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Abstract The commercialization of organic solar cells (OSCs) requires a transition from laboratory-scale spin-coating to high-throughput, envi-
ronmentally friendly printing technologies. However, rapid crystallization and non-equilibrium molecular assembly during green-solvent pro-
cessing often induce disordered morphologies and severe efficiency losses. Here, we introduce two nonhalogenated solid additives, 2-methoxy-
naphthalene (2-MN) and 2,7-dimethoxynaphthalene (2,7-MN), to regulate crystallization kinetics and film formation in blade-coated OSCs pro-
cessed from the green solvent o-xylene. Benefiting from its symmetric molecular structure and stronger intermolecular interactions, 2,7-MN ef-
fectively prolongs the liquid-solid transition and suppresses premature aggregation, enabling the formation of a highly ordered bi-continuous in-
terpenetrating network with optimized charge-transport pathways. As a result, green-solvent-processed OSCs achieve a champion power con-
version efficiency of 20.19% with an exceptional fill factor of 81.52%. Notably, the morphology control enabled by 2,7-MN remains robust under
high-speed coating (30 m-min~"), maintaining efficiencies approaching 19%. Importantly, large-area modules (15.84 and 76.95 cm?) deliver im-
pressive efficiencies of 16.80% and 15.71%, respectively, which are the highest values reported in green-solvent-processed OSCs so far. This work
establishes solid-additive engineering as an effective strategy for controlling non-equilibrium film formation toward scalable and sustainable or-

ganic photovoltaics.
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INTRODUCTION

Organic solar cells (OSCs) have emerged as promising next-gen-
eration photovoltaic technologies owing to their intrinsic ad-
vantages, including lightweight, mechanical flexibility, semi-
transparency, and compatibility with low-temperature process-
ing.'~®! Over the past decade, OSCs have experienced remark-
able progress driven by synergistic advances in molecular de-
sign, device physics, device engineering, and processing strate-
gies. In particular, the emergence of non-fullerene acceptors
(NFAs) has revolutionized the field by enabling precise energy
level alignment, strong and tunable absorption, and favorable
nanoscale morphology. As a result, the power conversion effi-

* Corresponding authors, E-mail: sun.rui@whu.edu.cn (RS.)

E-mail: min jie@whu.edu.cn (J.M.)
Received June 16, 2026; Accepted August 10, 2026; Published online
November 2, 2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

ciencies (PCEs) of single-junction OSCs have recently ap-
proached 21% in laboratory-scale devices.”” Such rapid effi-
ciency improvements highlight the immense potential of OSCs
for practical deployment. Despite these advances, a critical gap
remains between high-efficiency laboratory devices and scal-
able manufacturing. Most state-of-the-art OSCs with record
PCEs are fabricated via spin-coating, a technique that is unsuit-
able for large-area, high-throughput production.''='? More im-
portantly, these devices typically rely on halogenated solvents,
such as chloroform or chlorobenzene, to dissolve high-perfor-
mance donor (D) and acceptor (A) materials and to achieve op-
timal film morphology. While effective at the laboratory scale,
these solvents pose significant environmental, health, and safe-
ty concerns due to their toxicity, volatility, and regulatory re-
strictions.”) Their use also complicates industrial implementa-
tion, as large-scale manufacturing requires stringent solvent-re-
covery systems and raises production costs. Consequently, tran-
sitioning from halogenated to environmentally benign, non-
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halogenated (“green”) solvents is widely recognized as a pre-
requisite for the sustainable commercialization of OSC tech-
nologies."”]

However, the adoption of green solvents introduces sub-
stantial scientific and technological challenges. High-perfor-
mance polymer donors and NFAs are typically engineered
with complex conjugated backbones and bulky side chains to
optimize optoelectronic properties. Still, these structural fea-
tures often result in limited solubility in non-halogenated sol-
vents such as o-xylene (0-XY), toluene, or anisole.['4151 Poor
solubility can induce strong pre-aggregation in solution,
which persists during film formation and leads to kinetically
trapped, non-ideal morphologies. In addition, the drying dy-
namics of green solvents differ significantly from those of
halogenated solvents, further complicating the control of
crystallization and phase separation during printing process-
es such as blade coating, slot-die coating, or inkjet
printing.['® These factors often result in disordered molecular
packing, excessive or insufficient phase separation, and sub-
optimal percolation pathways for charge transport. Conse-
quently, OSCs processed from green solvents typically exhib-
it inferior exciton dissociation efficiency, imbalanced charge
transport, and increased recombination losses, leading to a
pronounced efficiency gap compared to their halogenated-
solvent-processed counterparts.l'”]

