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1. Introduction

Organic solar cells (OSCs), as a promising technology of clean,
renewable energy, have attracted significant attention due to their
advantages, including lightweight, flexibility, semitransparency,
and costeffectiveness.[1] Facilitated by the rapid development of
nonfullerene acceptors, OSCs have made great progress and
achieved power conversion efficiencies (PCEs) around 20% in
the past few years.[2] However, beyond high PCEs, the stability
issue should also be addressed to realize the practical application
for OSCs.[3] Generally, OSCs suffer from degradation under

thermal stress, which arises from their
morphology instability primarily due to
unstable phase separation of donors and
acceptors during repeated heating and
cooling cycles, thereby disrupting the
nanoscale morphology of the active layer.[4]

It is well known that an optimized
nanoscale morphology in the bulk hetero-
junction layer is essential for OSC
efficiency, as it influences charge genera-
tion, carrier transport, and collection.[5]

However, this morphology represents a
thermally activated metastable state that
is highly sensitive to thermal aging. Over
time, exposure to elevated temperatures
drives the blend moves toward thermody-
namic equilibrium, resulting in large-
scale phase separation and a reduction in
the donor–acceptor interfacial area.[6]

Consequently, thermal instability remains
a critical obstacle to the long-term performance of OSCs,
underscoring the need for innovative strategies to maintain their
morphology and enhance their durability and stability.

Several strategies have been employed to enhance the
morphological stability of the active layer, which suppressed
device degradation under thermal stress. For instance, many
researchers have successfully utilized ternary structures to curb
the tendency of large-scale crystallization and diffusion of non-
fullerene acceptors (NFAs) induced by thermal stress.[7]

However, this strategy demands a comprehensive component
selection, and there is no universal third component applicable
in different photovoltaic systems. The introduction of chemical
crosslinking is another approach that can also contribute to
stabilizing the morphology. Recently, Han et al. improved the
thermal stability of the active layer by generating an in situ
crosslinked network that forms hydrogen bonds with both the
donor and acceptor, restricting their thermal motion.[8]

Nevertheless, the in situ crosslinked network may require long
curing times, particularly at an elevated temperature of 150 °C,
to achieve its full mechanical properties. Moreover, since some
insulating materials possess the inherent characteristic of
high-temperature resistance or can form intermolecular interac-
tions with the molecules of the active layer, for instance,
polyacenaphthylene (PAC) can confine the motion of acceptor
molecules and suppress the crystallization of acceptors at high
temperatures.[9] Polyvinyl chloride (PVC) can form noncovalent
interactions with conjugated donor materials.[10] Using them as
additives is a simple yet effective strategy to impede thermal
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The morphology of active layer of the organic solar cells (OSCs) tends to
transition toward its lowest energy conformation under thermal stress, signifi-
cantly limiting the stability of OSCs. In this study, ethyl cellulose (EC) is utilized as
an additive in the active layer of the typical PM6:Y6 and other systems. Due to the
strong interaction between the hydroxyl groups of EC and the heteroatoms in the
organic semiconductors, their bulk heterojunction nanomorphology is locked,
thereby enhancing device thermal stability. Under thermal stress at 65 °C for
1,000 h, the PM6:Y6 device incorporating EC demonstrates excellent stability
nearly without performance loss. Furthermore, compared to the control device,
the device exhibits improved thermal stability under a range of more stringent
aging conditions. Additionally, the EC additive shows broad applicability in
various active layer systems, effectively enhancing their thermal stability. This
work offers a promising approach for developing stable nanomorphology
structures in OSCs.
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stress-induced morphological changes. However, under the
optimal proportion of polymer addition, good thermal stability
and high initial efficiency of the device still cannot be concur-
rently obtained. For example, after adding the optimal ratio of
PVC (5 wt%) in the active layer, the PCE of the device based
on PM6:BO-4Cl significantly decreased from 17.3% to 15.2%.

As a commercially available cellulose derivative, EC exhibits
excellent solution processability and high thermal stability.[11]

Particularly, there are ≈50% remaining hydroxyl groups on
EC, which offer abundant sites for hydrogen bond interactions
with other groups, rendering it a good alternative as additive into
organic photoactive layers. Bearing these in mind, herein, we
proposed a strategy to improve the thermal stability of OSCs
by incorporating EC into active layers. Using the typical PM6:
Y6 system, the fresh devices with and without EC demonstrated
comparable efficiencies. Under thermal stress at 65 °C
for 1000 h, the device incorporating EC demonstrated excep-
tional stability with no observable performance degradation.
Moreover, the device containing EC retained 94.5% of its initial
efficiency after 270min at 120 °C, while the control device
without EC retained only 78.7% of its initial efficiency.
Morphological analysis confirmed that the incorporation of EC
facilitated the maintenance of optimal nanomorphology domain
sizes in the active layer, primarily due to the strong interactions
between hydroxyl groups on EC and heteroatoms in the active
layer material. These interactions significantly enhanced the
morphological stability of the active layer compared to that
without the EC additive. This stable morphology mitigated the
degradation of charge separation, transport, and extraction
properties, thereby markedly improving thermal stability.
Furthermore, the approach shows abroad applicability for
enhancing the device thermal stability in other typical photovol-
taic systems. The addition of EC, a solution-processable and
ecofriendly stabilizer that introduces strong hydrogen bonds,
represents a universal strategy for enhancing the thermal
stability.

