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As organic photovoltaics (OPVs) have become increasingly commercially viable in recent years, with power

conversion efficiency (PCE) exceeding 20%, the importance of environmental sustainability has also grown

significantly. While most eco-friendly OPV developments have focused on replacing solvents in the

photoactive layer with benign alternatives, reliance on harmful additives for morphology modulation

remains a major obstacle to achieving fully sustainable OPVs. This study presents the first example of

a fully eco-friendly OPV, achieved by incorporating novel, non-volatile, eco-friendly solid additives,

specifically, 4,40-dihydroxybiphenyl (DBP), 4,40-dimethylbiphenyl (DMBP), and 2,20-dihydroxy-4-
methoxybenzophenone (DM), in combination with the eco-friendly solvent o-xylene. Among them, DBP

demonstrates the highest performance and long-term stability due to its superior miscibility and higher

boiling point, achieving a PCE of 17.78%. Enhanced crystallinity and optimal phase separation

morphology within the photoactive layer by DBP contribute to improvements in charge transfer,

mobility, and device stability. This development marks a significant step toward the commercialization of

sustainable OPVs, meeting the dual objectives of high efficiency and environmental compatibility.
Introduction

Organic photovoltaics (OPVs) have emerged as one of the most
promising candidates for eco-friendly energy solutions due to
their inherent advantages, such as cost-effectiveness, mechan-
ical exibility, and lightweight properties.1,2 Recent advance-
ments in OPVs, with power conversion efficiencies (PCEs)
reaching up to 20%, have signicantly enhanced their
commercial viability.3–8 As this commercial potential grows,
increasing attention is being directed toward the eco-
friendliness of the materials employed in both the compo-
nents and manufacturing processes of OPVs. Currently,
research efforts are primarily focused on the eco-friendliness of
the photoactive layer, the most critical component in deter-
mining the performance and sustainability of OPVs.

Conventional high-efficiency OPVs commonly employ halo-
genated solvents, such as chloroform (CF) and chlorobenzene
(CB), in the fabrication of the photoactive layer. These solvents,
however, pose signicant environmental and health risks due to
their toxicity and persistence in the environment.9–11 Conse-
quently, considerable attention has been directed toward
replacing halogenated solvents with non-halogenated,
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environmentally friendly alternatives.12,13 However, one critical
aspect that is oen overlooked is the continued use of non-
environmentally friendly additives in the process of forming
the active layer to achieve optimal phase separation
morphology.14–17 1-Chloronaphthalene (CN) is a widely used
halogenated solvent additive for optimizing the morphology of
photoactive layers in Y-series non-fullerene acceptor (NFA)-
based OPVs, achieving high PCEs.18–21 The OPV based on
PM6:L8-BO, fabricated using the eco-friendly solvent o-xylene
and the halogenated solvent additive CN, exhibited a PCE of
15.33% (Fig. S1†).

Recently, the use of solid additives, which are much more
convenient to handle than solution-based additives, such as
CN, 1,8-diiodooctane (DIO), and diphenyl ether (DPE), has
become more widespread.22–25 Most eco-friendly solid additives
reported to date have been volatile. While volatile solid addi-
tives offer the advantage of promoting crystallization of the
photoactive layer during thin-lm fabrication through evapo-
ration, they present challenges in controlling volatility, which
can hinder the reproducibility of performance. Furthermore,
structural changes in the photoactive layer over time may
compromise long-term stability. In contrast, non-volatile solid
additives remain in the photoactive layer throughout both the
fabrication process and device operation, helping to maintain
stable phase separation within the layer. This facilitates the
preservation of a stable photoactive layer structure over time,
thereby improving the device's lifetime and performance
stability. Additionally, higher reproducibility in the
J. Mater. Chem. A
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Fig. 1 Chemical structures of (a) the polymer donor PM6 and the non-
fullerene acceptor L8-BO, and (b) the eco-friendly solid additives DBP,
DMBP, and DM. Normalized absorption spectra of (c) PM6 and (d) L8-
BO films with and without DBP, DMBP, and DM.
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manufacturing process can be expected. Since both volatile and
non-volatile solid additives have clear advantages and disad-
vantages, the choice between them should depend on the
intended objective. However, for the commercialization of
OPVs, where long lifespan and high stability are crucial, the
importance of non-volatile additives is increasingly empha-
sized. However, non-volatile solid additives that are well
compatible with eco-friendly solvents have not yet been
reported.

