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ABSTRACT 

Sustainable fabrication of photovoltaic devices remains challenging due to the widespread use of non-renewable substrates 
and organic solvents. In this work, we investigate biodegradable cellulose-based substrates for flexible counter electrodes in 
aqueous dye-sensitized solar cells (DSSCs). Ethyl cellulose films prepared from different solvents were characterized in terms 
of rheology, mechanical flexibility, and biodegradability. The optimized formulation was coated with Ti/Au/Pt catalytic three- 
layer and integrated into aqueous DSSC devices. The resulting solar cells achieved a maximum power conversion efficiency of 
1.06%, comparable to reference devices fabricated on glass substrates using the same architecture. These results demonstrate 
that biodegradable cellulose substrates can support functional photovoltaic devices, providing a promising pathway toward more 
sustainable optoelectronic technologies. 
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 Introduction 

hotovoltaic technologies are central to the transition toward
ustainable energy systems [ 1, 2 ]. Alongside established crys-
alline silicon technologies, increasing attention is being devoted
o emerging photovoltaic platforms that enable lightweight,
lexible, and solution-processed devices [ 3, 4 ]. Among these,
ye-sensitized solar cells (DSSCs) represent an attractive archi-
ecture due to their relatively simple fabrication, compatibility
ith alternative substrates, and good performance under dif-
use or indoor illumination [ 5 ]. However, conventional DSSCs
re typically fabricated on rigid conductive glass and rely on
rganic solvent-based electrolytes, which limits their compat-
bility with flexible and environmentally sustainable device
oncepts [ 6–14 ]. 
lena Palmieri, Sara Ferrara, and Sanchari Chowdhury contributed equally to this work. 
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In this context, the development of renewable and biodegradable
materials for electronic and photovoltaic devices has become an
active research area. Cellulose-based materials are particularly
attractive due to their abundance, low cost, biodegradability, and
mechanical flexibility [ 15–19 ]. Moreover, cellulose derivatives can
be processed into transparent and mechanically robust films,
enabling their integration as substrates in flexible electronics.
Several studies have explored cellulose-derived materials in opto-
electronic devices. Cellulose nanopaper and cellulose nanofibers
have been used as substrates in organic photovoltaics (OPVs) and
perovskite solar cells (PSCs), often combined with conductive
networks such as metallic nanowires or hybrid polymer matrices
to improve electrical performance [ 20–23 ]. Highly efficient OPVs
fabricated on cellulose-based substrates have been reported with
efficiencies approaching 18%. However, many of these systems
se, which permits use, distribution and reproduction in any medium, provided the 
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ely on composite materials or non-biodegradable components
 24–28 ], partially compromising the environmental benefits of
ellulose-based platforms. 

he application of cellulose substrates in dye-sensitized solar cells
as been explored to a much lesser extent. In some cases, con-
uctive regenerated cellulose electrodes or cellulose-paper-based
ounter electrodes have been demonstrated, reaching efficiencies
anging from approximately 1% to 8% [ 29–31 ]. Nevertheless, these
evices typically rely on conventional organic electrolytes and
ensitizers, meaning that the overall device architecture still
epends on materials and processes with limited environmental
ompatibility. An alternative strategy toward more sustainable
SSCs involves the use of aqueous electrolytes, which replace
olatile organic solvents with water-based systems. Although
queous DSSCs generally exhibit lower efficiencies, they provide
 promising platform for evaluating environmentally compatible
evice components and fabrication approaches. 

n this work, we investigate biodegradable cellulose-based
ounter electrodes for aqueous DSSCs. Ethyl cellulose (EC)
ilms and EC:HPC blends were prepared using different sol-
ent systems and characterized in terms of morphology, rhe-
logical properties of the dispersions, mechanical flexibility,
nd biodegradability. The optimized substrates were subse-
uently integrated into DSSC architectures by depositing catalytic
i/Au/Pt layers to form flexible counter electrodes compatible
ith aqueous electrolytes. The resulting devices demonstrate that
ellulose-based substrates can support functional photovoltaic
rchitectures, achieving efficiencies up to 1.06%, comparable to
eference devices fabricated on glass using the same electrode
onfiguration and to other cellulose CE based DSSCs [ 29, 32 ].
his work therefore provides a proof-of-concept demonstration
f biodegradable substrates for aqueous DSSCs and contributes
oward the development of more sustainable photovoltaic tech-
ologies. 

 Results and Discussion 

.1 Film Formation and Morphology 

n a previous study [ 33 ], EC and EC:HPC dispersions prepared
n ethanol were characterized in terms of rheological behavior
nd film morphology. Briefly, EC films showed relatively smooth
nd homogeneous surfaces, whereas EC:HPC films exhibited
ncreased surface roughness and structural heterogeneity due
o the coexistence of two polymeric components with differ-
nt hydrophilicity and chain mobility. UV–Vis measurements
evealed that both materials display decreasing transmittance
t shorter wavelengths, although EC:HPC films generally show
ower transparency due to enhanced light scattering associated
ith the heterogeneous polymer matrix. 

n the present work, the analysis was extended to EC dispersions
repared using different solvent systems, namely ethanol (EtOH-
C), n-butyl acetate (But-EC), and a toluene:ethanol mixture
Tol-EC), in order to evaluate the influence of solvent choice on
ispersion behavior and film formation. Representative images of
he dispersions and the resulting solvent-cast films are shown in
igure 1 (top, middle). While most dispersions appeared slightly
of 15
hazy, the Tol-EC formulation exhibited higher transparency,
suggesting improved polymer solvation in the mixed solvent
system. 

