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Abstract

The ternary strategy has emerged as an effective approach to enhance the photovoltaic
performance of organic solar cells (OSCs), yet simultaneously improving both efficiency
and stability remains a formidable challenge. Herein, we report a small-molecule donor
(TiC12), featuring a thieno[3,2-c]isochromene unit, as a third component to fabricate ternary
fullerene-based OSCs using the low-cost PTB7-Th:PC71BM host matrix. The influence of
TiC12 on the active-layer morphology, device efficiency, and long-term stability is system-
atically investigated. The results reveal that the incorporation of TiC12 enables precise
regulation of the blend film morphology, leading to a marked improvement in photovoltaic
performance. Consequently, the optimized ternary devices achieve a notable power conver-
sion efficiency (PCE) of 10.42%, which significantly surpasses that of the corresponding
binary PTB7-Th:PC71BM counterparts (9.16%). More importantly, the ternary system simul-
taneously exhibits substantially enhanced operational stability, retaining 82.7% of its initial
PCE after 2304 h under ambient storage in a N2-filled glovebox. This work demonstrates
that TiC12, with its unique thieno[3,2-c]isochromene framework, represents a promising
third-component candidate for achieving both high efficiency and superior stability in
ternary fullerene OSCs.

Keywords: organic solar cells; small-molecule donor; thieno[3,2-c]isochromene; ternary
strategy; device stability

1. Introduction
The escalating global energy demand has propelled organic solar cells (OSCs) into the

spotlight as a compelling next-generation photovoltaic technology [1–3]. OSCs offer distinct
advantages, including low-cost solution processability, lightweight nature, mechanical flex-
ibility, and the potential for large-scale roll-to-roll manufacturing. However, despite these
merits, the power conversion efficiency (PCE) and long-term operational stability of OSCs
remain critical bottlenecks hindering their commercial viability [4–6]. To address these
challenges, a variety of strategies have been explored, such as novel acceptor molecular
design, interfacial engineering, and innovative device architectures [7–9]. Among these
approaches, the construction of ternary active layers has emerged as a particularly promis-
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ing and straightforward tactic to simultaneously boost PCE and stability by integrating a
complementary component into a binary host system [10–13].

Concurrently, the imperative to mitigate environmental issues has intensified research
into renewable energy technologies, with OSCs consistently attracting significant interest
due to their outstanding performance potential [14]. Remarkably, recent breakthroughs
have pushed the PCE of single-junction OSCs beyond the 21% milestone, driven by inno-
vations in acceptor materials, interfacial modification, morphological optimization, and
processing techniques [15]. Among these optimization routes, the fine-tuning of bulk-
heterojunction (BHJ) morphology is widely regarded as the most complex yet effective
lever for governing device performance [16–18]. The active-layer nanomorphology is
governed by a multitude of interrelated factors, including the solubility, crystallinity, and
miscibility of donor/acceptor materials, the choice of processing techniques (e.g., spin-
coating, blade-coating, inkjet printing), and the device configuration (e.g., conventional,
inverted, or multi-interlayer structures) [19,20]. In practice, only a limited number of blend
systems spontaneously yield an optimal morphology, and relying solely on the intrinsic
properties of acceptor materials often proves insufficient to achieve the desired nanoscale
phase separation and device characteristics. Therefore, the rational design of donor materi-
als, particularly through the ternary strategy, has become a crucial avenue for optimizing
photovoltaic performance [21,22].

In this context, the ternary blend approach offers a dual advantage: it not only extends
photon harvesting via the complementary absorption spectrum of the third component,
but also provides an additional handle for modulating the microstructural evolution of the
active layer [23–25]. This strategy has been demonstrated as a highly efficient and feasible
route to further elevate PCE in OSCs [26,27]. Nevertheless, while high PCE values are
now routinely achieved, the intrinsic instability of OSCs remains a formidable obstacle to
practical application [28,29]. Addressing this issue by enhancing device durability without
sacrificing efficiency, and ideally reducing overall costs, has become a central research
focus. Although recent studies have reported stable devices with minimized efficiency
losses through tailored material design and interfacial engineering [30–32], systematic
investigations correlating ternary-component molecular structure with both efficiency and
stability are still relatively scarce and warrant further exploration.

In this work, we systematically investigate the interplay between active-layer mor-
phology, photovoltaic performance, and stability by introducing three structurally related
small-molecule donors, designated as TTiC12, TiC12, and TbC12 (Figure 1a), which are
based on a thieno[3,2-c]isochromene core functionalized with bis(dodecyl)thiophene arms,
into the well-established PTB7-Th:PC71BM host matrix (Figure 1b). We particularly focus
on elucidating how variations in the molecular core and terminal cell structures of these
small-molecule donors influence the nanoscale morphology of the photoactive layer and,
consequently, the overall device performance of ternary fullerene OSCs. By leveraging
the distinct intermolecular interactions and chemical properties among these components,
we demonstrate that the active-layer morphology can be effectively manipulated, thereby
providing a viable pathway to simultaneously enhance the efficiency and stability of OSCs.
Although this study primarily focuses on fullerene derivatives, these materials are theoreti-
cally also highly promising for non-fullerene acceptor systems. Notably, TiC12 and TbC12
exhibit high molar extinction coefficients and readily tunable energy levels, which make
them attractive third-component candidates for cutting-edge non-fullerene organic solar
cells beyond fullerene-based host systems. We plan to conduct follow-up studies in the
future to further verify their general photovoltaic applicability.
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Figure 1. Molecular structure formula of the organic materials (a) TTiC12, TiC12, TbC12, (b) PTB7-Th
and PC71BM.