In this study, we demonstrated the fully eco-friendly OPV by
using newly developed, eco-friendly, non-volatile solid addi-
tives, such as 4,40-dihydroxybiphenyl (DBP), 4,40-dimethylbi-
phenyl (DMBP), and 2,20-dihydroxy-4-methoxybenzophenone
(DM), in combination with the eco-friendly solvent o-xylene. The
eco-friendliness of the three selected additives was veried by
checking their material safety data sheets (MSDSs). In this
context, the term “eco-friendly” refers to halogen-free materials
that were selected based on their relatively low toxicity, as
indicated by the hazard symbols of the Globally Harmonized
System (GHS). Nevertheless, additional factors such as envi-
ronmental persistence, biodegradability, and life-cycle impact
should also be considered to provide a more comprehensive
assessment of eco-friendliness. These aspects remain impor-
tant subjects for future research. All three additives contributed
to improved performance when applied to PM6:L8-BO solar
cells. Among them, DBP, with the highest boiling point, facili-
tated the formation of an optimal photoactive layer
morphology, characterized by enhanced crystallinity due to its
high miscibility with the donor and acceptor materials. This
resulted in the development of a fully eco-friendly OPV with
a power conversion efficiency (PCE) of 17.78%. The OPV also
demonstrated high reproducibility and long-term stability when
using DBP.

Results and discussion

For the photoactive materials, PM6 and L8-BO were utilized.
Fig. 1a shows the chemical structures of the donor PM6 and the
acceptor L8-BO. Although the PCE of PM6:L8-BO solar cells
varies depending on the types of electron transport layer (ETL)
and hole transport layer (HTL), as well as specic fabrication
conditions, it has been reported to range between approxi-
mately 16.0–18.0%. In our laboratory, we fabricated cells using
PDINN ETL and Br-2EPSe HTL,26 along with the commonly
employed CF solvent and CN additive. Under these conditions,
the PCE reached approximately 16.74% (Fig. S1†). However,
when o-xylene was used as a solvent instead of CF, the PCE
slightly decreased to 15.33% (Fig. S1†). This is a commonly
observed phenomenon, as o-xylene is known to induce aggre-
gation of the non-fullerene acceptor (NFA) in the photoactive
layer.27–29 Similar aggregation issues in photoactive materials
have oen been addressed using additives in the past. Based on
this idea, to mitigate the performance degradation caused by
non-halogenated solvents, we decided to introduce non-volatile
solid additives. Furthermore, we ensured that the additives were
environmentally friendly. We introduced and compared the
performance of three such eco-friendly, non-volatile additives –
J. Mater. Chem. A
DBP, DMBP, and DM – as shown in Fig. 1b. For reference, the
boiling points (Bp) of DBP, DMBP, and DM are 355 °C, 295 °C,
and 170 °C, respectively. And the melting points (Mp) of DBP,
DMBP, and DM are 282 °C, 120 °C, and 75 °C, respectively.

Initially, we investigated whether three eco-friendly non-
volatile additives inuence the band structure through chem-
ical interactions with photoactive materials by conducting UV-
vis measurements on PM6 and L8-BO lms containing the
additives. In the case of PM6 (Fig. 1c), the position of the
maximum absorption peak remained the same, regardless of
the presence or type of additives, and the onset edge, which
provides information about the band gap, was also observed to
be identical in all cases. This suggests that there are no signif-
icant chemical interactions between the added additives and
PM6 that could affect the energy levels. However, they appear to
clearly inuence the physical packing structure. Specically, the
intensity ratio of the 0–0 peak to the 0–1 peak in the PM6 lm
with DBP increased, indicating that DBP promotes more
ordered molecular stacking in PM6.30,31 In the case of L8-BO,
similar to PM6, minimal chemical interaction is observed.
However, it appears to be more signicantly affected by
molecular packing. As shown in Fig. 1d, the normalized
absorption spectra of L8-BO lms with various additives reveal
that lms containing eco-friendly solid additives exhibit slight
red shis compared to the lm without additives. Additionally,
This journal is © The Royal Society of Chemistry 2025
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the ratios of the 0–0 peak intensity to the 0–1 peak intensity
were altered. Among these lms, the one with DBP exhibited the
most ordered molecular stacking.