To address these limitations, extensive efforts have been
devoted to improving the performance of green-solvent-pro-
cessed OSCs. One major approach involves molecular design,
including the development of D/A materials with enhanced
solubility and reduced aggregation tendencies in non-halo-
genated solvents.'819 In parallel, solvent engineering has
been widely explored, including the use of binary or ternary
solvent systems, high-boiling-point additives, and solvent
mixtures with tailored evaporation rates to modulate film for-
mation kinetics.[20211 Advanced processing techniques, such
as temperature-controlled coating,2':2?1 solvent vapor anneal-
ing,!23! and ultrasonic-assisted deposition,['* have also been
employed to improve morphology control and device perfor-
mance. Among these strategies, additive engineering has
emerged as a particularly versatile and effective approach for
regulating intermolecular interactions and guiding the evolu-
tion of morphology in OSC active layers.24=27] |In particular,
solid additives represent an emerging class of morphology
regulators that offer distinct advantages for green-solvent
processing. Unlike liquid additives, which generally suffer
from several drawbacks (like residual contamination and lim-
ited compatibility), solid additives can transiently interact
with D/A components, modulating nucleation and growth
processes, suppressing premature aggregation during film
formation.[24281 Nevertheless, the design principles govern-
ing their effectiveness, especially in the context of green-sol-
vent printing processes, remain insufficiently understood. Key
questions include how molecular symmetry, interaction
strength, and volatility influence the evolution of morpholo-
gy, and how these factors can be optimized to achieve both
high efficiency and process robustness.

Herein, we address these challenges by introducing two
environmentally benign solid additives, 2-methoxynaphtha-
lene (2-MN) and 2,7-dimethoxynaphthalene (2,7-MN), into a

D18:L8-BO binary system processed from the green solvent o-
XY. By systematically investigating their molecular structures
and interaction characteristics, we reveal the critical role of
additive symmetry and intermolecular interactions in modu-
lating crystallization kinetics and film formation. In particular,
2,7-MN, featuring a symmetric substitution pattern and
stronger intermolecular interactions, effectively prolongs the
liquid-solid transition stage during blade coating. This ex-
tended transition suppresses premature aggregation and en-
ables the formation of a highly ordered bicontinuous inter-
penetrating network with optimized domain size and purity.
The resulting morphology significantly enhances exciton dis-
sociation, facilitates balanced charge transport, and suppress-
es bimolecular recombination. As a result, OSC devices pro-
cessed from o0-XY using 2,7-MN achieve PCEs exceeding 20%
under blade-coating conditions, with devices fabricated at
coating speeds up to 30 m-min-' maintaining PCEs close to
19%. Furthermore, large-area modules with active areas of
15.84 and 76.95 cm? deliver PCEs of 16.80% and 15.71%, re-
spectively, demonstrating the outstanding solution process-
ability and modaule scalability.

EXPERIMENTAL

Detailed experimental procedures, including reagent sources,
characterization instruments, and test conditions, are provided
in the electronic supplementary information (ESI).

RESULTS AND DISCUSSION

To elucidate the underlying mechanisms by which solid addi-
tives enhance photovoltaic performance, density functional
theory (DFT) calculations at the B3LYP/6-31G(d) level were per-
formed to analyze the intermolecular interactions between 2-
MN/2,7-MN and the active-layer components. Electrostatic po-
tential (ESP) mapping reveals that the asymmetric monomethoxy-
substituted 2-MN exhibits a polarized and uneven charge distri-
bution (Fig. 1a), whereas 2,7-MN, featuring symmetric
dimethoxy substitution, displays a more uniform potential dis-
tribution with pronounced positive regions.”! Given their rela-
tively positive surface ESP, both additives are expected to inter-
act electrostatically with the negatively charged regions of the
acceptor L8-BO, particularly near the pyrrole rings. Conversely,
the ESP distribution of the donor D18 segment appears relative-
ly homogeneous, rendering specific interaction sites less dis-
cernible from potential mapping alone (Fig. S1 in ESI). Therefore,
intermolecular binding energy (£,,) was further calculated based
on optimized geometries to quantify interaction strengths (Fig.
1b).E% The results show that 2,7-MN delivers a significantly
higher E;, (0.197 eV) than 2-MN (0.082 eV), indicating stronger
intermolecular affinity, which may effectively suppress disor-
dered head-to-head stacking among acceptor molecules.*") For
D18, 2-MN preferentially interacts with the electron-deficient
thiadiazole segment (E,=0.181 eV), whereas 2,7-MN tends to as-
sociate with the alkylthiophene side-chain of the benzodithio-
phene (BDT) unit (E,=0.154 eV). Considering that lamellar pack-
ing in conjugated polymers is predominantly governed by side-
chain arrangement, such selective interactions by 2,7-MN are
expected to impose a moderate steric effect, thereby optimiz-
ing crystallization pathways. Overall, the anchoring and induc-
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(a) Molecular structures and ESP maps of the additives (potential range: —0.5 to 0.5 eV); (b) Calculated intermolecular binding energies and

