not significant. The third
part, ΔE3, was caused by nonradiative recombination and can
be calculated as ΔE3 = kBT ln(EQEEL), where EQEEL represents
the radiation quantum efficiency of the OSCs under dark
current conditions. As shown in Fig. 2i and Table S7,† the ΔE3
values of the PM6:Qx-BO-1, PM6:Qx-BO-2, and PM6:Qx-BO-3-

based devices are 0.189, 0.186, and 0.229 eV, respectively. The
nonradiative Elosss of most systems are larger than 0.2 eV.48,60

In summary, although the Eloss of the PM6:Qx-BO-3-based
device was the largest, it achieved a better balance among JSC,
VOC, and FF due to its efficient charge generation and trans-
port properties, thus obtaining the most efficient OSCs. At the
same time, the stability test results show that (Fig. S16†), after
1000 hours of illumination, the PM6:Qx-BO and PM6:Y6-based
devices almost maintained more than 80% of the initial PCE,
indicating that the Qx-BO series acceptors have relatively good
photostability.

Morphology characterization

To investigate the influence of different sized central core sub-
stitutions on the active layer morphology, atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) were performed. As illustrated in Fig. 3a, significantly
different surface morphologies can be observed for the three
blend films from the AFM images. The root-mean-square
roughness decreased from PM6:Qx-BO-1 to PM6:Qx-BO-3
blend films (PM6:Qx-BO-1, 4.30 nm; PM6:Qx-BO-2, 2.54 nm;
and PM6:Qx-BO-3, 1.03 nm). Generally, the lower the rough-
ness, the more favorable the contact between the blend film

Fig. 3 (a and b) AFM height images and (c) TEM images of PM6:Qx-BO-1, PM6:Qx-BO-2, and PM6:Qx-BO-3 blend films.
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and the transport layer and the electrode.61 In addition, the
PM6:Qx-BO-3 blend film showed a nanoscale interpenetrating
network with a tiny fibrous structure, which greatly promotes
exciton separation and carrier transport.62 As shown in the
TEM images (Fig. 3c), the PM6:Qx-BO-1 blend film exhibited a
large phase separation with an alternate light and dark region
of about several tens of nanometers, ascribed to the crystalli-
nity of the PM6:Qx-BO-1 blend film which is too strong, which
may lead to a lower JSC and FF of the PM6:Qx-BO-1 based
devices. In contrast, the PM6:Qx-BO-3 blend film has a fairly
uniform surface with appropriate crystallinity and phase separ-
ation scale. Within a certain range, it provides more donor and
acceptor interfaces for the efficient dissociation of excitons,
thus resulting in a higher and more balanced carrier mobility
of the PM6:Qx-BO-3-based devices.63

Considering that the adjustment of the molecular structure
of NFAs possesses a significant impact on the membrane mor-
phology, the contact angle test was used to explore the compat-
ibility of the donor and acceptor. Fig. 4 shows the contact
angle of water and glycerol drops on the surface of the Qx-
BO-1, Qx-BO-2, Qx-BO-3, and PM6 films. The surface tension
(γ) values are 15.98, 15.35, 14.81 and 11.82 mN m−1, respect-
ively. Detailed data are displayed in Table S8.† The results
showed that the surface tension of Qx-BO-3 and PM6 is closer,
and the interaction parameter χ of the PM6:Qx-BO-3 system is
calculated to be 0.17, indicating that there is good miscibility
between Qx-BO-3 and PM6. When the size of the central core
becomes larger, the interaction parameter between the donor
and the acceptor increases (0.31 for Qx-BO-1 and 0.23 for Qx-
BO-2), which means that the miscibility between the donor
and the acceptor becomes poor, leading to excessive aggrega-
tion in the film. The suitable compatibility performance
further explained the relatively homogeneous morphology
without any objective large-size phase separation of the PM6:
Qx-BO-3 blend film.