Fig. S2 and S3† show the 2D GIWAXS scattering patterns of
PM6 and L8-BO lms with different additives, respectively. As
previously discussed, thep–p stacking distance of PM6 remains
largely unchanged regardless of the additive. In contrast, L8-BO
exhibits a notable variation in p–p stacking distance depending
on the additive, with the eco-friendly solid additive promoting
more favorable molecular stacking. Notably, DBP leads to the
most enhanced molecular packing of L8-BO.

To investigate the intermolecular interactions between the
additives (DBP, DMBP, and DM) and the active materials, FTIR
measurements were carried out on PM6 and L8-BO lms with
and without each additive.32–35 As shown in Fig. S4,† the PM6
lms exhibited a characteristic carbonyl peak at 1651.4 cm−1,
with no signicant changes upon the addition of the additives.
In contrast, the L8-BO lms exhibited noticeable peak shis
upon the addition of the additives. These shis occurred in the
characteristic peaks corresponding to alkyl chain vibrations
(∼1423 cm−1), C]C stretching (∼1532 cm−1), and cyano group
vibrations (∼2215 cm−1). The peak shi in alkyl chain vibra-
tions was most pronounced in L8-BO with DBP compared to L8-
BO with DMBP or DM, indicating stronger intermolecular
interactions between L8-BO and DBP. These FTIR results
suggest that DBP, DMBP, and DM enhance intermolecular
interactions more effectively with L8-BO than with PM6, with
DBP showing the most signicant effect.

This tendency was further corroborated by atomic force
microscopy (AFM) measurements of neat PM6 and L8-BO lms
with additives. Fig. 2a and b present the AFM topographic
images of PM6 and L8-BO lms, both with and without eco-
Fig. 2 AFM topographic images of (a) PM6, (b) L8-BO, and (c) PM6:L8-
BO blend films without additives, and with DBP, DMBP, and DM.

This journal is © The Royal Society of Chemistry 2025
friendly solid additives. The corresponding phase images are
shown in Fig. S5.† The morphology of pristine PM6 lms
remained largely similar with or without additives, except in the
case of DBP, which resulted in a more uniform morphology. In
contrast, the AFM topographic images of L8-BO lms show
distinct differences depending on the additive used, as dis-
played in Fig. 2b. The L8-BO lm with DM, an additive with the
lowest boiling point and melting point, exhibited a more
aggregated morphology compared to the L8-BO lm with DBP,
which has the highest boiling point and melting point. This
suggests that the morphology of L8-BO is sensitive to the vola-
tility of the additives, with additives that volatilize more rapidly
impeding the formation of an optimal morphology. Therefore,
selecting the appropriate additive is critical for achieving the
desired morphology in the photoactive layer.

Fig. 2c illustrates the blend morphology of PM6:L8-BO lms
with and without eco-friendly solid additives. The blend lm
without additives formed a non-uniform morphology and had
a root-mean-square (RMS) roughness value of 2.474 nm, indi-
cating relatively poor miscibility between the donor and
acceptor. In contrast, the blend lms containing eco-friendly
solid additives exhibited a smoother and more uniform
surface. The lms with DBP and DMBP, which have higher
boiling points than DM, formed a distinct brillar structure
compared to the blend lm with DM. Specically, the PM6:L8-
BO blend lm with DBP had an RMS roughness value of
1.340 nm, resulting in a smoother and more uniform
morphology, which is attributed to the improved miscibility
between PM6 and L8-BO due to the introduction of DBP.

The miscibility between the donor and acceptor is critical for
forming the desired interpenetrating nanoscale morphology in
the photoactive layer of a bulk-heterojunction (BHJ) structure.
To evaluate the miscibility between PM6 and L8-BO in the
presence of different additives, contact angle measurements
were performed. The Flory–Huggins interaction parameters (c)

were calculated using the equation c1;2 ¼ Kð ffiffiffiffiffi

g1
p � ffiffiffiffiffi

g2
p Þ2,

where g represents surface energy and K is a proportionality
constant.30,36 Fig. S6† shows the contact angle images of PM6
and L8-BO thin lms with and without additives, with detailed
data provided in Table S4.† The calculated c values between
PM6 and L8-BO were 0.0426K without additives, 0.0235K with
DBP, 0.0293Kwith DMBP, and 0.0410K with DM. A lower c value
indicates better miscibility between PM6 and L8-BO. Overall,
the miscibility between the materials improved with the use of
eco-friendly additives, with DBP showing the most signicant
enhancement.