2. Results and Discussion
2.1. Photophysical Property

The schematic device structure, energy-level diagrams, and UV–vis absorption spectra
are displayed in Figure 2, and the relevant photophysical and electrochemical parameters
of the three small-molecule donors (TTiC12, TiC12, and TbC12) are shown in Table 1. The
HOMO/LUMO energy levels of the three small-molecule donors were determined to be
−5.29/−3.42 eV (TTiC12), −5.45/−3.26 eV (TiC12), and −5.45/−3.23 eV (TbC12). For
reference, the corresponding values for PTB7-Th and PC71BM were −5.25/−3.55 eV and
−5.96/−3.98 eV, respectively.

Figure 2. (a) Device structure diagram, (b) energy-level diagram, (c) UV–vis absorption spectrum.
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Table 1. Photophysical and electrochemical properties of TTiC12, TiC12 and TbC12.

Donors λmax
a [nm] εmax

a [L mol−1 cm−1] λmax
b [nm] λonset

b [nm] Eg
opt [eV] EHOMO [eV] ELUMO [eV] Eg

CV [eV]

TTiC12 632 9.47 × 104 752 804 1.54 −5.29 −3.42 1.87
TiC12 578 2.13 × 105 580 700 1.77 −5.45 −3.26 2.19
TbC12 575 1.34 × 105 585 700 1.77 −5.45 −3.23 2.23

a Absorption in trichloromethane solution; b absorption in the film state.

As shown in Table 1, the extinction coefficients of small-molecule donor TTiC12, TiC12,
and TbC12 are 9.47 × 104, 2.13 × 105, and 1.34 × 105 L mol−1 cm−1, respectively. The
extinction coefficients of small-donor TiC12 and TbC12 with difluorobenzothiadiazole as
the core were much higher than those of small-donor TTiC12 with pyrrole and pyrrole dione
as the core. Regarding the absorption profiles, TTiC12 shows a maximum absorption peak
(λmax) at 804 nm with a main absorption range of 550–800 nm, whereas TiC12 and TbC12
both display λmax at 700 nm with absorption spanning 450–680 nm. For comparison, the
polymer donor PTB7-Th, a narrow-bandgap material, exhibits λmax at 780 nm and absorbs
primarily in the 550–750 nm range, while the fullerene acceptor PC71BM shows relatively
weak absorption above 550 nm. Consequently, the absorption of TTiC12 substantially
overlaps with that of PTB7-Th, resulting in poor spectral complementarity. In contrast,
the 450–680 nm absorption of TiC12 and TbC12 effectively compensates for the weaker
absorption of PTB7-Th in this region, thereby enhancing the overall photon-harvesting
capability of the blend film. This complementary absorption is expected to contribute
positively to the short-circuit current density (Jsc) of the corresponding ternary devices.

2.2. Photovoltaic Property

To investigate the effect of the three small-molecule donors (TTiC12, TiC12, and TbC12)
on device performance, the photoelectric properties of small-molecule donor TTiC12,
TiC12 and TbC12 with different mass ratios were tested under a simulated light source
with irradiation intensity of 100 mW cm−2 at AM 1.5 G (for more details see Supporting
Information). The current density–voltage (J–V) curves of the optimized devices are
presented in Figure 3, and the corresponding photovoltaic parameters are summarized in
Tables S1–S3. Table 2 summarizes the key photovoltaic parameters of the optimized binary
and ternary devices for direct comparison. The electron transport layer was Zracac, and
the hole transport layer was PEDOT:PSS. The mass fraction of the small-molecule donor in
the total donor (x = 0, 15, 20, 25 wt%) was systematically optimized.

As shown in Figure 3a, the ternary device with added small-molecule donor TTiC12
shows no improvement in Jsc compared to the binary PTB7-Th:PC71BM reference device.
However, the optimal ratio of small-molecule donors TiC12 and TbC12 results in signif-
icant improvement in Jsc compared to the binary reference device (Figure 3b,c). These
results are consistent with the conclusion drawn in Figure 3d. The PTB7-Th:PC71BM
component achieved an energy conversion efficiency of 9.16%, with a Voc of 0.789 V,
a Jsc of 16.75 mA cm−2 and a FF of 69.4%. The performance of the ternary device
PTB7-Th:TTiC12:PC71BM with the addition of 20% small-molecule donor TTiC12 was
significantly reduced, which is mainly attributable the severe spectral overlap between the
absorption of TTiC12 and that of the polymer donor PTB7-Th. Compared to the reference
binary device, it fails to effectively enhance absorption, and its lower extinction coefficient
does not lead to an increase in Jsc. Ultimately, these combined factors lead to a reduction
in the PCE.

However, due to the excellent performance of the small-molecule donors TiC12 and
TbC12, the performance of PTB7-Th:TiC12:PC71BM and PTB7-Th:TbC12:PC71BM containing
20% small-molecule donor TiC12 and TbC12 has been improved simultaneously. PCE in-

https://doi.org/10.3390/molecules31142552

https://doi.org/10.3390/molecules31142552


Molecules 2026, 31, 2552 5 of 13

creases from 9.16% to 10.42% and 9.99% for PTB7-Th:PC71BM components, respectively, and
Jsc increases from 16.75 mA cm−2 to 17.92 mA cm−2 and 17.77 mA cm−2, respectively. The
main reason for the improvement of PCE of the device is that small-molecule donors TiC12
and TbC12 effectively enhance the absorption of the polymer PTB7-Th and the fullerene ac-
ceptor PC71BM. Coupled with their high extinction coefficients, this leads to a significant in-
crease in Jsc. Consequently, ternary devices incorporating the difluorobenzothiadiazole-core
small-molecule donors TiC12 and TbC12 achieve a higher PCE compared to the reference
binary device, demonstrating a 13.8% improvement in PCE.