Despite these differences in the dispersion phase, the solvent-
cast EC f ilms displayed similar optical transparency and surface
appearance, as shown in the photographs and optical microscopy
images in Figure 1 (middle, bottom). All EC-based films exhibited
relatively smooth surfaces with no major morphological defects,
whereas the EC:HPC film appeared more heterogeneous and
slightly opaque. This difference is consistent with the phase het-
erogeneity expected in polymer blends containing components
with different polarity and solubility characteristics. 

To further investigate the behavior of the dispersions prior to film
formation, rheological measurements were performed to evaluate
their viscoelastic properties (Figure 2 , Figure S1 ). The rheological
response of polymer dispersions plays an important role in
determining film formation dynamics, since solvent–polymer
interactions influence chain mobility, dispersion stability, and
drying behavior. Frequency sweep measurements allowed the
determination of the storage modulus ( G ′ ) and loss modulus
( G ″ ), which describe the elastic and viscous contributions to
the mechanical response of the dispersions, respectively. The
EC:HPC dispersion exhibited a more complex viscoelastic profile
compared to the EC-only systems, with two crossover points
between G ′ and G ″ . Such behavior suggests the presence of
structural heterogeneity arising from the interaction between
ethyl cellulose and hydroxypropyl cellulose chains, which may
generate transient network structures within the dispersion [ 34 ].
In contrast, EC-only dispersions prepared with the different sol-
vent systems displayed more conventional viscoelastic behavior
characterized by a single crossover point between G ′ and G ″ and
a progressive increase of both moduli with frequency. 

Although the overall rheological behavior of the EC dispersions is
similar, the position of the crossover frequency varies depending
on the solvent used, indicating differences in polymer–solvent
interactions and chain mobility. In particular, dispersions pre-
pared in ethanol exhibited higher viscoelastic moduli, suggesting
stronger interchain interactions and a more structured dispersion
state, while the Tol-EC system showed lower moduli, consistent
with improved polymer solvation and increased chain mobility
in the mixed solvent environment [ 35–39 ]. A thorough discussion
of the rheological features is reported in Section S1 ). Overall,
these results indicate that the solvent choice influences the
organization of the cellulose chains in the dispersion phase and
consequently affects film formation and mechanical properties of
the resulting substrates. In detail, the EC systems prepared with
n-butyl acetate and toluene:ethanol mixtures exhibit rheological
characteristics compatible with the formation of flexible and
cohesive films, making them promising candidates for the fabri-
cation of cellulose-based substrates for optoelectronic devices [ 40,
41 ]. 

2.2 Mechanical and Electromechanical Stability 

The mechanical stability of the cellulose-based substrates is a key
parameter for their integration into flexible electronic devices. In
particular, the ability of the films to withstand mechanical defor-
Macromolecular Materials and Engineering, 2026
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FIGURE 1 Top: Images of the four cellulose-based dispersions examined in this study. Middle: Photographs of the corresponding solvent-cast 
films. Bottom: Optical microscopy images of the films showing the surface morphology of each film. 
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ation without significant degradation of electrical properties is
ssential when the materials are used as substrates for conductive
lectrodes. 

o evaluate the mechanical behavior of the different formu-
ations, tensile strain tests and cyclic bending experiments
ere performed (Figure 3 , Figure S2 ). The strain tests revealed
lear differences among the investigated substrates depending
n the solvent used during film preparation. The Tol-EC and
ut-EC substrates exhibited comparable mechanical behavior,
acromolecular Materials and Engineering, 2026
showing elongation at break values of 8.7 ± 2.3% and 8.3 ±
1.7%, respectively. These values indicate good flexibility and
mechanical robustness of the films. In contrast, EtOH-EC films
displayed significantly lower elongation (1.2 ± 0.1%), suggesting a
more brittle behavior. The EC:HPC blend exhibited intermediate
performance, reaching an elongation of 3.2 ± 1.2%. 

In addition to the tensile tests, cyclic bending experiments
were performed to evaluate the electromechanical stability of
the films under repeated deformation. In these measurements,
3 of 15
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FIGURE 2 Frequency sweep rheological analysis of the cellulose dispersions. (a) Storage modulus ( G ′ ) and loss modulus ( G ″ ) as a function of 
frequency for the EC:HPC dispersion in ethanol. (b) G ′ and G ″ of EC dispersions prepared with different solvents (ethanol, n-butyl acetate, and a 
toluene:ethanol mixture) namely EtOH-EC, But-EC and Tol-EC. 
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he variation of the electrical resistance was monitored during
000 bending cycles. EtOH-EC films could not achieve an end-
o-end distance of less than 2 cm without breaking [ 33 ], the
ol-EC and But-EC and the EC:HPC films readily accommodated
uch distances (Figure S2a–c ). Therefore, for consistency and
omparability, all substrates were tested at an end-to-end distance
f 2 cm (Figure S2d ). 

he EtOH-EC substrates showed the poorest performance under
yclic deformation (Figure 3g ). During bending cycles, the
elative resistance variation exceeded 100%, indicating severe
echanical damage and poor electrical stability. Moreover, large
luctuations between the bent and unbent states were observed,
uggesting irreversible damage of the conductive layer due to
amage of the underlying substrate. In contrast, the Tol-EC
nd But-EC films exhibited significantly better stability during
epeated bending (Figure 3e,f ). For Tol-EC films, the resistance
ariation remained within approximately 6% during the entire
est, while But-EC substrates showed a slightly higher increase
f around 12%. These relatively small variations indicate good
echanical stability and reversible electrical behavior during
eformation. The EC:HPC films showed performance com-
arable to Tol-EC substrates (Figure 3h ), with a maximum
esistance variation of approximately 6% during the bending
ycles. This result suggests that the polymer blend maintains suf-
icient mechanical integrity despite the structural heterogeneity
bserved in the film morphology. 