As shown in Fig. S7,† the bril widths of PM6:L8-BO lms
with and without eco-friendly solid additives were determined
from the full width at half maximum (FWHM) of the peaks in
the line-cut proles of the AFM phase images.37,38 The calculated
average values were 30.84 nm, 19.82 nm, 24.43 nm, and
25.37 nm for PM6:L8-BO lms without additives and with DBP,
DMBP, and DM, respectively. The blend lms containing eco-
friendly solid additives exhibited relatively smaller bril
widths compared to the lm without additives. This is attrib-
uted to the enhanced miscibility between the donor and
J. Mater. Chem. A
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acceptor induced by the additives. In particular, DBP, which
promoted the highest miscibility, facilitated the formation of
the nest and most uniformly distributed brils.

GIWAXS measurements were conducted to investigate the
molecular packing and crystallinity of the photoactive layer. The
2D GIWAXS patterns and corresponding line-cut proles of the
PM6:L8-BO blend lms, both with and without eco-friendly
Fig. 3 2D GIWAXS scattering patterns and corresponding line-cut
profiles of PM6:L8-BO blend films without additives, and with DBP,
DMBP, and DM.

Fig. 4 FTIR spectra of PM6:L8-BO blend films with (a) DBP, (b) DMBP,
and (c) DM, with and without annealing treatment.

Fig. 5 (a) J–V characteristic curves, (b) EQE spectra, (c) statistical histo
mobilities, and (f) light dependence of JSC and VOC in OPVs based on PM

J. Mater. Chem. A
solid additives, are shown in Fig. 3 and Table S5,† respec-
tively. All PM6:L8-BO blend lms exhibited a pronounced p–p

stacking peak in the out-of-plane (OOP) direction, indicating
a preference for face-on orientation. The PM6:L8-BO blend lms
with eco-friendly solid additives showed relatively smaller d-
spacing values of 3.564 Å−1 for DBP, 3.572 Å−1 for DMBP, and
3.576 Å−1 for DM, compared to 3.607 Å−1 for the blend lm
without additives. Furthermore, the corresponding coherence
lengths (LC) in the OOP direction increased from 25.24 Å in the
lm without additives to 27.72 Å for DBP, 27.32 Å for DMBP, and
26.93 Å for DM. Notably, the use of DBP as an eco-friendly solid
additive signicantly enhanced the intermolecular packing and
crystallinity of the PM6:L8-BO blend lm, which is promising
for improving charge transfer properties and device
performance.

Fourier-transform infrared spectroscopy (FTIR) measure-
ments were conducted to conrm the volatility of the additives
in the photoactive layer, as shown in Fig. 4a–c.39,40 DBP exhibi-
ted a characteristic FTIR absorption peak at 1627.03 cm−1,
which was also present in the FTIR absorption spectra of the
PM6:L8-BO blend lm with DBP. Notably, this characteristic
peak did not disappear even aer thermal treatment (130 °C for
10 min), indicating that DBP, with its high boiling point, was
not volatilized and remained within the photoactive layer. In
contrast, DMBP and DM, which have lower boiling points,
showed different behavior. DMBP exhibited a characteristic
FTIR absorption peak at 803.77 cm−1, visible in the PM6:L8-BO
blend lm before thermal treatment, but it disappeared aer
thermal treatment. Similarly, in the PM6:L8-BO blend lm with
DM before thermal treatment, characteristic peaks of DM were
observed at 1028.62, 968.99, 925.26, and 760.05 cm−1.

These peaks vanished aer thermal treatment, indicating
that DM was volatilized. Although the criteria for determining
grams of device efficiency, (d) Jph–Veff curves, (e) electron and hole
6:L8-BO without and with DBP, DMBP, and DM.