Figure 3. J–V curves of (a) PTB7-Th:TTiC12:PC71BM, (b) PTB7-Th:TiC12:PC71BM, (c) PTB7-
Th:TbC12:PC71BM devices of different proportions and (d) EQE curves of the optimal binary and
ternary OSCs.

Table 2. The photovoltaic parameters of optimized binary and ternary OSCs.

Active Layer Components D:A Ratio Voc [V] Jsc [mA cm−2] FF [%] PCE [%]

PTB7-Th:PC71BM 1:1.5 0.789 16.75 69.4 9.16
PTB7-Th:TTiC12:PC71BM 0.8:0.2:1.5 0.751 16.08 66.1 7.99
PTB7-Th:TiC12:PC71BM 0.8:0.2:1.5 0.790 17.92 73.6 10.42
PTB7-Th:TbC12:PC71BM 0.8:0.2:1.5 0.790 17.77 69.4 9.99

To further understand the variation in Jsc response intensity in different wavelength
ranges, the external quantum efficiency (EQE) spectra of binary and ternary photovoltaic
devices were tested, as shown in Figure 3d. For the TTiC12-based ternary device, the EQE
response is enhanced in the 350–430 nm range compared with the binary PTB7-Th:PC71BM
reference. This enhancement corresponds to the strong absorption of TTiC12 in this region,
which effectively compensates for the relatively weak absorption of the fullerene acceptor
PC71BM. However, in the wavelength ranges of 430–510 nm and 600–740 nm, the EQE
response of the ternary blend is weaker than that of the binary counterpart. This reduction
is attributed to the decreased relative content of the polymer donor PTB7-Th in the blend
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film upon the introduction of the third component, which diminishes the contribution of
PTB7-Th to photocurrent generation in these regions. For the TiC12-based ternary device,
a broad EQE enhancement is observed across the 360–680 nm range, which is consistent
with the absorption profile of TiC12, indicating effective complementary photon harvesting
by this small-molecule donor. In the case of the TbC12-based ternary device, the EQE
response is enhanced in the 350–430 nm and 520–650 nm ranges, but weakened in the
430–520 nm and 650–750 nm ranges. This behavior can be rationalized by the relatively
lower absorption intensity of TbC12 compared with PTB7-Th in both the shorter and longer
wavelength regions, where the polymer donor remains the dominant light-absorbing
component. Overall, the EQE results are in good agreement with the UV–vis absorption
spectra (Figure 2c) and the J–V characteristics (Figure 3a–c), further corroborating the
conclusions drawn from the photophysical and photovoltaic measurements.

2.3. Charge Dynamics

To gain insight into the charge recombination and leakage behavior, the dark-state
current density–voltage (J–V) characteristics of the devices were measured, as shown in
Figure 4a. Compared with the binary PTB7-Th:PC71BM reference, the ternary devices
incorporating TiC12 and TbC12 exhibit significantly higher shunt resistance. This increased
resistance is beneficial for suppressing leakage current and facilitating efficient carrier
transport, thereby contributing to improved device performance. To further evaluate the
exciton dissociation and charge collection efficiency, the photocurrent density (Jph) as a
function of effective voltage (Veff) was measured, with the corresponding curves presented
in Figure 4b. Here, Jph is defined as JL-JD, JL represents the short-circuit current density
in bright state, JD represents the short-circuit current density in dark state, Veff is defined
as V0-Vappl, V0 is the voltage value when Jph = 0, and Vappl is the voltage value applied
by the outside world during the test. As the voltage value applied by the outside world
increases, the Jph will gradually approach the saturation current density (Jsat), that is,
the charge formed by all the excitons separated can be collected at the electrode under
the action of the external electric field. In the short-circuit state, the Jph/Jsat value can
represent the exciton dissociation efficiency of the photovoltaic device. When a high bias
voltage is applied, the carrier recombination inside the active layer will be inhibited, and
the photogenerated carriers can be extracted smoothly, and the Jph/Jsat value can reach
100% under ideal conditions without recombination [33]. For PTB7-Th:TTiC12:PC71BM,
PTB7-Th:TiC12:PC71BM and PTB7-Th:TbC12:PC71BM three components compared with
PTB7-Th:PC71BM two components, the Jph/Jsat values are 95.99%, 97.60%, 96.37% and
95.43%, respectively. These results indicate that the ternary PTB7-Th:TiC12:PC71BM and
PTB7-Th:TbC12:PC71BM devices exhibit significantly higher exciton dissociation efficiency
compared to the binary PTB7-Th:PC71BM reference. Jph/Jsat values at maximum power
output indicate charge transfer and collection efficiency. According to the measured Jph/Jsat

values, it was found that PTB7-Th:TiC12:PC71BM ternary device has a higher exciton rate
and exciton ionization rate, which is helpful to improve the Jsc and FF of the device.