corresponding interaction sites between the additives and D18, L8-BO; (¢, d) Film-forming kinetics curves derived from in situ absorption
spectroscopy; (e, f) Normalized UV-Vis-NIR absorption spectra of D18 and L8-BO neat film; (g, h) Statistical plots of lamellar spacing and CCL for the
D18 in-plane (100) peak, and -7 spacing and CCL for the L8-BO out-of-plane (010) peak. D18 w/o refers to the pure film of D18 that has not
undergone any additive treatment. D18 w 2-MN refers to the pure film of D18 that has been treated with the 2-MN additive. D18 w 2,7-MN refers to

the pure film of D18 that has been treated with the 2,7-MN additive.

tion effects introduced by 2,7-MN are expected to synergistical-
ly regulate crystallization behavior, offering a theoretical basis
for morphological optimization.

To further investigate film formation dynamics, in situ ultra-
violet-visible-near infrared (UV-Vis-NIR) absorption spec-
troscopy was employed to monitor the film evolution of D18
and L8-BO during blade coating (Figs. S2 and S3 in ESI). Com-
pared with additive-free systems, both 2-MN and 2,7-MN sig-
nificantly prolong the solvent evaporation stage, thereby ex-

tending the time window for molecular pre-organization in
the solution state. Notably, during the liquid-solid phase tran-
sition, the 2,7-MN-treated system exhibits a notably extend-
ed transition duration, indicative of pronounced kinetic retar-
dation. This observation is consistent with the stronger inter-
molecular interactions predicted by DFT calculations, sug-
gesting that 2,7-MN acts as an effective kinetic controller that
delays premature aggregation and self-assembly of D/A com-
ponents (Figs. 1c and 1d).B2 Such controlled kinetics facili-
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tate the formation of optimized nanoscale active layer mor-
phology during film deposition. The impact of additives on
post-deposition molecular aggregation was initially corrobo-
rated via UV-Vis-NIR absorption spectra (Figs. 1e and 1f).
Compared to the pristine D18 film, both 2-MN and 2,7-MN
treatments induce a redshift of the absorption edge and an
enhancement in the Ag.¢/Aq.; vibronic ratio, indicative of en-
hanced molecular ordering. This effect is most pronounced
for the 2,7-MN-processed film, suggesting that its preferen-
tial interaction with side chains more effectively promotes J-
aggregate formation compared to the interaction of 2-MN
with electron-deficient backbone units of D18.533 For L8-BO,
both additives enhance the Ay, and Ay, shoulder features
and induce a slight redshift, implying suppression of rapid,
disordered crystallization and a transition toward H-J hybrid
packing aggregation.34 Collectively, these spectral changes
demonstrate that both additives facilitate the transformation
of disordered phases into well-organized crystalline struc-
tures.['4]

Two-dimensional grazing-incidence wide-angle X-ray scat-
tering (2D GIWAXS) measurements were performed to fur-
ther analyze the impact of additives on the packing behav-
iors of D18 and L8-BO films (Figs. S4, S5 and Tables S1, S2 in
ESI). In the out-of-plane (OOP) direction of D18 films, all three
samples exhibit comparable OOP crystallinity, whereas signif-
icant differences are observed in the in-plane (IP, 100) lamel-
lar packing. Specifically, 2-MN treatment results in a reduced
(100) d-spacing of 19.9 A (Figs. 1g and 1h), compared to 20.9
A for 2,7-MN and 21.1 A for the control (w/o), respectively.
Crucially, the crystalline coherence length (CCL) is substantial-
ly enhanced in the 2,7-MN-treated film (70.6 A), exceeding
that of the control (44.9 A) and 2-MN-treated films (52.3 A).
These results indicate that 2,7-MN effectively modulates side-
chain packing, mitigating excessive lamellar aggregation
while promoting higher aggregation order. For L8-BO, all
films exhibit a predominant face-on orientation. However, the
OOP (010) diffraction peaks reveal that additive-treated films
possess more compact and ordered m-m stacking, with re-
duced d-spacing (3.9 A) and increased CCLs (33.3 A for 2-MN
and 31.7 A for 2,7-MN, respectively), compared to the control
film (4.0 and 26.9 A). These findings are consistent with ab-
sorption spectroscopy results, confirming enhanced molecu-
lar ordering induced by the additives. Overall, the improved
crystallinity of both D18 and L8-BO phases, particularly in the
presence of 2,7-MN, is conducive to the formation of an or-
dered bi-fibrillar interpenetrating network within the blend
films. Moreover, the UV-Vis-NIR absorption spectra of the
blend active layers exhibit slight redshifts upon additive in-
corporation (Fig. S6 in ESI), further corroborating the en-
hancement in intermolecular packing order. Collectively,
these results demonstrate that solid-additive engineering, es-
pecially with structurally symmetric 2,7-MN, enables precise
regulation of crystallization kinetics and molecular organiza-
tion, ultimately leading to optimized morphology and im-
proved device performance as discussed below.