This journal is © The Royal Society of Chemistry 2025
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the volatility or non-volatility of additives at a specic reference
point have not yet been clearly established, if this assessment is
made during the spin-coating process that forms the lm, all
three eco-friendly additives could be classied as non-volatile.
However, if the evaluation point is extended to include the
operational phase aer the complete fabrication of the device,
DBP can be clearly categorized as a non-volatile additive,
whereas DMBP and DM would be classied as volatile. In the
case of DM, which has a relatively low Bp of 170 °C, its evapo-
ration during annealing at 130 °C is understandable. However,
it is somewhat surprising that DMBP, despite having a Bp of
295 °C, mostly evaporated aer annealing at 130 °C for 10
minutes. This suggests that the volatility or non-volatility of an
additive should be determined by considering various factors,
such as its boiling point and melting point. In addition, it
should be comprehensively evaluated based on whether the
additive remains under actual processing conditions, including
both immediately aer spin-coating and aer post-annealing.

To investigate the effects of eco-friendly solid additives on
device performance, an OPV with a conventional structure of
ITO/Br-2EPSe/PM6:L8-BO/PDINN/Ag was fabricated. The
current density–voltage (J–V) curves and detailed parameters of
the optimized OPV are shown in Fig. 5a and Table 1. The
optimal amounts of DBP, DMBP, and DM were explored, as
shown in Fig. S10–S12 and Tables S6–S8.† The device without
additives exhibited a PCE of 15.01%, with a short-circuit current
density (JSC) of 24.00 mA cm−2, an open-circuit voltage (VOC) of
0.832 V, and a ll factor (FF) of 75.16%. All OPVs with eco-
friendly solid additives demonstrated higher performance
compared to both the OPV with CN (Fig. S1 and Table S1†) and
the one without additives. Among them, DBP, with its non-
volatile properties, achieved the highest PCE of 17.78%, with
a JSC of 27.18 mA cm−2, a VOC of 0.845 V, and a FF of 77.43%. The
PCE of devices with DMBP and DM also increased to 17.13%
and 16.46%, respectively. However, unlike DBP, VOC did not
improve in these devices, and in the case of DM, which has a low
boiling point, VOC was reduced. The adoption of eco-friendly
solid additives notably enhanced the JSC and FF of the
devices, likely due to improvements in the morphology and
crystallinity of the photoactive layer. Fig. 5b shows the external
quantum efficiency (EQE) spectra of the devices with and
without additives. The devices with DBP, DMBP, and DM
exhibited signicantly enhanced photogenerated current
responses compared to the device without additives, consistent
with the observed JSC values. Fig. 5c presents the statistical
histograms of OPV efficiency with and without eco-friendly solid
additives. The average efficiency of devices with eco-friendly
Table 1 Detailed photovoltaic parameters of devices based on PM6:L8
calculated from 20 devices

Additive JSC (mA cm−2) VOC (V)

Without additive 24.00 (23.63 � 0.355) 0.832 (0.828 �
DBP 27.18 (26.86 � 0.458) 0.845 (0.843 �
DMBP 26.91 (26.41 � 0.351) 0.830 (0.826 �
DM 26.07 (26.00 � 0.292) 0.826 (0.814 �

This journal is © The Royal Society of Chemistry 2025
additives was higher than those without additives, and these
additives had a similar effect when applied to PM6:BTP-eC9
OPVs (Fig. S13–S15 and Tables S9–S11†).

To investigate the process of exciton dissociation and charge
extraction, the photocurrent density–effective voltage (Jph–Veff)
characteristics were measured, as shown in Fig. 5d. The
maximum exciton generation rate (Gmax) of the devices was
calculated using the equation Gmax = Jsat/qL, where Jsat is the
saturation photocurrent density, q is the elementary charge,
and L is the thickness of the photoactive layer.41,42 The calcu-
lated Gmax values were 1.61× 1028 m−3 s−1, 1.75× 1028 m−3 s−1,
1.70 × 1028 m−3 s−1, and 1.67 × 1028 m−3 s−1 for the devices
without additives, and with DBP, DMBP, and DM, respectively.
The introduction of eco-friendly solid additives increased the
Gmax values, with DBP yielding the highest value. This increase
correlates with the enhanced light absorption of the photoactive
layers containing DBP. The exciton dissociation efficiency (Pdiss)
and charge collection efficiency (Pcoll) were determined from
Jph/Jsat under short-circuit conditions and maximum power
output conditions, respectively.43–45 Devices with eco-friendly
solid additives exhibited higher Pdiss and Pcoll values
compared to the device without additives. The estimated Pdiss
values were similar, at approximately 97.0% for all devices with
additives, while the device with DBP achieved the highest Pcoll of
89.6%. This indicates that the enhanced JSC and FF of the device
with DBP are due to its improved exciton dissociation and
charge collection capabilities.