The carrier mobility of the device is further studied by using space-charge limited
current method (SCLC). From the slope of the J1/2-V curve, we can obtain the desired mo-
bility value. Figure 4c,d show the J1/2-V characteristic curves of hole devices and electronic
devices of different materials, and the hole and electron mobility are shown in Table 3.
As shown in Table 3, the hole mobilities of the PTB7-Th:PC71BM binary system and the
PTB7-Th:TTiC12:PC71BM, PTB7-Th:TiC12:PC71BM, and PTB7-Th:TbC12:PC71BM ternary
systems are 1.68 × 10−4, 1.21 × 10−4, 2.68 × 10−4, and 1.95 × 10−4 cm2 V−1 s−1, respec-
tively. The corresponding electron mobilities are 1.60 × 10−4, 3.21 × 10−4, 2.18 × 10−4,
and 2.30 × 10−4 cm2 V−1 s−1, respectively. The results indicate that the binary PTB7-
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Th:PC71BM system exhibits relatively low hole and electron mobilities, leading to severe
charge recombination and a low FF. In contrast, the ternary devices, particularly the PTB7-
Th:TiC12:PC71BM system, achieve simultaneously high hole and electron mobilities. When
the hole and electron mobilities are balanced (µh ≈ µe), space charge accumulation is
minimized and recombination losses are effectively suppressed. These findings demon-
strate that the introduction of thieno-isobenzopyrane small-molecule donors TiC12 and
TbC12, featuring difluorobenzothiadiazole as the core, into the PTB7-Th:PC71BM system,
can significantly improve carrier mobility, enhance charge transport and collection, and
ultimately boost device performance. It is noteworthy that although the TTiC12-based
ternary blend exhibits the highest electron mobility, it yields the lowest PCE. This discrep-
ancy suggests that while the TTiC12 molecules facilitate efficient electron transport due to
their strong crystallization tendency and favorable local π-π stacking, the resulting phase
separation limits the donor–acceptor interfacial area. This morphological defect hinders
exciton dissociation efficiency, thereby reducing the Jsc and FF, which outweighs the benefit
of high carrier mobility.

Figure 4. (a) Dark current; (b) the corresponding Jph-Veff curve; (c) the hole mobility of devices based
on PTB7-Th:PC71BM system and (d) the corresponding electron mobility.

Table 3. Hole and electron mobility of devices based on PTB7-Th:PC71BM system.

Active Layer Hole Mobility (cm2 V−1 s−1) Electron Mobility (cm2 V−1 s−1)

PTB7-Th:TTiC12:PC71BM 1.21 × 10−4 3.21 × 10−4

PTB7-Th:TiC12:PC71BM 2.68 × 10−4 2.18 × 10−4

PTB7-Th:TbC12:PC71BM 1.95 × 10−4 2.30 × 10−4

PTB7-Th:PC71BM 1.68 × 10−4 1.60 × 10−4
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2.4. Active Layer Morphology

To investigate the influence of the three small-molecule donors on the film microstruc-
ture, atomic force microscopy (AFM) was performed on the blend films, with the resulting
topographic images presented in Figure 5. Among them, the roughness of the PTB7-
Th:TTiC12:PC71BM blended film is 1.66 nm (Figure 5a), and the roughness of the PTB7-
Th:PC71BM blended film is 1.54 nm (Figure 5f), and the roughness of the two blended
films is not much different. However, the PTB7-Th:TTiC12:PC71BM blend exhibits a higher
degree of aggregation compared to the PTB7-Th:PC71BM binary blend, which is detri-
mental to charge collection, transport, and exciton dissociation. The roughness of the
PTB7-Th:TbC12:PC71BM blend film is 1.38 nm (Figure 5e), which is smaller than that of the
PTB7-Th:PC71BM blend film, and its surface topography is smoother and has fewer surface
defects. However, excessive film-forming ability is detrimental to the formation of an
appropriate phase separation. The PTB7-Th:TiC12:PC71BM blend film exhibits a roughness
of 1.69 nm (Figure 5c) and a more uniform morphology compared to the PTB7-Th:PC71BM
blend film. This moderate roughness facilitates an increase in the donor–acceptor interfacial
area, leads to a more uniform phase distribution, and effectively prevents the aggregation
of PC71BM [34]. Consequently, an interpenetrating network structure is formed, which is
highly conducive to improving device performance.

Figure 5. AFM morphology of (a) PTB7-Th:TTiC12:PC71BM, (b–d) PTB7-Th:TiC12:PC71BM,
(e) PTB7-Th:TbC12:PC71BM and (f) PTB7-Th:PC71BM blend films with different proportions.

To further optimize the TiC12 loading, AFM measurements were conducted on PTB7-
Th:TiC12:PC71BM blend films with different TiC12 mass fractions (15, 20, and 25 wt%)
(Figure 5b–d). It was found that the morphology of the films was less affected when 15%
and 20% small-molecule donor TiC12 were added. All of them can form an interpenetrating
network structure, which is conducive to charge collection and exciton separation, and
increase short-circuit current. When 25% small-molecule donor TiC12 is added, its morphol-
ogy changes greatly, and the roughness increases to 2.86 nm while the aggregation degree
becomes obvious, which is not conducive to the improvement of device performance. These
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results indicate that regulating the appropriate proportion of small-molecule donor TiC12
is an effective way to optimize the morphology.