o further investigate the origin of the resistance changes
bserved during bending tests, the films were analyzed by optical
icroscopy after completion of the 1000 bending cycles (Figure
3 ). The images reveal the presence of cracks in the metallic
oating in the regions subjected to maximum mechanical stress.
hese cracks are responsible for the gradual increase in electrical
esistance observed during the cyclic deformation tests. Among
he different substrates, the EtOH-EC films showed the most
evere damage, with pronounced cracking and areas where the
etal layer was partially delaminated from the substrate. In
ontrast, the Tol-EC and But-EC films exhibited only superficial
of 15
cracking, while the conductive layer remained largely adhered
to the substrate. The EC:HPC samples also displayed localized
damage, although the overall integrity of the electrode was
preserved. The mechanical behavior observed for the different
substrates can be correlated with the rheological properties of
the precursor dispersions discussed in Section 2.1 . In particular,
dispersions prepared using ethanol showed higher viscoelastic
moduli, indicating stronger interchain interactions and reduced
polymer mobility. This behavior likely leads to the formation of
more rigid and brittle films upon solvent evaporation. Conversely,
the But-EC and Tol-EC systems exhibit lower viscoelastic moduli,
suggesting increased chain mobility during film formation, which
ultimately results in more flexible and mechanically resilient
substrates. 

Overall, the results demonstrate that cellulose films prepared
from n-butyl acetate and toluene–ethanol solvent systems exhibit
superior mechanical stability and electromechanical perfor-
mance compared to ethanol-based films. These properties make
them more suitable for use as flexible substrates for the fabrica-
tion of cellulose-based counter electrodes. 

2.3 Biodegradability of Cellulose Substrates 

In addition to mechanical robustness required for device fabrica-
tion, the biodegradation of such substrates was investigated. 

Although cellulose derivatives are generally considered
biodegradable materials, their degradation behavior strongly
depends on the degree of substitution, polymer structure, and
environmental conditions [ 42, 43 ]. Chemical modification of
cellulose chains and the presence of additives can significantly
alter degradation kinetics and mechanisms. Therefore, evaluating
the biodegradability of modified cellulose systems is essential
when proposing them as environmentally sustainable substrates
for electronic devices. In this work, the biodegradation behavior
of the cellulose-based substrates was investigated under different
environmental conditions including water, soil, enriched
Macromolecular Materials and Engineering, 2026
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FIGURE 3 (a–d) Strain test and (e–h) bending test performed on Tol-EC, But-EC, EtOH-EC and EC:HPC respectively. 
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oil, and home-made compost, based on different standards
nd general accepted guidelines for the classifications of
iodegradable materials [ 44, 45 ]. The degradation process
as monitored through weight loss measurements over
xtended periods together with spectroscopic analysis aimed at
acromolecular Materials and Engineering, 2026
identifying chemical changes occurring during the degradation
process. 

Regarding water immersion tests (Figure S4a ), the EC substrates
remained stable and showed no evidence of swelling, dissolution,
5 of 15
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r weight loss over time. In contrast, EC:HPC films exhibited
apid water uptake due to the hydrophilic nature of the HPC
omponent, resulting in a noticeable change in texture shortly
fter immersion. Despite this interaction with water, the samples
id not undergo significant degradation under these conditions. 

ore substantial degradation was observed under soil exposure
Figure S4b,c ). Both EC and EC:HPC films remained relatively
table during the initial stages, followed by progressive degrada-
ion at longer times. All samples eventually reached complete
egradation within approximately two years. The EC samples
repared using different solvent systems exhibited similar degra-
ation profiles, reaching approximately 50% weight loss after
bout 500 days. In contrast, the EC:HPC films degraded sig-
ificantly faster, which can be attributed to the higher water
ermeability introduced by the HPC component, facilitating
ater diffusion and microbial activity within the polymer matrix.

he degradation process was considerably accelerated under
ompost conditions. As shown in Figure 4 , the EC-based films
eached approximately 90% degradation within ten months,
hile EC:HPC films degraded even faster, achieving nearly
omplete degradation within about six months. The faster degra-
ation observed in the EC:HPC samples is consistent with the
igher hydrophilicity of the blend, which promotes water uptake
nd microbial colonization. 

o gain insight into the chemical processes occurring during
egradation, UV–Vis and FT-IR characterizations were carried
ut for samples treated in home-made compost. The UV–Vis spec-
ra (Figure 5a,b and Figure S5a ) show that EC substrates maintain
heir transparency for extended periods before gradually losing
ransparency as degradation progresses. In contrast, EC:HPC
ubstrates exhibit a rapid decrease in transparency during the
arly stages of exposure, which is consistent with the rapid water
ptake observed for this material. 

TR–FTIR analysis provides further information on the chemical
ransformations occurring during degradation. The spectrum of
ristine EC (Figure S5b ) shows the characteristic absorption
ands of the polymer. Notably, in the fingerprint region between
500 cm− 1 and 900 cm− 1 , the spectrum displays prominent peaks
orresponding to C–C stretching vibrations, CCH and OCH
eformation, and HCH bending as well as from stretching of
he C–O–R group (in which R is the ethyl substitution moiety
ith respect to pure cellulose). Finally a low intense band
t about 3400 cm− 1 is attributable to OH stretching [ 46–48 ].
uring the degradation process, significant spectral changes are
bserved. (Figure 5c ). In particular, the progressive increase of
he band at approximately 1730 cm− 1 indicates the formation
f carbonyl groups, which can be associated with oxidative
rocesses occurring in the cellulose chains. At the same time, the
ands at around 3400 and 1640 cm− 1 become more pronounced,
ndicating increasing water adsorption within the polymer matrix
 49–53 ]. 