To investigate the effect of solid additives on device perfor-
mance, OSCs were fabricated with a conventional structure of
ITO/2PACz/active layer/PNIDT-F3N/Ag. The optimal current
density-voltage (J-V) characteristics of D18:L8-BO devices pro-

cessed without and with solid additives are illustrated in Fig.
2(a) and Fig. S7 (in ESI), with the corresponding photovoltaic
parameters summarized in Table 1 and Table S3 (in ESI). The
control D18:L8-BO device without additive treatment deliv-
ers a PCE of 18.14%, with an open-circuit voltage (Vo) of
0.900 V, a short-circuit current density (Jsc) of 26.48 mA-cm~,
and a fill factor (FF) of 76.10%. Upon incorporation of 2-MN, a
marginal improvement is observed, yielding a PCE of 18.76%
with slightly enlarged Jsc and FF values. Notably, devices
treated with 2,7-MN exhibit a pronounced performance en-
hancement, achieving a champion PCE of 20.19%, accompa-
nied by an impressive FF of 81.52% and an enhanced Js. of
27.28 mA-cm~2, External quantum efficiency (EQE) curves (Fig.
2b) further corroborate these results, with integrated current
densities (Jsc ) of 25.83 and 26.40 mA-cm~2 for the 2-MN-
and 2,7-MN-treated devices, respectively, compared to 25.79
mA-cm-2 for the control. To the best of our knowledge (Fig. 2¢c
and summarized in Table S4 in ESI), this PCE (20.19%) repre-
sents one of the highest reported values for green-solvent-
processed, blade-coated OSCs so far. To gain insight into the
charge generation dynamics, transient absorption (TA) spec-
troscopy was employed. Selective excitation of the acceptor
was achieved using an excitation wavelength of 800 nm. The
two-dimensional TA spectra (Fig. 2d) reveal ground-state
bleaching (GSB) features of D18 and L8-BO in the spectral
ranges of 500-600 and 650-880 nm, respectively. The decay
dynamics probed at different wavelengths represent the dif-
ferent photophysical processes (Fig. 2e). The emergence of
the D18 GSB signal at 580 nm concomitant with the decay of
the L8-BO signal at 700 nm indicates efficient hole transfer
from the acceptor to the donor. Kinetic analysis of the GSB
decay at 580 nm reveals a biexponential behavior, with fast
(14) and slow (1,) components. The 2,7-MN-treated blend ex-
hibits significantly shorter 7; (0.67 ps) and 1, (14.27 ps) com-
pared to the control (2.80 and 36.62 ps) and 2-MN-treated
films (2.01 and 31.36 ps), indicating more rapid excition disso-
ciation and diffusion toward D-A interfaces. These accelerat-
ed dynamics are consistent with the enhanced Js- and FF val-
ues observed in the corresponding devices.[%33]