To further investigate the microscopic morphology of the active layer after aging, we
conducted additional AFM measurements on the blend films after thermal aging at 100 ◦C
in a nitrogen-filled glovebox and the results are shown in Figure S1. For the binary control
device (without the third component): The AFM images reveal significant phase separation
and the formation of large fullerene aggregates after aging, leading to a substantial increase
in root-mean-square roughness (RMS) from 1.54 nm to 1.84 nm. This indicates severe
morphological degradation. For the ternary device (TiC12): Remarkably, the film maintains
a smooth and uniform interpenetrating network structure even after the same aging process.
The RMS value only slightly increased from 1.69 nm to 1.71 nm, and no obvious large-scale
aggregation was observed. For the ternary devices (TTiC12 and TbC12), their RMS values
only slightly increased from 1.66 and 1.38 to 1.68 and 1.42, respectively. These microscopic
observations provide direct visual evidence that the incorporation of the third component
effectively suppresses the diffusion and aggregation of fullerene molecules, thereby locking
in the optimal morphology and enhancing the long-term stability of the devices.

2.5. Device Stability

The long-term stability of the binary and ternary devices was evaluated by monitoring
the PCE decay over time during storage in a N2-filled glovebox, as shown in Figure 6.
Fullerene-based OSCs are known to suffer from morphological degradation over time due
to the intrinsic aggregation tendency of fullerene acceptors, which leads to performance
deterioration [35]. As shown in Figure 6, the binary PTB7-Th:PC71BM control device
degrades rapidly, retaining only 65.5% of its initial PCE after 68 h of storage. In contrast, the
ternary devices exhibit substantially enhanced stability. The TTiC12-based ternary device
maintains 73.2% of its initial efficiency after 1632 h. The TbC12-based device shows even
better stability, retaining 80.3% of its initial PCE over the same 1632 h period.

Figure 6. Time stability of devices in PTB7-Th:PC71BM system under nitrogen environment.

Remarkably, the TiC12-based ternary device achieves the best overall stability, preserv-
ing 90.7% of its initial efficiency after 864 h and still maintaining 82.7% after 2304 h. The
pronounced stability improvement observed in the ternary systems is primarily attributed
to the morphological stabilization imparted by the small-molecule donors. The pristine
PTB7-Th:PC71BM blend suffers from severe aggregation of the spherical fullerene acceptor
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PC71BM, which disrupts the original film morphology and causes rapid device degradation.
However, the introduction of TTiC12, TiC12, or TbC12 effectively suppresses such aggrega-
tion. Owing to their intrinsic molecular crystallinity, these small-molecule donors enhance
the overall crystallinity of the blend film and optimize the phase separation scale upon
incorporation into the binary host. Consequently, a more ordered molecular arrangement
and a stable interpenetrating network with well-defined phase distribution are established
in the active layer, which significantly retards the morphological degradation and extends
the device lifetime.

3. Materials and Methods
PTB7-Th and PC71BM were purchased from J&K Scientific Co., Ltd., Beijing, China.

All general analytical-grade reagents, such as chlorobenzene (CB) and 1,8-diiodooctane
(DIO), were purchased from Sigma-Aldrich (Shanghai, China) and used without further pu-
rification. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Clevios
PVP Al 4083) was obtained from H.C. Starck, Shanghai, China. Molybdenum oxide (MoO3),
Zracac and aluminum (Al) were purchased from Alfa Aesar Co., Ltd., Shanghai, China. All
materials were used without further purification. According to our previous study [19]
and synthetic routes [21], the three small-molecule donors TTiC12, TiC12, and TbC12 were
prepared through sequential bromination, Grignard addition, Stille cross-coupling, and
terminal Knoevenagel condensation. The full synthetic procedures can be found in our
prior report [21]. More Materials and Methods details in Supplementary Materials. The
detailed device fabrication is also presented in Supplementary Materials.

4. Conclusions
In summary, we have systematically investigated the influence of three structurally

related small-molecule donors, TiC12, TbC12, and TTiC12, as third components on the
photovoltaic performance and stability of the PTB7-Th:PC71BM host system. Among these,
the ternary device incorporating TiC12 delivered the best performance, achieving a PCE
of 10.42%, which represents a notable improvement over the 9.16% of the binary PTB7-
Th:PC71BM reference. The TbC12-based ternary system also exhibited enhanced perfor-
mance, with a PCE of 9.99%, attributable to its structural similarity to TiC12. In contrast,
the TTiC12-containing ternary device showed no increase in short-circuit current density,
as its absorption profile largely overlaps with that of the binary host. Moreover, this system
suffered from a significant energy-loss penalty, resulting in a reduced open-circuit voltage
from 0.789 V to 0.751 V, and consequently, a decreased PCE of 7.99%. More importantly,
the ternary devices exhibited substantially enhanced long-term stability. The TiC12-based
device retained 82.7% of its initial PCE after 2304 h of storage in a N2-filled glovebox,
while the TbC12-based device maintained 80.3% of its initial efficiency after 1632 h under
identical conditions. The TTiC12-based device, by comparison, preserved 73.2% of its initial
PCE over the same 1632 h period. Strikingly, the binary PTB7-Th:PC71BM control device
degraded rapidly, retaining only 65.5% of its initial efficiency after just 68 h. Further mor-
phological characterization revealed that the incorporation of TiC12 and TbC12 effectively
modulates the crystallinity of the active layer, promotes favorable intermolecular stack-
ing, and optimizes the nanoscale phase separation of the PTB7-Th:PC71BM blend. More
critically, the binary host film is prone to severe aggregation over time; the introduction
of these small-molecule donors, particularly those bearing the difluorobenzothiadiazole
(DFBT) core, effectively suppresses such aggregation and stabilizes the desired morphology,
thereby accounting for the concurrent enhancement in both efficiency and stability. Our
findings demonstrate that rational design of small-molecule donors as ternary components
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represents a viable and powerful strategy for simultaneously boosting the PCE and opera-
tional lifetime of organic solar cells, bringing them a step closer to practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31142552/s1, General Materials; Synthesis of TTiC12,
TiC12 and TbC12; General Measurements; OSC Device Fabrication and Measurement; Table S1.
Parameters of PTB7-Th:TTiC12:PC71BM devices of different proportions; Table S2. Performance
parameters of PTB7-Th:TiC12:PC71BM devices of different proportions; Table S3. Performance
parameters of PTB7-Th:TbC12:PC71BM devices of different proportions; Figure S1. (a) AFM height
images of PTB7-Th:TTiC12:PC71BM blend films under thermal annealing at 100 ◦C. (b) AFM height
images of PTB7-Th:TiC12:PC71BM blend films under thermal annealing at 100 ◦C. (c) AFM height
images of PTB7-Th:TbC12:PC71BM blend films under thermal annealing at 100 ◦C. (d) AFM height
images of PTB7-Th:PC71BM blend films under thermal annealing at 100 ◦C; Refs. [19,21] are cited in
the Supplementary Materials.