ore interesting, two bands localized at about 1670 and 1540
m− 1 evolved (Figure S5c ). They are related to the Amide I
nd II bands, attributable mainly to the C ═ O stretching and
H bending of the peptide bond in proteins [ 54, 55 ]. The
ppearance of these bands suggests the presence of microbial
of 15
activity on the polymer surface, indicating that biodegradation
involves biological processes occurring within the compost envi-
ronment. Similar trends were observed for the EC:HPC samples
(Figure 5d and Figure S5c,d ), where oxidation processes and
increased water adsorption are also detected during aging. The
presence of the HPC component promotes faster water uptake,
which likely facilitates microbial colonization and accelerates
degradation. Therefore, the biodegradation of all the cellulose
samples in compost involved presumably a multifaceted process
that encompassed both hydrolytic cleavage of cellulose bonds
[ 56 ], likely mediated by cellulolytic enzymes, such as cellulases,
and oxidative reactions driven by the interaction with organic
matter present in the composting environment. These oxida-
tive processes likely contributed to the breakdown of cellulose
chains by generating reactive species, which complemented
enzymatic hydrolysis, resulting in a synergistic mechanism of
degradation. 

The overall results confirm that the investigated cellulose films
combine mechanical stability during device operation with the
ability to undergo environmental degradation under composting
conditions, making them promising substrates for sustainable
electronic devices. 

2.4 Fabrication of Cellulose-Based Counter 
Electrodes 

In light of the of the biodegradability and electromechanical
results, we decided to fabricate solar cells with the But-EC and
EC:HPC films. Among the EC-based materials, Tol-EC showed
the best mechanical performance during electromechanical test-
ing, closely followed by But-EC. However, due to the higher
toxicity and carcinogenicity of toluene, its use was not considered
suitable. Although EtOH-EC represents a greener option in terms
of solvent sustainability and faster biodegradation, its mechanical
properties were inadequate for device fabrication. Therefore, n-
butyl acetate was selected as a compromise between mechanical
performance and environmental considerations. While classified
as a volatile organic solvent, it presents moderate toxicity and
good compatibility with ethyl cellulose processing. Future work
will explore more sustainable solvent systems to further improve
the environmental profile of the fabrication process. As for
EC:HPC, although its mechanical properties are slightly inferior
to those of Tol-EC and But-EC, this film outperformed EtOH-EC
and feature the best biodegradability, warranting its evaluation
in the solar cells. Hence, our final selection prioritizes a bal-
ance between performance, environmental sustainability, and
safety. 

DSSCs were fabricated using FTO/TiO2 (13 µm)/D131 photoan-
odes, aqueous electrolyte (I3 − /I− ) and step-by-step optimized
counter-electrodes (steps summarized in Figure S7 and layout
shown in Figure S8 ) combining But-EC and EC:HPC substrates
with multilayered Ti/Au/Pt coatings of different thicknesses
for each layer as well as different deposition techniques. The
current–voltage ( J–V ) curves were measured under 1 sun AM1.5G
conditions—see experimental section for more details. 

At first, the But-EC and EC:HPC counter electrodes were
fabricated with Ti(25 nm)/Pt(50 nm) coatings via thermal
Macromolecular Materials and Engineering, 2026
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FIGURE 4 (a) Weight loss for the various substrates (EtOH-EC, But-EC, Tol-EC and EC:HPC) disposed in home-made compost. Images of (b) EC 
and (c) EC:HPC samples at different degradation time. 
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eposition —see experimental section. The Ti layer typically
nhances the adhesion of the metallic layers, such as the catalytic
t layer used to regenerate the aqueous electrolyte. Unfortunately,
ptical microscopy inspection of the electrodes showed the
resence of cracks on the metal surface upon deposition of Ti
ayer (Figure S9a,c , along with a comparison with non-cracked
etal in Figure S9b,d ). This is likely related to thermal stress
uring metal deposition, which induces imperfections in the
ellulose substrates that can be easily transferred to the thin Pt
op layer, potentially impacting device performance. Additionally,
he 50 nm Pt layer appeared to cause further damage to the
ellulose materials, which showed a very slight wrinkling on the
dges, also attributable to thermal stress (Figure S9e ). Indeed,
he sheet resistance ( Rsheet ) for But-EC/Ti/Pt and EC:HPC/Ti/Pt
lectrodes is very high, accounting to mean values 27 and
3 Ω €− 1 respectively. This is associated to a standard deviation
acromolecular Materials and Engineering, 2026
of ca. 25%, as expected by the cracked surface morphology. To
enhance the overall conductivity of the metal stack minimizing
ohmic losses, an intermediate gold (Au) layer of 25, 50, and
75 nm was incorporated together with the optimization of the
Ti layer thickness (i.e., 15 nm) and Pt thickness preliminarily set
as 10 nm. In these samples, the Rsheet significantly reduced to
values < 5 Ω €− 1 for both But-EC/Ti/Au/Pt and EC:HPC/Ti/Au/Pt
electrodes—Table S1 . These values were significantly lower than
the commercial ITO-PET substrates (15 Ω €− 1 , Xinyan Technology
Ltd.) and configurations base on FTO, Pt-FTO, and graphene/PET
[ 57 ]. 