Charge transport properties were further evaluated using
the space charge-limited current (SCLC) method (Figs. S8, S9
and Table S5 in ESI). As summarized in Fig. 2(f), the hole mo-
bility (u,) and electron mobility (u.,) were estimated to be
7.55%10~* and 1.36x10~* cm2-V-"s7! for the control device. In-
corporation of solid additives leads to an overall enhance-
ment in charge carrier mobilities, attributed to enhanced
molecular ordering and stacking. In particular, the 2,7-MN-
treated device shows balanced charge transport with
Up=3.50x10"* and u,=2.24x10* cm2V-1s71, yielding a up/ue
ratio of 1.56,1361 which is favorable for efficient charge extrac-
tion and reduced recombination. Apart from the SCLC data,
fifteen photo-induced charge carrier extraction by linearly in-
creasing voltage (photo-CELIV) curves over the nanosecond-
microsecond (ns-ms, Fig. S10 in ESI) have been measured us-
ing different experimental conditions for determining the
ambipolar charge extraction (CE) properties from the devices
with and without solid additives treatment. As exhibited in
Fig. 2(g), the extracted carrier mobilities are consistent with
the SCLC results. By fitting the decay using the relation
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Fig.2 (a) J-V curves and (b) EQE spectra of D18:L8-BO devices with and without solid additives treatment; (c) Literature-reported PCEs for state-of-
the-art green-solvent-processed blade-coated OSCs; (d) 2D TA spectra and (e) decay dynamics were probed at 575 nm of the D18:L8-BO films with
and without solid additives treatment under 800 nm excitation; (f) The electron and hole mobilities obtained from SCLC measurements, and (g)
device mobility as a function of delay time obtained from photo-CELIV measurement of D18:L8-BO devices with and without solid additives
treatment; (h) Charge carrier density as a function of delay time of the D18:L8-BO devices with and without solid additives treatment; (i) Charge
carrier lifetime versus charge density curves of D18:L8-BO devices with and without solid additives treatment; (j) The noise spectra for the relevant
devices; (k) Detailed energy loss in the D18:L8-BO devices with and without solid additives treatment.

dent parameter), the effective 2nd order recombination coeffi-
cient (t3) was determined. The initial photogenerated carrier
photogenerated carriers at t=0 and y is the time-indepen- densities (Fig. 2h) are 2.06x10'6, 3.30x10'6, and 3.59x10'6

(n(t)=n(0)/(1+ (T—tB)V), where n (0) is the initial density of
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Table 1 Summary of photovoltaic parameters of the investigated D18:L8-BO binary systems measured under the illumination of AM 1.5 G at 100

mW-cm™2,
Treatment Voc V) Jsc (mA-cm™) Jsc cal® (MA-Cm™) FF (%) PCE® (%)
w/o 0.900 2648 25.79 76.10 18.14 (17.96+0.08)
2-MN 0.892 26.52 25.83 79.30 18.76 (18.52+0.08)
2,7-MN 0.901 27.28 26.40 81.52 20.19 (20.05+0.10)

2 Jsc a1 represents the integrated current density obtained from EQE spectra; ® The average PCE values with standard deviations obtained from 10

independent cells with the active area of 0.048 cm?.

c¢m3 for the control, 2-MN- and 2,7-MN-treated devices, re-
spectively, indicating that 2,7-MN facilitates more efficient
charge transfer and transport.[37]

Transient photocurrent (TPC) and transient photovoltage
(TPV) measurements were further employed to probe charge
extraction and recombination dynamics under device opera-
tion.138 TPC measurements (Fig. S11 in ESI) reveal faster pho-
tocurrent decay for additive-treated devices, with extraction
times decreasing from 0.32 s (control) to 0.28 ps (2-MN) and
0.23 ps (2,7-MN), indicating more efficient charge extraction.
TPV (Fig. S12 in ESI) and charge extraction (CE, Fig. S13 in ESI)
measurements provide carrier lifetime 1 as a function of carri-
er density n under open-circuit conditions, t(n) (Fig. 2i). Ap-
plying the power law dependence of T = 1y (ne/n), the calcu-
lated non-geminate recombination order R values (deter-
mined by R = A+1) are 1.73, 1.43, and 1.38 for the control, 2-
MN- and 2,7-MN-treated D18:L8-BO devices, respectively. This
reduced recombination order for the 2,7-MN-treated device
indicates suppressed bimolecular recombination and im-
proved charge transport.39 Moreover, noise spectroscopy
(Fig. 2j) reveals a reduced noise exponent of 1.39 for the 2,7-
MN-treated device (compared to 1.73 for the control and 1.46
for 2-MN),1*% suggesting diminished trap-assisted recombina-
tion, lower defect density, and improved energetic order. To
quantitatively analyze energy losses (E.), the Vo loss was
deconvoluted into three components: A, (radiative recombi-
nation above the bandgap), AE, (radiative recombination be-
low the bandgap), and AE; (non-radiative recombination loss)
(Figs. S14, S15 and Table S6 in ESI). As shown in Fig. 2(k), the
optical band gaps of the control, 2-MN and 2,7-MN-treated
devices are 1.185, 1.176, and 1.183 eV, corresponding to AF;
values of 0.258, 0.254, and 0.257 eV, respectively. The AE, val-
ues remain comparable (about 0.08 eV) across all devices, in-
dicating similar charge-transfer state energetics. In contrast,
AE; decreases from 0.205 eV (control) to 0.196 eV (2-MN), and
further to 0.191 eV (2,7-MN), demonstrating that the reduced
overall energy loss in the 2,7-MN-treated device primarily
originates from suppressed non-radiative recombination. Col-
lectively, these results confirm that solid-additive engineer-
ing, particularly with 2,7-MN, effectively enhances charge
generation, transport, and extraction while minimizing re-
combination losses, thereby enabling superior device perfor-
mance. To comprehensive evaluation of this solid-additive
approach, we assess the long-term stability (thermal aging at
80 °C dark storage) for the optimal 2-MN and 2,7-MN devices
(Fig. S16 in ESI), and noted that both devices show compara-
ble PCE decay.