Author Contributions: Conceptualization, X.L. and W.T.; methodology, X.L. and W.T.; software,
W.T.; validation, W.Z. and J.L.; formal analysis, X.L. and W.T.; investigation, W.T.; resources, X.L.;
data curation, W.Z. and J.Z.; writing—original draft preparation, W.T.; writing—review and editing,
X.L.; visualization, X.L.; supervision, X.L.; project administration, X.L.; funding acquisition, X.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Outstanding Youth Project of Hunan Education Depart-
ment (No. 25B0765), the Hunan Provincial Natural Science Foundation (No. 2026JJ80591), and the
Hunan Provincial Innovation Training Program for College Students (No. S202510545058).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: We would like to thank all the co-authors for their contributions to this work.
We thank the Hunan Provincial Pilot-Scale Base for Technology Transfer and Commercialization of
Rare-Precious Metals.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Huang, D.; Chen, Z.; Zhao, W.; Jia, L.; Li, M.; Ju, T.; Xie, Z.; Lu, W.; Ma, J.; Mao, W.; et al. Small-Molecule Donor/Polymer

Acceptor-Based Organic Solar Cells Achieve >10% Efficiency. ACS Appl. Mater. Interfaces 2025, 17, 62379–62387. [CrossRef]
[PubMed]

2. Hu, H.; Ge, J.; Chen, Z.; Song, W.; Xie, L.; Ge, Z. The Asymmetric Strategy of Small-Molecule Materials for Organic Solar Cells.
Adv. Energy Mater. 2024, 14, 2304242. [CrossRef]

3. Gao, W.; Ma, R.; Dela Peña, T.A.; Yan, C.; Li, H.; Li, M.; Wu, J.; Cheng, P.; Zhong, C.; Wei, Z.; et al. Efficient all-small-molecule
organic solar cells processed with non-halogen solvent. Nat. Commun. 2024, 15, 1946. [CrossRef] [PubMed]

4. Flynn, S.; Yuan, Y.; Cui, S.; Liu, H.; Li, X.; Wang, J.; Li, Y. Acetal- and Aldehyde-Substituted Thiophene-Benzodithiophene
Copolymers for Organic Solar Cells. ACS Appl. Energy Mater. 2024, 7, 1277–1286. [CrossRef]

5. Deka, R.; Kalita, D.J. Boosting the Performance of Diketopyrrolopyrrole-Triphenylamine-Based Organic Solar Cells via π-Linker
Engineering. J. Phys. Chem. A 2024, 128, 1753–1766. [CrossRef] [PubMed]

6. Bei, Q.; Zhang, B.; Wang, K.; Zhang, S.; Xing, G.; Cabanetos, C. Benzothiadiazole-based materials for organic solar cells. Chin.
Chem. Lett. 2024, 35, 108438. [CrossRef]

7. Liu, Z.; Li, T.; Lin, Y. Thick Active-Layer Organic Solar Cells. Chin. J. Chem. 2023, 41, 3739–3750. [CrossRef]
8. Gao, H.; Sun, Y.; Meng, L.; Han, C.; Wan, X.; Chen, Y. Recent Progress in All-Small-Molecule Organic Solar Cells. Small 2023,

19, 2205594.

https://doi.org/10.3390/molecules31142552

https://www.mdpi.com/article/10.3390/molecules31142552/s1
https://www.mdpi.com/article/10.3390/molecules31142552/s1
https://doi.org/10.1021/acsami.5c16793
https://www.ncbi.nlm.nih.gov/pubmed/41166610
https://doi.org/10.1002/aenm.202304242
https://doi.org/10.1038/s41467-024-46144-8
https://www.ncbi.nlm.nih.gov/pubmed/38431627
https://doi.org/10.1021/acsaem.3c02921
https://doi.org/10.1021/acs.jpca.3c06439
https://www.ncbi.nlm.nih.gov/pubmed/38422013
https://doi.org/10.1016/j.cclet.2023.108438
https://doi.org/10.1002/cjoc.202300402
https://doi.org/10.3390/molecules31142552


Molecules 2026, 31, 2552 12 of 13

9. Tang, W.; Xie, L.; Liu, Z.; Zeng, J.; Zhou, X.; Bi, P.; Tang, W.; Yan, L.; Wong, W.-K.; Zhu, X.; et al. Panchromatic terthiophenyl-
benzodithiophene conjugated porphyrin donor for efficient organic solar cells. J. Mater. Chem. C 2022, 10, 1077–1083. [CrossRef]