Thus, we integrated these electrodes in the above device archi-
tecture. In line with the literature of aqueous DSSCs with
D131 [ 32 ], devices showed a short-circuit current density ( Jsc )
of 3.17 mA cm− 2 , open-circuit voltage ( Voc ) of 452 mV, and a
7 of 15
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FIGURE 5 (a) UV–Vis spectra of EC at various stages of degradation. The EC material maintains its transparency for an extended period, with a 
gradual reduction that coincides with the onset of the degradation process; (b) UV–Vis spectra of EC:HPC at different stages of degradation. In contrast, 
the EC:HPC material experiences a significant loss of transparency within the first few days, with further deterioration occurring only in the final 
stages of the degradation process; (c) ATR-FTIR spectra of EC samples over the degradation process; (d) ATR-FTIR spectra of EC:HPC samples over 
the degradation process. In both cases, bands highlighting oxidation and water adsorption are present. Spectra are normalized to the maximum (at 1050 
cm− 1 ) and stacked for clarity. 
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ill factor (FF) of 52%, resulting in PCE of 0.74% under 1 sun
rradiation for devices with the with the thinnest Au interlayer
Table 1 and Figure 6 ). However, the increase in the Au layer
hickness did not exert a significant change on the Jsc , while the
oc and FF are gradually reduced (Table 1 ). This suggests that the
ptimization of the Au layer thickness to enhance electrical con-
uctivity with minimal interference in interfacial charge transfer
nd ion transport processes for the electrolyte regeneration is
mportant. 

ext, we focused on optimizing the thickness of the Pt layer
oing from 10 nm, to 20 nm and to 40 nm in But-EC substrates.
hile the increase of Pt layer thickness from 10 to 20 nm did
ot impact the overall device performance with PCE values of
.74% and 0.72%, devices with the thickest Pt layer feature a low
of 15
FF and, in turn, PCE values of 0.56% (Table 2 and Figure 6 ).
This could be related to the formation of a dense layer with
reduced surface roughness and fewer accessible catalytic sites for
electrolyte regeneration. 

2.5 DSSC Performance and Benchmarking 

All the approaches discussed so far share a common draw-
back: the thermal evaporation process poses challenges for heat
dissipation, especially when substrates like cellulose are used.
As observed in Figure S9a,c , during thermal evaporation, the
cellulose substrate could be unable to efficiently dissipate the
accumulated heat, often leading to local overheating. This results
in incomplete or uneven metal deposition, which manifests as
Macromolecular Materials and Engineering, 2026
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TABLE 1 Figures-of-merit of devices fabricated with the counter-electrodes based on But-EC and EC:HPC substrates with different Au layer 
thickness of 25, 50, and 75 nm. 

Counter-electrode configuration Jsc (mA cm− 2 ) Voc (mV) FF (%) PCE (%) 

But-EC-15/25/10 3.17 452 52 0.74 
But-EC-15/50/10 3.13 395 41 0.51 
But-EC-15/75/10 3.16 354 52 0.58 
EC:HPC-15/25/10 3.34 383 46 0.59 
EC:HPC-15/50/10 3.20 307 48 0.47 
EC:HPC-15/75/10 2.46 242 36 0.21 

FIGURE 6 J-V curves under 1 sun illumination of the DSSCs with: (a) But-EC/Ti(15 nm)/Au(x nm)/Pt(10 nm), (b) EC:HPC/Ti(15 nm)/Au(x 
nm)/Pt(10 nm) and (c) But-EC/Ti(15 nm)/Au(25 nm)/Pt(x nm) counter-electrodes (see legend). 

TABLE 2 Figures-of-merit of the devices fabricated with the counter-electrodes based on But-EC substrates with different Pt layer thickness of 10, 
20, 40 nm. 

Counter-electrode 
configuration Jsc (mA cm− 2 ) Voc (mV) FF (%) PCE(%) 

But-EC -15/25/10 3.17 452 52 0.74 
But-EC -15/25/20 3.62 405 49 0.72 
But-EC -15/25/40 3.09 444 41 0.56 
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on-uniform, non-mirror-like metallic layers. Such irregularities
irectly impact the electrical conductivity and interfacial contact
f the electrode/electrolyte, ultimately compromising the device’s
erformance. 

o mitigate this issue, sputtering has been investigated as an
lternative fabrication method. Sputtering allows for better con-
rol over deposition parameters and typically enables a more
niform coating, even on thermally sensitive substrates. Here,
e conducted sputtering at low power levels to reduce mechan-
cal stress, while maintaining adequate film quality of But-EC.
hese conditions led to improved adhesion, uniformity, and
urface morphology compared to thermally evaporated films.
s a proof of concept, we successfully fabricated the optimal
ounter-electrode composition (But-EC-15/25/20)—see experi-
ental section. In short, the resulting electrodes displayed a
irror-like metallic finish, independent of the specific metal
eposited ( e.g ., Ag or Al), as shown in Figure S9b,d . 
acromolecular Materials and Engineering, 2026
Devices fabricated using But-EC/Ti/Au/Pt counter electrodes
exhibited an average PCE of 0.94 ± 0.20% ( N = 4; Table S2 and
Figure S10 ), with the best-performing device reaching 1.06%, with
FF value of 51%, V oc of 471 mV, and J sc of 4.43 mA/cm2 (Figure 7
and Table 3 ). The PCE is moderate compared to the prior-art
cellulose paper-based substrate based DSSCs [ 29 ] prepared with
organic electrolytes —Table 4 —and in line with state of art non-
flexible aqueous-based DSSCs —Table S3 , while they are similar
to reference devices fabricated with glass substrate based counter-
electrodes with the same multilayered architecture. These results
confirm that with proper tuning, sputtering can serve as a viable
and more reliable deposition technique for fabricating cellulose-
based optoelectronic devices. Still the current device architecture
relies on noble metal catalytic layers (Ti/Au/Pt). While these
metals are commonly employed in DSSCs to ensure efficient
electrolyte regeneration, future work will investigate alternative
carbon-based or conductive polymer catalysts compatible with
biodegradable substrates. Finally, it should be noted that the
9 of 15
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TABLE 3 Figures-of-merit of the devices fabricated with the counter-electrodes based on But-EC and glass (G) substrates prepared via sputtering. 