Additionally, to further study the molecular stacking behav-
ior and crystallization of the blend films, the grazing-incidence
wide-angle X-ray scattering (GIWAXS) test was conducted. The
2D GIWAXS images of single component and blended films
are presented in Fig. 5. As shown in Fig. 5a and c, it can be
observed that the three systems exhibited significant face-on
molecular orientation. The ordered face-on stacking in the
blend films can greatly facilitate charge transport.64 Fig. 5b
and d show one-dimensional linear maps extracted from two-

Fig. 4 Images of water and glycerol drops on the PM6, Qx-BO-1, Qx-
BO-2, and Qx-BO-3 films.

Fig. 5 (a) Two-dimensional GIWAXS patterns of neat films; (b) in-plane (solid lines) and out-of-plane (dashed lines) cuts of neat films; (c) two-
dimensional GIWAXS patterns of the blend films; and (d) in-plane (solid lines) and out-of-plane (dashed lines) cuts of blend films.
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dimensional maps. The π–π stacking peak of the PM6:Qx-BO-3
blend film in the (010) direction is located at qz = 1.69 Å−1,
which is a strong peak in the out-of-plane (OOP) direction (d =
3.72 Å). According to the Scherrer calculation, the crystal
coherence lengths (CCL) in the (010) direction of the three
systems are presented in Table S9.† 65 Qx-BO-3 showed smaller
CCL values in both neat and blend films (13.81 Å for the neat
film, 15.44 Å for the blend film). If the three NFAs are com-
pared horizontally, whether in a single component or a blend
film, the CCL of Qx-BO-3 is much smaller than those of Qx-
BO-1 and Qx-BO-2. This indicated that the crystallinity of Qx-
BO-3 is weaker than that of the other two NFAs, so the appear-
ance of too large phase regions is avoided during the film for-
mation process. In addition, compared with Qx-BO-3, the rela-
tively poor solubility of Qx-BO-1 and Qx-BO-2 leads to pre-
aggregation in the process of rapid film formation, which
leads to too strong crystallinity and too large phase size. After
blending with donor PM6, the crystallinity of Qx-BO-3
improved which exhibited a better ability to maintain crystalli-
zation, which also conforms to the results that Qx-BO-3 has
good compatibility with PM6. However, after blending with
PM6, the CCL of Qx-BO-1 and Qx-BO-2 decreased. This may be
due to the insertion of PM6 during the molecular stacking
process destroying the pre-aggregation of the acceptor mole-
cules, resulting in reduced crystallinity. In summary, the PM6:
Qx-BO-3 blend film showed better nanoscale aggregation and
more appropriate molecular stacking, which could promote
charge transport and improve the photovoltaic performance.

3. Conclusion

In this work, three NFAs, Qx-BO-1, Qx-BO-2, and Qx-BO-3, with
different sizes of quinoxaline central cores and β-branched
alkyl chains were designed and synthesized. Compared with
Qx-BO-3, the central core sizes of Qx-BO-1 and Qx-BO-2 were
larger, and the high energy level and low Eloss of Qx-BO-1 and
Qx-BO-2 led to their VOC reaching above 0.95 V, but both JSC
and FF were lower, resulting in sub-optimal PCEs of only
10.57% and 11.34%. This is because the larger central core
size deteriorates the aggregation morphology and affects the
photophysical process, and the steric hindrance of the central
core size in Qx-BO-3 decreases when a smaller quinoxaline
unit is used as the central core, which effectively optimizes the
nanophase separation scale and film morphology, resulting in
a more balanced carrier mobility. As a result, the PCE of
devices based on PM6:Qx-BO-3 is 17.03%, the VOC is 0.889 V,
the JSC is 24.76 mA cm−2, and the FF is 77.39%. Balanced
carrier mobility, appropriate crystallization performance, and
phase separation size are comprehensive factors to improve
the photovoltaic performance of the PM6:Qx-BO-3-based
devices. These results indicated that the size of central cores
containing huge branched alkyl chains needs to be further
adjusted to obtain better nanoscale morphology, which is ben-
eficial for exciton separation and charge transfer and collec-
tion. In summary, this work puts forward a feasible strategy to

construct efficient non-fullerene acceptors by reasonably utiliz-
ing the central core size effect.
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