The carrier mobility of the device upon the introduction of
eco-friendly solid additives was investigated using the space
charge limited current (SCLC) method. Fig. 5e and Table S12†
illustrate that the electron mobilities (me) for the devices with
DBP, DMBP, and DM increased from 3.61× 10−4 cm2 V−1 s−1 to
4.13 × 10−4 cm2 V−1 s−1, 3.91 × 10−4 cm2 V−1 s−1, and 3.72 ×

10−4 cm2 V−1 s−1, respectively. Additionally, the devices with
DBP, DMBP, and DM exhibited higher hole mobilities (mh) of
4.22 × 10−4 cm2 V−1 s−1, 4.08 × 10−4 cm2 V−1 s−1, and 3.89 ×

10−4 cm2 V−1 s−1 compared to the device without additive. This
improvement in carrier mobility is inferred to be due to the
enhanced crystallinity of the photoactive layers facilitated by the
eco-friendly solid additives.46 Notably, DBP not only demon-
strated the highest electron and hole mobilities but also ach-
ieved the most balanced me/mh ratio of 0.978, contributing to
a high FF of the device.

The transient photocurrent (TPC) and transient photovoltage
(TPV) measurements were conducted to investigate the effect of
additives on the charge extraction and recombination behavior
of the device, as shown in Fig. S17 and Table S13.† The charge
-BO without and with DBP, DMBP, and DM. The average values were

FF PCE (%)

0.006) 75.16 (74.32 � 1.275) 15.01 (14.55 � 0.399)
0.009) 77.43 (76.43 � 0.478) 17.78 (17.31 � 0.188)
0.004) 76.74 (76.69 � 0.497) 17.13 (16.74 � 0.200)
0.007) 76.38 (75.43 � 0.816) 16.46 (15.97 � 0.257)

J. Mater. Chem. A
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Fig. 6 FTPS-EQE and EL spectra of OPVs based on PM6:L8-BO (a)
without additives and with (b) DBP, (c) DMBP, and (d) DM.

Fig. 7 Long-term storage stability of OPVs based on PM6:L8-BO with
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extraction times (st) for the devices without additive, and with
DBP, DMBP, and DM were 0.405 ms, 0.293 ms, 0.322 ms, and
0.314 ms, respectively. Overall, the devices with eco-friendly
solid additives exhibited faster charge extraction times, with
the device containing DBP demonstrating the most effective
charge extraction capability. Furthermore, the device with DBP
showed the longest charge carrier lifetime (sr) of 1.76 ms,
compared to 1.13 ms, 1.63 ms, and 1.65 ms for the device without
additive, and those with DMBP and DM, respectively. This
suggests that the faster charge extraction and inhibited charge
recombination observed in the device with DBP can be attrib-
uted to improved molecular stacking.

To verify the charge recombination behaviors, the depen-
dence of JSC and VOC on light intensity (Plight) wasmeasured. The
relationship between JSC and Plight is expressed by the power law
equation JSC f (Plight)

a. The dependence of VOC on Plight follows
the equation VOC f (nkT/q)ln(Plight), where k is the Boltzmann
constant, T is the temperature in Kelvin, and q is the elementary
charge.47,48 As shown in Fig. 5f, the extracted a values for all
devices, both with and without eco-friendly solid additives, were
nearly identical. In contrast, the n values exhibited distinct
behavior. The extracted n value for the device without additive
was 1.38(kT/q), while the values for the devices with DBP, DMBP,
and DM were 1.19(kT/q), 1.23(kT/q), and 1.27(kT/q), respectively.
The device with DBP exhibited the lowest n value, indicating
that the DBP eco-friendly solid additive most effectively sup-
pressed trap-assisted recombination in the device.