Counter-electrodes configuration Jsc (mA cm− 2 ) Voc (mV) FF (%) 
PCE 

(%) 

But-EC-15/25/20 4.43 471 51 1.06 
G-15/25/20 3.39 456 52 0.80 

TABLE 4 State-of-the-art cellulose-based and flexible DSSCs. 

CE architecture Dye/electrolyte PCE [%] Year DOI 

Biodegradable cellulose D131/aqueous 1.06 2026 This paper 
CuInS2 /PEDOT:PSS on cellulose N3/organic 1.06 2023 [ 29 ] 
ITO-sputtered regenerated cellulose N719/organic 8.11 2018 [ 31 ] 
PEDOT:PSS dispersion in hydroxyethylcellulose N719/organic 4.21 2017 [ 58 ] 
PEDOT-impregnated cellulose paper N719/organic 6.1 2016 [ 59 ] 
PEDOT/ITO-PEN N719/organic 8.00 2010 [ 60 ] 
Pt/ITO-PET N719/organic 8.46 2012 [ 61 ] 
Ni/Pt/PI (polymide) N719/organic 6.90 2011 [ 62 ] 
Pt/carbon sphere/ITO-PET YD2-o-C8/organic 9.05 2017 [ 63 ] 
PANI/ITO-PET Natural dye/organic 1.03 2026 [ 64 ] 
Pt/Ti-sputtered film/PEN JH-1 + SQ2/organic 6.31 2018 [ 65 ] 
PPy/Ni-coated fabric N719/organic 3.83 2016 [ 66 ] 
Pt/ITO-PET N719/organic 2.95 2016 [ 67 ] 
CDS:PEDOT:PSS/ITO-PET N3/organic 4.84 2023 [ 68 ] 
PVA/GO/PEDOT:PSS Cell not fabricated n.a. 2026 [ 69 ] 
Reduced GO cotton fabric on PET N719/organic 2.59 2026 [ 70 ] 

PEDOT-PSS −− ; ITO—indium tin oxide; PVA—polyvinyl alcohol; GO—graphene oxide; PET—polyethylenthereftalate; PANI—polyanyline: Ppy—polypyrrole. 

d  

m  

c  

D  

a  

s  

a

F  

i  

I  

b  

a  

a  

s  

a

3

T  

a  

s  

b  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

 14392054, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202500434 by L

uca M
aiolo - C

N
R

 G
R

O
U

P II Istituto di Scienza dell' , W
iley O

nline L
ibrary on [09/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
evice architecture used in this work was not optimized for
aximum efficiency. Instead, it was selected to evaluate the
ompatibility of biodegradable cellulose substrates with aqueous
SSC architectures. The obtained efficiencies therefore represent
 proof-of-concept validation, demonstrating that the proposed
ubstrates can support stable electrode deposition and catalytic
ctivity. 

inally, it should be noted that the device architecture used
n this work was not optimized for maximum efficiency.
nstead, it was selected to evaluate the compatibility of
iodegradable cellulose substrates with aqueous DSSC
rchitectures. The obtained efficiencies therefore represent
 proof-of-concept validation, demonstrating that the proposed
ubstrates can support stable electrode deposition and catalytic
ctivity. 

 Conclusion 

his work investigated biodegradable cellulose-based materials
s flexible substrates for counter electrodes in aqueous dye-
ensitized solar cells. Ethyl cellulose (EC) films and EC:HPC
lends were prepared using different solvent systems and sys-
0 of 15
tematically characterized in terms of morphology, rheological
behavior of the precursor dispersions, mechanical stability, and
biodegradability. The results show that solvent selection plays a
key role in determining the mechanical properties of the resulting
films. In particular, EC films prepared using n-butyl acetate and
toluene–ethanol mixtures exhibited significantly improved flexi-
bility and electromechanical stability compared to ethanol-based
films, enabling their use as substrates for conductive electrodes.
Biodegradation studies conducted under soil and composting
conditions confirmed that the investigated cellulose materials
undergo progressive degradation through combined hydrolytic,
oxidative, and microbial processes. Following optimization of
the metal deposition process, cellulose-based counter electrodes
were successfully integrated into aqueous DSSC architectures.
Devices fabricated using the optimized But-EC/Ti/Au/Pt elec-
trodes achieved power conversion efficiencies up to 1.06%,
comparable to reference devices fabricated on glass substrates
using the same electrode configuration. While the efficiency
values are moderate, further work is on-going on optimizing the
photoelectrode architecture (including flexible biomaterials) as
well as the surface-active area of the counter electrode (i.e., micro
structuring, replacing noble metal catalytic layers, etc.) to reduce
back electron reactions and increase electrolyte regeneration,
respectively. At this stage, this work shows the first step-by-step
Macromolecular Materials and Engineering, 2026
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FIGURE 7 J –V curves for DSSCs prepared with G or But- 
EC/Ti(15 nm)/Au(25 nm)/Pt(20 nm), prepared via sputtering technique. 
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ptimization in metallic layer thickness along with two different
ubstrates gives us better insight in optimization of key DSSC
arameters like JSC and VOC. It opens the door to further research
ork in line of optimizing aqueous electrolyte composition,
ntegration of co-adsorbent materials to achieve higher JSC and
OC with cellulose substrate-based flexible CE in DSSCs. 

hese findings highlight the potential of cellulose-based materi-
ls as environmentally compatible platforms for flexible optoelec-
ronic technologies and represent a step toward the development
f more sustainable photovoltaic systems. 