10. Sun, D.; Tang, W.; Guo, J.; Wang, J.; Ding, Z.; Hao, R.; Zhu, M.; Liu, Y.; Song, X.; Zhu, W. Small-Molecule Acceptors with
Asymmetric Thieno[3,2-c]isochromene Bridged Units for Boosting the Efficiency and Stability of Fullerene-Based Organic Solar
Cells. ACS Appl. Energy Mater. 2022, 5, 15890–15898. [CrossRef]

11. Xie, Y.; Yang, F.; Li, Y.; Uddin, M.A.; Bi, P.; Fan, B.; Cai, Y.; Hao, X.; Woo, H.Y.; Li, W.; et al. Morphology Control Enables Efficient
Ternary Organic Solar Cells. Adv. Mater. 2018, 30, 1803045. [CrossRef]

12. Li, H.; Yu, B.; Yu, H. An Efficient and Stable Inverted Structure Organic Solar Cell Using ZnO Modified by 2D ZrSe2 as a
Composite Electron Transport Layer. Adv. Funct. Mater. 2024, 34, 2402128. [CrossRef]

13. Tan, J.; Zhao, Y.; Li, G.; Yang, S.; Huang, C.; Yu, H. High-Performance Organic Solar Cells by Adding Two-Dimensional GeSe.
Adv. Funct. Mater. 2022, 32, 2209094. [CrossRef]

14. Khlaifia, D.; Alimi, K. PTB7-Th /Non-fullerene acceptors for organic solar cells. Synth. Met. 2022, 291, 117189. [CrossRef]
15. Li, C.; Cai, Y.; Hu, P.; Liu, T.; Zhu, L.; Zeng, R.; Han, F.; Zhang, M.; Zhang, M.; Lv, J.; et al. Organic solar cells with 21% efficiency

enabled by a hybrid interfacial layer with dual-component synergy. Nat. Mater. 2025, 24, 1626–1634. [CrossRef] [PubMed]
16. Zhou, R.; Jiang, Z.; Shi, Y.; Wu, Q.; Yang, C.; Zhang, J.; Lu, K.; Wei, Z. Moving Alkyl-Chain Branching Point Induced a Hierarchical

Morphology for Efficient All-Small-Molecule Organic Solar Cells. Adv. Funct. Mater. 2020, 30, 2005426. [CrossRef]
17. An, K.; Zhong, W.; Peng, F.; Deng, W.; Shang, Y.; Quan, H.; Qiu, H.; Wang, C.; Liu, F.; Wu, H.; et al. Mastering morphology of

non-fullerene acceptors towards long-term stable organic solar cells. Nat. Commun. 2023, 14, 2688. [PubMed]
18. Tang, W.; Xia, H.; Zhu, M.; Shao, L.; Peng, W.; Zhang, B.; Liu, Y.; Tan, H.; Song, X.; Zhu, W. A small-molecule donor with

a thieno[3,2-c]isochromene unit to synchronously improve the efficiency and stability of ternary fullerene organic solar cells.
Sustain. Energy Fuels 2021, 5, 6406–6413. [CrossRef]

19. Tang, W.; Peng, W.; Zhu, M.; Jiang, H.; Wang, W.; Xia, H.; Yang, R.; Inganäs, O.; Tan, H.; Bian, Q.; et al. 17.25% high efficiency
ternary solar cells with increased open-circuit voltage using a high HOMO level small molecule guest donor in a PM6:Y6 blend.
J. Mater. Chem. A 2021, 9, 20493–20501. [CrossRef]

20. Sung, W.; Lee, H.; Choi, W.; Han, S.G.; Kim, J.; Cho, K.; Kim, S.H.; Lee, D.; Kim, H.D.; Ohkita, H.; et al. Nanomorphology
dependence of the environmental stability of organic solar cells. NPG Asia Mater. 2022, 14, 56. [CrossRef]

21. Wang, W.; Zhang, G.; Guo, J.; Gu, Z.; Hao, R.; Lin, Z.; Qian, Y.; Zhu, M.; Xia, H.; Peng, W.; et al. Medium-Bandgap
(Acceptor′–Donor)2Acceptor-Type Small-Molecule Donors Based on an Asymmetric Thieno[3,2-c]isochromene Building Block
for Organic Solar Cells with High Efficiency and Voltage. ACS Appl. Energy Mater. 2019, 2, 4730–4736. [CrossRef]

22. Chen, S.; Liu, Y.; Zhang, L.; Chow, P.C.Y.; Wang, Z.; Zhang, G.; Ma, W.; Yan, H. A Wide-Bandgap Donor Polymer for Highly
Efficient Non-fullerene Organic Solar Cells with a Small Voltage Loss. J. Am. Chem. Soc. 2017, 139, 6298–6301. [CrossRef]
[PubMed]

23. Huo, Y.; Zhang, H.-L.; Zhan, X. Nonfullerene All-Small-Molecule Organic Solar Cells. ACS Energy Lett. 2019, 4, 1241–1250.
[CrossRef]

24. Badgujar, S.; Song, C.E.; Oh, S.; Shin, W.S.; Moon, S.-J.; Lee, J.-C.; Jung, I.H.; Lee, S.K. Highly efficient and thermally stable
fullerene-free organic solar cells based on a small molecule donor and acceptor. J. Mater. Chem. A 2016, 4, 16335–16340. [CrossRef]

25. You, Z.; Song, Y.; Liu, W.; Wang, W.; Zhu, C.; Duan, Y.; Liu, Y. Diazabicyclic Electroactive Ionenes for Efficient and Stable Organic
Solar Cells. Angew. Chem. Int. Ed. 2023, 62, e202302538. [CrossRef]