To verify the volatilization of the solid additives during film
formation, Fourier transform infrared spectroscopy was con-
ducted on blend films before and after thermal annealing (80

°C, 5 min). As shown in Fig. S17 (in ESI), the characteristic vi-
brational peaks of 2-MN and 2,7-MN at around 3110 cm~" dis-
appear after thermal annealing, confirming their complete re-
moval from the blends.*"l Atomic force microscopy (AFM)
was employed to investigate the surface morphology of the
blend films (Fig. 3a and Fig. S18 in ESI). The root mean square
(RMS) roughness decreases from 4.61 nm (control) and 4.39
nm (2-MN) to 2.57 nm for the 2,7-MN-treated film, indicating
a smoother surface with finer nanoscale features. This result
suggests that 2,7-MN promotes the formation of a more re-
fined fibrillar network. Transmission electron microscopy
(TEM) further reveals the internal morphology (Fig. 3b). The
additive-free film exhibits pronounced aggregation domains,
which are detrimental to exciton dissociation and charge
transport. In contrast, both additive-treated films display well-
developed fibrous structures, with the 2,7-MN-treated film
showing optimal fibril width and domain size. This morpholo-
gy facilitates the formation of a highly ordered bicontinuous
interpenetrating network, enabling efficient exciton utiliza-
tion, enhanced carrier mobility, and suppressed recombina-
tion losses, thereby contributing to improved Jsc and FF.[421
The 2D GIWAXS was performed to investigate the crystal-
lization and molecular packing (Fig. 3c). All blend films exhib-
it a preferential face-on orientation, evidenced by pro-
nounced (010) -7 stacking peaks in the OOP direction, which
is favorable for vertical charge transport. The control film ex-
hibits a broad 7-mm stacking peak with a shoulder feature, in-
dicative of significant amorphous content. In contrast, the 2-
MN-treated and 2,7-MN-treated blend films exhibit stronger
diffraction intensity and narrower -7 stacking peaks, sug-
gesting enhanced crystallinity and reduced disorder. Quanti-
tative analysis (Fig. 3d and Table S7 in ESI) shows that the 2,7-
MN-treated blend film exhibits a CCL of 44.54 A and a (010)
peak at 1.59 A-1, corresponding to a 71-7r stacking distance of
3.94 A. These results confirm that 2,7-MN promotes tighter
molecular packing and improved structural order, which are
beneficial for charge transport and recombination suppres-
sion.[3] Resonant soft X-ray scattering (RSoXS) measure-
ments were further performed to investigate the phase-sepa-
rated morphology (Fig. S19 in ESI and Fig. 3e). At an excita-
tion energy of 284.2 eV, corresponding to the 1s-7" transi-
tion of the carbon-carbon double bond (C=C),[44! the control
film exhibits pronounced scattering intensity at large length
scales. In contrast, both additive-treated films show reduced
scattering intensity and predominantly small-length-scale
features. Notably, the 2,7-MN-treated film exhibits the small-
est phase separation, with characteristic length scales consis-
tent with AFM observations. These results collectively indi-
cate that 2,7-MN enables precise regulation of nanoscale
morphology, leading to optimized phase separation and en-
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(a) AFM height images, (b) TEM images, (c) 2D GIWAXS profiles, (d) the corresponding 1D line-cut curves along OOP and IP directions, and

(e) the RSoXS profiles of the D18:L8-BO blend films without solid additive, with 2-MN, and 2,7-MN.

hanced device performance.