 Materials and Methods 

.1 Materials 

ydroxypropyl cellulose (HPC) with MW ≈ 80.000 Da, ethyl
ellulose (EC) with 48–49.5% ethoxy content was purchased from
erck KGaA, Darmstadt, Germany. All the solvents (EtOH, n-
utyl acetate, toluene, acetonitrile, 4-tert butanol) used as well
s aqueous TiCl4 solution (titanium m(IV) chloride solution,
.09 m in 20% HCl), iodine ( ≥ 99%), sodium iodide (99.9%) and
131 dye ( > 95% HPLC), were purchased from Merck. Compost
ccelerator capsules, which were used to prepare the compost for
he biodegradability tests, are obtained from Envii, UK. 

TO glass slides — Pilkington TEC15, 2.2 mm (12–15 ohm sq− 1 )
ere purchased from XOP glass. Ti-nanoxide T/SP paste were
urchased from Solaronix, Switzerland. 18NR-AO Active opaque
iO2 paste were purchased from Greatcell-solar. 

.2 Methods 

.2.1 Preparations of the Cellulose Substrates 

C was dispersed in three different solvents, and stirred at
5◦C until dissolution. EC substrates were prepared via solvent
acromolecular Materials and Engineering, 2026
casting from 10%wt solutions on EC dispersed in different solvents:
ethanol (EtOH-EC), n-butyl acetate (But-EC), and a mixture of
toluene: ethanol 80:20 (Tol-EC). The solutions were cast into a
glass container and let dry at room temperature for a period of
time ranging from 24 to 168 h depending on the solvent used. 

The EC:HPC dispersion (10% wt, HPC ratio 3:1), was prepared
by dispersing EC and HPC in ethanol and stirring at 35◦C until
complete dissolution. The EC:HPC substrates were prepared via
solvent casting and let dry at room temperature for 24 h. Then the
substrate is removed from the mold with the help of tweezers. In
Table 5 the list of substrates fabricated for this study is reported. 

4.2.2 Rheological Characterization of the Polymer 
Dispersions 

Rheological characterization was performed using an HR 20
rheometer by TA Instruments (USA). A cone and plate con-
figuration (steel, 60 mm diameter 2◦) was used for all the
characterizations. 

The viscosity–shear rate profiles of the various dispersions stud-
ied, referred to as “flow curves,” were determined at 25 ◦C in a
range of shear rates from 0.01 to 1000 s− 1 . Flow curve graphs are
presented as double-logarithmic plots of viscosity (Pa s) vs shear
rate (s− 1 ). 

Dynamic frequency sweep experiments were performed in the
linear viscoelastic region (LVR) of each material with frequencies
between 0.1 and 100 Hz, with a 15% strain applied. 

All experiments were repeated a minimum of three times, with
samples coming from different batches, and in all cases the results
were reproduced within a maximum difference of 10%. Errors
are not reported in the graphs hereinafter presented for the sake
of clarity, and they do not affect the hierarchy of the displayed
parameters. 

4.2.3 Biodegradability Study of the Substrate 

The biodegradability of the cellulose-based substrates was
investigated. In detail, individual material samples measuring
3 ×6 cm, representing each substrate type, were subjected to
four compositing procedures (water, topsoil, enriched soil, and
home-made compost, prepared according to guidelines reported
in SI ) and monitored (depending on the specific degrada-
tion medium) up to 700 days as outlined in the following
sections. 

In short, a batch of the four samples was placed in deionized
water, each in a different tank, at room temperature, to study
water biodegradability. Another batch of four samples was placed
in untreated topsoil within a vase and was positioned outdoors
throughout the year to simulate open-field weather conditions.
The experiment was started in the autumn season. The third
batch of four samples was placed in topsoil enriched with some
organic waste (leaves, branches, fruit scrapes). It was also left
outdoor, sheltered from heavy rain. For the batches placed in soil
11 of 15
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TABLE 5 List of the substrates fabricated and tested in this work. 

Cellulose used Solvent used Coded name 

Ethyl cellulose (EC) Ethanol EtOH-EC 

Ethyl cellulose (EC) n-butyl acetate But-EC 

Ethyl cellulose (EC) Toluene:ethanol = 80:20 Tol-EC 

Ethyl cellulose (EC) + hydroxypropyl cellulose (HPC) Ethanol EC:HPC 
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r enriched soil, the specific location of each sample was marked
sing labelled pipettes, as illustrated in Figure S11 . 

he fourth set of four samples for each substrate type was placed
n containers filled with compost, which was prepared in-house.
he organic compost was formulated by mixing organic residues
fruit scrapes, leaves, small branches) and a composter accelerator
btained from Envii. A full description of the procedure and
he calculations for the preparation of the compost is reported
n the Supporting Information . The samples are periodically
xtracted from the degradation media for analysis, with the
requency of extraction varying depending on the stage of the
egradation process (e.g., weekly or monthly). Characterization
fforts are more frequent and detailed during the advanced
tages of degradation, whereas in the initial stages, evaluations
re performed less frequently. For analysis, the samples were
aken out of the degradation medium, rinsed with water, gently
lotted with kitchen paper, and dried using compressed air.
t each interval, the samples are evaluated for weight loss
nd when appropriate subjected to FT-IR and UV–Vis spec-
roscopy to assess any chemical modifications resulting from
egradation. 

n the case of compost medium, concurrently to the withdrawal
f the samples for testing, the compost undergoes turning to
omogenize materials that have not yet decomposed, facilitating
eration, and adding new organic waste. 

.2.4 Chemical Physical Characterization on the 
ubstrates 

V–Vis spectroscopy was conducted using a Perkin Elmer (USA)
ambda 35 UV/Vis spectrometer. Spectra were recorded over a
avelength range of 1100 to 200 nm with a resolution of 4 nm. 