2. Results and Discussion

EC is a biodegradable and ecofriendly material synthesized
through the etherification of cellulose, a natural polymer derived
from renewable sources such as wood or cotton (Figure 1a).[12]

The ethyl substitution on the cellulose backbone enhances EC’s
solubility and processability in common organic solvents. It is
noteworthy that incomplete etherification leaves a significant
amount of hydroxyl groups (≈50.5–52%) in commercially
available EC. The polymer donor PM6 and the nonfullerene
acceptor Y6 were selected as the model active layer system for
this study (Figure 1b). The carbonyl (C═O), thiophene/
benzene-F, and cyan (C≡N) groups in PM6 and Y6 could form
hydrogen bonding interactions with EC. Fourier-
transform infrared spectroscopy (FTIR) was used to confirm
the presence of hydrogen bonding interactions between PM6,
Y6, and EC. As shown in Figure 1c, the vibrational frequencies
of the carbonyl groups (≈1648 cm�1) and thiophene-F
units (≈1364 and 1148 cm�1) in PM6 shifted to lower
wavenumbers in the PM6:EC blend. Similarly, the cyan groups
(≈2215 cm�1), carbonyl groups (≈1699 cm�1), and benzene-F

units (≈1150 cm�1) in Y6 exhibited blueshifts in the presence
of EC.[13] To further understand the morphologies of the blend
films, the Flory–Huggins interaction parameter (χ) was
estimated using surface energy (γ), as given by the equation:
χDA ¼ ð ffiffiffiffiffi

γD
p � ffiffiffiffiffi

γA
p Þ2, where D and A represent different

materials. Surface energy values of pure films were obtained
from contact angle measurements (Figure 1d and Table S1,
Supporting Information),[14] allowing the χ values to be
calculated as 1.06, 0.91, and 0.01 for PM6:Y6, PM6:EC, and
Y6:EC, respectively. Compared to PM6:Y6, the lower χ values
for PM6:EC and Y6:EC suggest better miscibility of EC with
these two components. Molecular dynamics (MD) simulations
were conducted to further investigate the interactions between
EC, PM6, and Y6 in the blend. The hydrogen bond calculations
and stacking numbers of EC with PM6 and Y6 within a unit cell
are presented in Figure 1e and Table S2, Supporting
Information. The results indicate that EC tends to localize at
the interface between PM6 and Y6, making direct contact with
both materials and forming hydrogen bonds with each. These
findings are consistent with the FTIR results, which help to
elucidate the mechanisms through which EC stabilizes the
morphology of the active layer.

To evaluate the influence of EC on the thermal stability of
OSCs, inverted architecture devices consisting of indium
tin oxide (ITO)/electron transport layer/PM6:Y6:EC/hole
transport layer/silver (Ag) were fabricated (Figure 2a). To deter-
mine the optimal EC ratio for enhancing thermal stability while
maintaining ideal PCE, device performance with different EC
ratios was tested. Figure 2b and Table 1 summarize the photo-
voltaic parameters obtained from multiple batches of devices
with varying EC ratios. The control PM6:Y6 device, processed
without EC, achieved a maximum PCE of 17.76%, with a
short-circuit current density (JSC) of 28.04mA cm�2, a fill factor
(FF) of 75.05%, and an open-circuit voltage (VOC) of 0.843 V,
which are comparable to previously reported values.[15]