To elucidate the influence of 2-MN and 2,7-MN on film for-
mation kinetics, resulting in an obvious difference in phase
separation as discussed above, in situ UV-Vis-NIR spectroscop-
ic measurements were conducted during the film-formation
processes of D18:L8-BO with and without additives (Fig. S20
in ESI). The time-resolved spectral evolution is presented as
two-dimensional contour plots (Figs. 4a-4c), with corre-
sponding peak-position trajectories shown in Figs. 4(d)-4(f).
The evolution of the absorption peak position reveals three
distinct stages of film formation: solvent evaporation (stage ),
liquid-solid transition (stage Il), and film consolidation (stage
11).1451 During stage |I, a pronounced redshift is observed, indi-
cating progressive molecular stacking and aggregation. Both
additives extend the solvent evaporation time (stage ), there-
by mitigating premature aggregation that can deteriorate de-
vice performance. However, their effects on the subsequent
liquid-solid transition (stage Il) differ markedly. The 2-MN-
treated film exhibits an accelerated transition (0.48 s), where-
as 2,7-MN significantly prolongs this stage Il from 0.72 s (con-
trol) to 1.20 s. The excessively rapid aggregation induced by
2-MN leads to kinetically trapped, disordered domains that
are unfavorable for exciton dissociation and charge transport.
In contrast, the extended transition enabled by 2,7-MN al-
lows sufficient time for molecular stacking and the formation
of a well-defined fibrous interpenetrating network.[6! This
controlled aggregation process results in an optimized mor-
phology that supports efficient exciton dissociation and bal-
anced charge transport, ultimately yielding superior photo-
voltaic performance. Further insight into molecular packing

was obtained by deconvoluting the Ay, and A, vibronic ab-
sorption peaks of L8-BO (Fig. S21 in ESI), where Ay, corre-
sponds to intrachain arrangement and Ay, to interchain m-mr*
transition. The additive-free film exhibits the highest Ay.o / Ag4
ratio (1.89),34 indicative of dominant intrachain ordering
with limited intermolecular coupling. In contrast, films pro-
cessed with 2-MN and 2,7-MN show reduced ratios of 0.88
and 1.73, respectively, suggesting enhanced intermolecular
interactions and suppressed formation of strongly J-aggre-
gated states during rapid precipitation. The pronounced H-
aggregation (Ay.¢/A;.1=0.88) and broadened spectral features
in the 2-MN-treated film suggest multiple packing motifs,
which can be attributed to its relatively weak interaction with
L8-BO (binding energy of 0.082 eV). This allows acceptor
molecules to pre-assemble into microcrystalline domains dur-
ing the solvent evaporation stage (stage I), which are then ki-
netically frozen during the rapid liquid-solid transition. Con-
versely, the stronger interaction between 2,7-MN and L8-BO
(binding energy of 0.197 eV) enables effective molecular in-
tercalation in solution, suppressing excessive self-assembly of
the acceptor. The prolonged liquid-solid transition (,=1.20 s)
further maintains an appropriate stacking order of L8-BO
while enhancing D/A intermixing, which is a particularly criti-
cal factor for green-solvent-processed systems. Based on
these combined insights into molecular packing, film forma-
tion kinetics, and final blend morphology, a schematic illus-
tration of the morphological evolution under different addi-
tive treatments is presented in Fig. 4(g).

Based upon the above findings that solid additives can ef-
fectively retard crystallization and optimize molecular pack-
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and crystallization kinetics for the investigated films.

ing during film formation, we further explored their impact
on solution processability under scalable conditions. To
achieve precise control over thin-film thickness and morphol-
ogy, the effects of solution concentration and corresponding
blade-coating speed were systematically investigated (Figs.
$22-524 and Tables S8-510 in ESI).[7:481 Notably, the kinetic
regulation of 2,7-MN sustains its effectiveness even under the
drastically shortened drying time at the industrially relevant
speed of 30 m:min-'. The in situ UV-Vis-NIR analysis reveals
that the prolonged liquid-solid transition (stage Il) provides a
critical kinetic buffer, preventing kinetically trapped disorder
during rapid solidification, while the strong intermolecular

binding between 2,7-MN and L8-BO (0.197 eV) suppresses
premature aggregation during the swift solvent evaporation
stage (stage I). Furthermore, although the AFM and GIWAXS
characterizations were conducted at standard coating
speeds, they reveal that 2,7-MN establishes an intrinsically
highly ordered and tightly packed network, providing the
structural robustness required to withstand the high shear
forces inherent to blade-coating. The direct validation of this
resilience is evidenced by the maintained PCE of about 19%
at 30 m-min-! (Fig. 5a), highlighting the exceptional industrial
viability of this solid-additive approach. As shown in Fig. 5(a),
a quantitative relationship between coating speed, film thick-
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Fig. 5 (a) Extracted PCEs of green-solvent-bladed D18:L8-BO devices with and without solid additives treatment, as a function of blade-coating
speed; (b) J-V curves of D18:L8-BO devices and modules with and without solid additives treatment, with active areas of 0.20, 1.00, 15.84, and 76.95
cm?; (c) Efficiency comparison of our results (red stars) and reported results in the literature (blue and purple circles) of green-solvent-bladed OSCs;
(d) A picture of a large-area (76.95 cm?) green-solvent-bladed module with eighteen sub-cells.