TIR-ATR analysis was performed on a ThermoScientific Nicolet
ummit spectrometer (Thermo Scientific Inc., Madison WI, USA)
n absorbance mode, using the attenuated total reflectance (ATR)
echnique with a diamond single-reflection accessory. 32 spectra
er scan were collected over the range of 4000 to 400 cm− 1 at a
esolution of 2 cm− 1 . 

.2.5 Morphological Characterization of the Substrates

he morphological characterization was carried out using optical
limpus mx50 microscope and field emission scanning elec-
ron microscopy (FE-SEM; Sigma 300 Carl Zeiss, ZEISS AG,
berkochen, Germany). 
2 of 15
4.2.6 Electromechanical Characterization of the 
Cellulose Substrate 

To evaluate the mechanical stability of the cellulose substrates
even after multiple cycles of bending, electromechanical assess-
ments (strain and bending) were carried out with a linear stage
stepper motor. Prior to testing, cellulose substrates were coated
with a 100 nm layer of aluminum via thermal evaporation to
ensure conductivity. Samples were cut into 5 × 0.5 cm pieces for
the strain tests, and 5 × 1 cm for bending tests. These samples were
mounted on a linear trail, controlled by a Newport sp300 stepper
motor (as depicted in Figure S12a ), and subjected to tension
between two holders, one of which is stationary and the other
mobile, at a consistent speed of 2 mm s− 1 . The movement of the
motor was controlled by a custom LabView software, managing
both the advancement and retraction of the movable holder. To
monitor the variation of the sample electrical resistance, the ends
of the sample were connected through a copper foil to a Keithley
2440 Multimeter. The electrical resistance was sampled every
50 ms and recorded using LabView software. 

Pictures of the bending tests in different bending phases are
reported in Figure S12b–d . For bending tests, we reported the
Resistance relative variation ( Rr ) as a function of the number
of bending cycles. For strain measurements, we reported the
Resistance relative variation as a function of the strain relative
variation ( εr ). 

The Resistance relative variation was calculated using Equation 1 ,
while the relative strain was calculated using Equation 2 . 

𝑅𝑟 ( %) =
𝑅 − 𝑅0 
𝑅0 

× 100 (1)

𝜀𝑟 ( %) =
𝑙 − 𝑙0 

𝑙0 
× 100 (2)

where R is the resistance, R0 is the initial resistance, l is the sample
final length and l0 is the initial length. For each characterization,
a minimum of three samples for each type of cellulose was tested.

4.2.7 Preparation of the Cellulose Counter-Electrodes 

A three-layer of Ti/Au/Pt configuration was prepared on the
EC:HPC and But-EC substrates as well as glass as reference
electrodes via thermal and electron beam evaporation (layout
in Figure S8a ). The Ti layer (15 nm) was deposited with a rate
of 3.0 Å s− 1 . The Au layer (25, 50, and 75 nm) was deposited at a
Macromolecular Materials and Engineering, 2026
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ate of 6 Å s− 1 . The top Pt layer (10, 20, and 40 nm) were deposited
t a rate of 1.5 Å s− 1 . Since Ti and Pt are high-melting materials
eposited via e-gun evaporation, we controlled the growth rate by
djusting the power required for deposition. This approach pre-
ented excessive thermal stress on the cellulose substrate. Finally,
e also explored an alternative method via sputtering (power of
00 W, pressure of 500 mTorr under a flux of Argon) to reduce the
hermal stress on the cellulose substrates. The sheet resistance of
he substrates was measured with Ossila Four-point-probe (model
o. T2001A4) and analyzed with sheet resistance measurement
oftware from Ossila. Minimum 4 different replicates of each were
easured for to ensure reproducibility. 

.2.8 Preparation and Characterization of DSSCs 

TO glass substrates were cleaned following 15 min steps with
erquim soap solution, deionized water and isopropanol each
n an ultrasonication bath. The substrates were gently dried in
itrogen gas flow and further treated with UV-ozone cleaner
Model No. 256–220, Jelight Company, 20 min). The cleaned
TO glasses were immersed in a 0.4 mM aqueous TiCl4 solution
Titanium (IV) chloride solution, 0.09 M in 20% HCl) at 70◦C for
0 min and washed with water and ethanol, followed by nitrogen
low drying and annealing at 450◦C for 30 minutes. 

iO2 paste was doctor bladed using a circular scotch tape with
.196 cm2 active area on the cleaned and pre-treated FTO glass
nd dried at 125◦C for 6 min. The electrodes were sintered
ccording to the following: 325◦C for 5 min, 375◦C for 5 min, 450◦C
or 15 min, 500◦C for 15 min. The prepared TiO2 film electrodes
ere further treated in 0.4 m M aqueous TiCl4 solution at 70◦C for
0 min and washed with water and ethanol, followed by nitrogen
low drying and annealing at 500◦C for 90 minutes. Upon post
reatment, the TiO2 electrodes were immersed in D131 0.5 mM
olution (1:1 volume for acetonitrile:4-tert butanol) for 24 h. 

he liquid water-based electrolyte was prepared by dissolving 5 M
aI, 25 mM I2 in deionized water saturated with chenodeoxy-
holic acid (stirring DI water with CDCA overnight followed
y filtering). Few drops of electrolyte solution were placed
efore closing the device with different counter-electrodes using
 thermoplastic polyamide heat-resistant bi-adhesive tape. The
urrent–voltage ( J –V ) measurements of the DSSCs were carried
ith Solar Simulator, Sol3A Class AAA (450 W Xenon-lamp;
ewport) calibrated with a KG5-filtered Silicon reference cell
Newport/Oriel, Model 91150 V). J –V curves were recorded in the
ange of 0–1.0 V with a scan rate of 0.1 V s− 1 using a potentiostat
PGSTAT204, Metrohm Autolab) at standard 1 sun AM M1.5G
llumination. The final solar cell layout is reported in Figure S8b .
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