Notably, incorporating EC at a low concentration does not signif-
icantly affect photovoltaic efficiency, despite EC being a
high-molecular-weight insulating polymer. Consequently, the
system with 0.1 mgmL�1 EC exhibits a PCE of 17.40%, slightly
lower than that of the control device. When the EC concentration
reaches 0.5mgmL�1 in the CF solution, the PCE experiences
a significant reduction due to a drastic decrease in VOC and
FF values. However, the EC devices exhibited a significant
enhancement in thermal stability. After heating at 120 °C for
270min, the PCE of the control device decreased substantially
to 78.7% of its initial value. Notably, devices with various EC
ratios retained >90% of their initial PCEs after accelerated aging
(Figure 2c). Among these, devices with 0.1 mgmL�1 EC demon-
strated the best thermal stability. Additionally, the addition of
0.1mgmL�1 EC improved the exciton dissociation and collection
properties of the devices under thermal stress, contributing to
the enhancement of JSC after heating (Table S4, Supporting
Information). Further investigation of the photovoltaic parame-
ters revealed that the inclusion of EC significantly enhanced the
maintenance of VOC and FF after heating (Figure 2d and
Table S3, Supporting Information). The VOC of devices with
no EC, 0.05mgmL�1 EC, 0.1 mgmL�1 EC, 0.2mgmL�1 EC,
and 0.5 mgmL�1 EC remained at 91.9, 95.1, 95.5, 95.8%,
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and 95.5% of their original values, respectively. The FF for these
devices remained at 84.0, 92.5, 94.4, 94.9, and 93.5% of
their original values, respectively. These improvements are
attributed to the stabilization of the nanomorphology through
hydrogen bonds between EC and the active layer materials.
Finally, considering both efficiencies and the results of acceler-
ated thermal aging, 0.1mgmL�1 EC was selected as the optimal
additive concentration. Therefore, the standard thermal stability
of control and EC-added OSCs was tested at 65 and 85 °C in

the dark for ≈1000 h (Figure 2e). EC-added devices exhibited
superior thermal stability compared to control devices (99.4 vs
93.7% under 65 °C and 95.3 vs 91.8% under 85 °C). It is worth
noting that adding EC has no negative effect on the photostability
of the device (Figure S1, Supporting Information). The photode-
gradation of OSC devices predominantly relies on the photo-
chemical stability of photovoltaic materials under illumination.
Herein, EC facilitates strong interactions between hydroxyl
groups and heteroatoms from the organic semiconductor,
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Figure 1. a) EC extracted from biomass. b) The molecular structure of PM6 and Y6. c) FTIR spectra of PM6, PM6þ EC, Y6, and Y6þ EC blends.
d) Contact angles of the corresponding films. e) Snapshots of the MD simulations for the PM6:Y6:EC system: PM6 shown in blue, Y6 in orange,
and EC in red. Hydrogen bonding interactions in the PM6:Y6:EC system. Herein, molecules were considered hydrogen bonded if the distance between
the hydrogen atom and the H-acceptor atom was less than 2.5 Å, and the angle formed by the H-donor atom, hydrogen atom, and H-acceptor atom
exceeded 90°.
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effectively stabilizing nanomorphology of the bulk heterojunc-
tion layer, thus enhancing the thermal stability of devices.
However, it does not inhibit the rotational dynamics of vinyl
groups in Y6 or mitigate the twisting tendency within the
BDT-thiophene motif.[16] Therefore, the photostability remains
invariant compared to the control device.

Atomic force microscopy-infrared spectroscopy (AFM-IR)
was employed to provide a more intuitive understanding of
the effect of EC addition on the phase separation of the active
layer. As depicted in Figure S2, Supporting Information, the
root-mean-square roughness value of the EC-added blend film
is 0.99 nm, which is comparable to that of the blend film without
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Figure 2. a) Inverted-device architecture used in this work. b) Histogram of PCEs with different ratios of EC. c) Normalized PCE of PM6:Y6 devices with
different ratios of EC under the 120 °C accelerated aging process. d) Normalized VOC and FF parameters of them under 120 °C accelerated aging process.
e) Thermal stability test under 65 and 85 °C for control devices and devices with 0.1 mgmL�1 EC additive.

Table 1. Device characteristics of the OSCs based on different ratios of EC.

PM6:Y6 VOC [V] JSC [mA cm�2] JSC
cal [mA cm�2] FF [%] PCE [%]

Control 0.843
(0.840� 0.002)

28.04
(27.45� 0.28)

26.84 75.05
(75.07� 0.23)

17.76
(17.31� 0.20)

0.05 mgmL�1 EC 0.839
(0.837� 0.003)

27.61
(27.69� 0.24)

– 74.58
(74.11� 0.26)

17.25
(17.14� 0.10)

0.1 mgmL�1 EC 0.837
(0.840� 0.003)

27.81
(27.25� 0.25)

27.04 74.42
(75.19� 0.53)

17.40
(17.21� 0.11)

0.2 mgmL�1 EC 0.828
(0.828� 0.001)

28.04
(27.90� 0.22)

– 73.03
(72.30� 0.62)

16.99
(16.71� 0.22)

0.5 mgmL�1 EC 0.826
(0.825� 0.002)

27.95
(27.35� 0.59)

– 70.99
(70.62� 0.56)