ness, and device performance was established. For control
devices, the PCE decreases markedly from 18.14% to 15.65%
with increasing coating speed, despite comparable film thick-
nesses, indicating insufficient morphological robustness. In
contrast, devices processed with solid additives exhibit signif-
icantly improved tolerance to high-speed coating. Notably,
2,7-MN-treated devices retain a high PCE of 18.86% even at a
coating speed of 30.0 m-min-1, demonstrating that 2,7-MN ef-
fectively mitigates performance losses under high-speed
coating conditions.

To further assess scalability,[*! large-area devices (0.20 and
1.00 cm?) and modules (15.84 and 76.95 cm?) based on the
D18:L8-BO system were fabricated without and with solid-ad-
ditive treatment. The optimal J-V curves are illustrated in Fig.
5(b), with the photovoltaic parameters listed in Table S11 (in
ESI). Across the four different active areas, the 2,7-MN-treated
systems consistently deliver excellent PCEs. In particular, the
2,7-MN-treated D18:L8-BO module with an active area of

76.95 cm? achieves a PCE of 15.71%, significantly outperform-
ing the 2-MN-treated (13.73%) and additive-free (12.22%)
counterparts. Compared with previously reported green-sol-
vent-processed, blade-coated solar cells and modules, the de-
vices presented here exhibit highly competitive efficiencies
(Fig. 5c and Tables S12, S13 in ESI). A photograph of the large-
area module (76.95 cm?2) consisting of 18 sub-cells is shown in
Fig. 5(d), where the active layer exhibits excellent thickness
uniformity. These results highlight that the combination of
environmentally friendly solvents and rationally designed sol-
id additives, particularly 2,7-MN, provides an effective strate-
gy for morphology control, enabling high-efficiency, process-
robust solar modules suitable for industrial-scale manufactur-

ing.

CONCLUSIONS

In summary, we have developed an effective solid-additive en-
gineering strategy to enable high-efficiency, green-solvent-pro-
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cessed OSCs with excellent process robustness and scalability.
By introducing two environmentally benign solid additives, 2-
MN and 2,7-MN, into the D18:L8-BO system, we systematically
elucidate how additive molecular structure governs intermolec-
ular interactions, crystallization kinetics, and morphology evolu-
tion during film formation. Both experimental and theoretical
results reveal that the symmetric structure and stronger bind-
ing affinity of 2,7-MN enable it to act as an efficient kinetic regu-
lator, prolonging the liquid-solid transition, suppressing prema-
ture aggregation, and guiding the formation of a highly or-
dered bicontinuous interpenetrating network. This optimized
morphology simultaneously enhances exciton dissociation, pro-
motes balanced charge transport, and suppresses both gemi-
nate and non-geminate recombination, leading to a promising
PCE of 20.19% under blade-coating conditions. Importantly, the
morphology control enabled by 2,7-MN remains effective un-
der high-speed coating (up to 30 m:min~"), maintaining PCEs
approaching 19%, which highlights its compatibility with indus-
trially relevant processing. Furthermore, large-area modules
with active areas up to 76.95 cm? deliver PCEs of 15.71%,
demonstrating excellent scalability and film uniformity. Beyond
performance metrics, this work provides fundamental insights
into the interplay between additive structure, intermolecular in-
teractions, and non-equilibrium film-formation dynamics in
green-solvent systems. Overall, this study offers a general and
scalable strategy for achieving high-efficiency OSCs while ad-
hering to environmental and manufacturing constraints, paving
the way toward sustainable and industrially viable organic pho-
tovoltaic technologies.
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Graphical Abstract

Solid-additive-regulated Non-equilibrium Film Formation Enables Highly-efficient Green-solvent-
printed Binary Organic Solar Cells and Solar Modules
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A non-halogenate solid-additive strategy is developed to regulate non-halogenated solvent-processed active layer forma-
tion and balance molecular aggregation in organic photovoltaics during blade-coating, delivering record efficiencies of
20.19% on small-area (0.048 cm?) devices and 15.71% on large-area (76.95 cm?) modules.
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