26. Zhou, X.; Tang, W.; Bi, P.; Yan, L.; Wang, X.; Wong, W.-K.; Hao, X.; Ong, B.S.; Zhu, X. Chemically driven supramolecular
self-assembly of porphyrin donors for high-performance organic solar cells. J. Mater. Chem. A 2018, 6, 14675–14680. [CrossRef]

27. Zhang, Z.; Miao, J.; Ding, Z.; Kan, B.; Lin, B.; Wan, X.; Ma, W.; Chen, Y.; Long, X.; Dou, C.; et al. Efficient and thermally stable
organic solar cells based on small molecule donor and polymer acceptor. Nat. Commun. 2019, 10, 3271. [CrossRef] [PubMed]

28. Chen, Q.; Wang, W.; Liu, X.; Iqbal, S.; Wang, Z. Advancements in morphology controllable ternary organic solar cells for active
layers. Renew. Sustain. Energy Rev. 2025, 216, 115673. [CrossRef]

29. Zhao, F.; Wang, C.; Zhan, X. Morphology Control in Organic Solar Cells. Adv. Energy Mater. 2018, 8, 1703147. [CrossRef]
30. Wan, Q.; Guo, X.; Wang, Z.; Li, W.; Guo, B.; Ma, W.; Zhang, M.; Li, Y. 10.8% Efficiency Polymer Solar Cells Based on PTB7-Th and

PC71BM via Binary Solvent Additives Treatment. Adv. Funct. Mater. 2016, 26, 6635–6640. [CrossRef]
31. Yang, D.; Löhrer, F.C.; Körstgens, V.; Schreiber, A.; Bernstorff, S.; Buriak, J.M.; Müller-Buschbaum, P. In-Operando Study of the

Effects of Solvent Additives on the Stability of Organic Solar Cells Based on PTB7-Th:PC71BM. ACS Energy Lett. 2019, 4, 464–470.
[CrossRef]

32. Deng, J.; Li, W.; Zeng, R.; Song, J.; Tan, S.; Kan, L.; Qin, Z.; Zhao, Y.; Liu, F.; Sun, Y. Acceptor Crystallinity Engineering Enables
>20% Efficiency Binary Organic Solar Cells with 83.0% Fill Factor. Adv. Mater. 2025, 37, 2501243. [CrossRef]

https://doi.org/10.3390/molecules31142552

https://doi.org/10.1039/d1tc01172c
https://doi.org/10.1021/acsaem.2c03407
https://doi.org/10.1002/adma.201803045
https://doi.org/10.1002/adfm.202402128
https://doi.org/10.1002/adfm.202209094
https://doi.org/10.1016/j.synthmet.2022.117189
https://doi.org/10.1038/s41563-025-02305-8
https://www.ncbi.nlm.nih.gov/pubmed/40681865
https://doi.org/10.1002/adfm.202005426
https://www.ncbi.nlm.nih.gov/pubmed/37164953
https://doi.org/10.1039/d1se01558c
https://doi.org/10.1039/d1ta05284e
https://doi.org/10.1038/s41427-022-00400-9
https://doi.org/10.1021/acsaem.9b00303
https://doi.org/10.1021/jacs.7b01606
https://www.ncbi.nlm.nih.gov/pubmed/28447788
https://doi.org/10.1021/acsenergylett.9b00528
https://doi.org/10.1039/c6ta06367e
https://doi.org/10.1002/anie.202302538
https://doi.org/10.1039/c8ta04499f
https://doi.org/10.1038/s41467-019-10984-6
https://www.ncbi.nlm.nih.gov/pubmed/31332173
https://doi.org/10.1016/j.rser.2025.115673
https://doi.org/10.1002/aenm.201703147
https://doi.org/10.1002/adfm.201602181
https://doi.org/10.1021/acsenergylett.8b02311
https://doi.org/10.1002/adma.202501243
https://doi.org/10.3390/molecules31142552


Molecules 2026, 31, 2552 13 of 13

33. Gillett, A.J.; Privitera, A.; Dilmurat, R.; Karki, A.; Qian, D.; Pershin, A.; Londi, G.; Myers, W.K.; Lee, J.; Yuan, J.; et al. The role of
charge recombination to triplet excitons in organic solar cells. Nature 2021, 597, 666–671. [CrossRef] [PubMed]

34. Li, H.; Lu, K.; Wei, Z. Polymer/Small Molecule/Fullerene Based Ternary Solar Cells. Adv. Energy Mater. 2017, 7, 1602540.
[CrossRef]

35. Cheng, P.; Yan, C.; Wu, Y.; Wang, J.; Qin, M.; An, Q.; Cao, J.; Huo, L.; Zhang, F.; Ding, L.; et al. Alloy Acceptor: Superior
Alternative to PCBM toward Efficient and Stable Organic Solar Cells. Adv. Mater. 2016, 28, 8021–8028. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules31142552

https://doi.org/10.1038/s41586-021-03840-5
https://www.ncbi.nlm.nih.gov/pubmed/34588666
https://doi.org/10.1002/aenm.201602540
https://doi.org/10.1002/adma.201602067
https://www.ncbi.nlm.nih.gov/pubmed/27337385
https://doi.org/10.3390/molecules31142552

	Introduction 
	Results and Discussion 
	Photophysical Property 
	Photovoltaic Property 
	Charge Dynamics 
	Active Layer Morphology 
	Device Stability 

	Materials and Methods 
	Conclusions 
	References