16.42
(15.97� 0.35)
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EC (0.93 nm). This observation suggests that the presence of EC
does not significantly alter the morphology of the original blend,
which is consistent with its comparable energy conversion
efficiency. We then used the characteristic absorption peak of
the C≡N stretching vibration, identified in the infrared (IR)
absorption spectra, to analyze the fibril structure in both control
and EC-added blends, as well as in blends subjected to thermal
aging (Figure 3a,c). Due to the unique infrared vibration signal of
C≡N, which is only present in Y6, AFM-IR measurements can
distinguish between the donor (PM6) and acceptor (Y6). AFM-IR
spectroscopy results indicate that the average fiber size of the
fresh blend film decreases slightly from 22.80 to 18.44 nm with

the addition of EC (Figure 3b,d). The primary cause for the slight
reduction fiber size might be the formation of hydrogen bonds
between EC and PM6 as well as Y6. However, regardless of the
presence of EC, the fiber sizes remain within the widely accepted
range for state-of-the-art devices (≈20 nm).[17]

After aging at 85 °C for five days and 120 °C for 270min,
the control blend film exhibited significant nanomorphological
changes, including diffusion-enabled demixing and increased
phase separation. Thermal stress-induced polymer reorganiza-
tion and diffusion-limited aggregation of NFAs, resulting in
the formation of small, isolated acceptor domains. These
domains acted as morphological traps for electron transport,
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Figure 3. AFM-IR tests of a) control and c) EC-added blend films under fresh and different aging conditions. b,d) The domain sizes of these films are
summarized.
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Figure 4. Morphology diagram of a) PM6:Y6 and b) PM6:Y6:EC blend films before and after aging. (F/O represents the fluorene and oxygen atoms in
PM6 and Y6, which can form hydrogen bonds with hydroxyl groups in EC).
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leading to long-term FF degradation.[6] The dark J–V measure-
ments correlate well with the AFM-IR results (Figure S3,
Supporting Information). In contrast, the addition of EC, which
features hydrogen bonding interactions, effectively preserved the
nanomorphology. Under identical aging conditions, EC acted as
a stabilizer, maintaining the initial nanomorphology of the
active layer blend. Line profiles of AFM-IR images are shown
in Figure S4, Supporting Information, where the full width at
half maximum of the peaks was used to estimate the fibril width.
Following heating at 85 °C for 5 days and aging at 120 °C for
270min, the average fibril width of the control blend increased
from 22.80 to 24.04 and 27.74 nm, respectively. However, in the
EC-added system, the average values remained at 20.45 and
20.86 nm, respectively, demonstrating the significant role of
EC in stabilizing the morphology and enhancing the thermal sta-
bility of OSCs.

Figure 4a illustrates that the photoactive layer of OSCs exists
in a thermodynamically metastable state, which transitions to a
higher entropic energy under thermal stress, resulting in
increased acceptor aggregation and reduced photovoltaic
performance. In contrast, in the PM6:Y6:EC film, the hydroxyl
groups in EC form non-covalent interactions with the heteroa-
toms, such as F or O, in both PM6 and Y6, thereby restricting the
diffusion of PM6 and Y6 molecules and preventing phase
separation induced by thermal stress, as shown in Figure 4b.
This interaction ultimately enhances thermal stability.

As established through the aforementioned systematic inves-
tigations, ecofriendly EC serves as an effective stabilizer for
enhancing the thermal stability of organic photovoltaics. To
assess the general applicability of EC, a variety of more efficient
acceptors, including L8-BO, BO-4Cl, CH22, and CH23, were
employed in device fabrication (Figure 5a).[2d,18] Notably, PCEs
of these four photovoltaic systems remained nearly unaffected
by the incorporation of 0.1 mgmL�1 EC, as illustrated in

Table S5, Supporting Information. The addition of EC signifi-
cantly enhances the thermal stability of these devices, as demon-
strated in Figure 5b–e. After exposure to 120 °C for 90min, the
PCEs of devices with EC based on PM6:L8-BO, PM6:BO-4Cl,
PM6:CH22, and PM6:CH23 remained at 99.9, 98.1, 94.0, and
95.8% of their original efficiencies, respectively. In contrast,
the PCEs exhibited reductions to 93.1, 93.9, 90.6, and 93.6%
compared to their initial efficiencies, respectively. These results
further highlight the broad applicability and effectiveness of the
EC additive strategy.

3. Conclusion

In conclusion, we have proposed a strategy to significantly
enhance the thermal stability of OSCs by the incorporation of
an additive EC into active layers. EC can serve as a stabilizer
in bulk heterojunction layers to freeze the nanomorphology
due to strong interaction between hydroxyl groups on EC and
the heteroatoms in organic active layer materials. The EC-
based OSC devices can withstand at 65 °C for 1000 h without
apparently losing performance and maintain stability under
more stringent conditions. Importantly, the EC additive has
no negative effect on the device’s photostability. Furthermore,
this environment-friendly EC additive demonstrated broad
applicability for other representative photovoltaic material
systems. Our findings present an effective strategy via intramo-
lecular interaction to freeze active layer morphology, thereby
enhancing the thermal stability of OSCs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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