The device with DBP exhibited a higher VOC compared to the
devices without additive and those with DMBP and DM. To
Table 2 Detailed Eloss parameters of devices based on PM6:L8-BOwitho

Additive Eg qVSQQC qVradQC qVOC

Without additive 1.406 1.125 1.098 0.832
DBP 1.404 1.124 1.097 0.845
DMBP 1.402 1.122 1.091 0.830
DM 1.401 1.121 1.090 0.826

J. Mater. Chem. A
investigate this further, energy loss analysis was conducted
through Fourier-transform photocurrent spectroscopy external
quantum efficiency (FTPS-EQE) and electroluminescence (EL)
spectra measurements, as shown in Fig. 6 and Table 2. The total
energy loss (DEloss) values for the devices without additive, and
with DMBP and DM were nearly identical, calculated at
0.574 eV, 0.572 eV, and 0.575 eV, respectively. In contrast, the
device with DBP exhibited the lowest energy loss of 0.559 eV.
Although the devices with DMBP and DM showed a reduction in
DE3 due to improved crystallinity of the photoactive layer
compared to the device without additives, they were unable to
overcome the radiative recombination loss (DE2) due to their
volatile characteristics, resulting in DEloss values similar to
those of the device without additive.49 Conversely, the non-
volatile eco-friendly solid additive DBP effectively minimized
DE2 loss, while enhanced molecular stacking and crystallinity
signicantly reduced the non-radiative recombination loss
(DE3), resulting in a higher VOC.

Fig. 7 shows the long-term storage stability of the devices
with DBP, DMBP, and DM additives. The devices were stored in
an N2 atmosphere under dark conditions without encapsula-
tion. All three additives exhibited slightly improved stability
compared to the representative solvent-based volatile additive
CN. Due to the signicant performance degradation when using
CN as an additive in o-xylene solvent, devices fabricated with CF
were used for comparison to evaluate device stability under
optimal performance conditions. Over the initial 300 hours, the
device with DM showed a more rapid decrease in efficiency
compared to the devices with DBP and DMBP. Aer 600 hours,
the device with DBPmaintained approximately 82% of its initial
efficiency up to 1000 hours, whereas the devices with DMBP and
DM relatively steeper decline in efficiency up to 1000 hours,
dropping below 80%. To further investigate the thermal and
photo-stability of the devices, thermal stability was evaluated by
storing the devices under dark conditions in a nitrogen atmo-
sphere at 70 °C. Photo-stability was assessed by irradiating the
devices with a 100 mW cm−2 white LED under ambient air. As
ut and with DBP, DMBP, and DM. The units of all the parameters are (eV)

DE1 DE2 DE3 (EL/BB) DE3 (EQEEL) DEloss

0.281 0.027 0.266 0.279 0.574
0.280 0.027 0.252 0.258 0.559
0.280 0.031 0.261 0.267 0.572
0.280 0.031 0.264 0.277 0.575

CN, DBP, DMBP, and DM.

This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d5ta03943f


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
5 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

3/
20

25
 3

:5
8:

56
 P

M
. 

View Article Online
shown in Fig. S19,† in both thermal and photo-stability tests,
the device with CN exhibited rapid degradation within 48 hours.
In contrast, the devices with DBP, DMBP, and DM solid addi-
tives showed overall higher stability compared to the device
with CN. Among them, the device with DBP demonstrated the
highest stability, retaining over 73% of its initial efficiency aer
200 hours under both thermal and photo-stability conditions.
These results suggest that non-volatile DBP, with the highest
boiling point, acted as a stabilizer for phase separation within
the active layer over the long term, enhancing morphological
stability and contributing to the device's long-term stability.
Conclusions

This study successfully demonstrated a fully eco-friendly OPV by
incorporating non-volatile, eco-friendly solid additives, speci-
cally DBP, DMBP, and DM, alongside the eco-friendly solvent o-
xylene. DBP, with its high boiling point and enhanced misci-
bility with photoactive materials, signicantly improved device
performance and stability, achieving a PCE of 17.78%.
Comparative analyses of the additives showed that DBP
promoted an ordered molecular stacking and an optimal
morphology, which enhanced charge transfer and reduced
recombination. Moreover, the non-volatile nature of DBP
contributed to long-term device stability, maintaining 82% of
its initial efficiency aer 1000 hours of storage. These ndings
highlight the potential of non-volatile, eco-friendly solid addi-
tives in advancing sustainable OPVs that balance high efficiency
with environmental responsibility.
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