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ABSTRACT

Sustainable materials hold great promise for photovoltaic and other photoresponsive
applications; their long-term performance, however, is significantly affected by ul-
traviolet (UV)-induced degradation and other environmental stressors. This thesis
investigates the stability and degradation mechanisms of various sustainable materi-
als and devices—nanocellulose (NC)-based films, zinc oxide (ZnO)-coated textiles,
dye-sensitized solar cells (DSSCs), and perovskite solar cells (PSCs)—under vari-
ous conditions. A consistent, non-invasive, color-based method was used to assess
degradation, providing insights into material performance and durability over time.

The research on NC-based films targeted their optical performance, particularly
their UV-shielding properties, achieved by incorporating sustainable additives like
lignin and red onion (Allium cepa) extract. While bio-based UV filters have demon-
strated promising initial results, their long-term effectiveness remains unexplored.
To address this gap, extended aging tests were conducted to evaluate their capac-
ity to provide sustained UV protection over time. This color-based assessment was
also explored in photovoltaic devices, including DSSCs and PSCs, where color al-
terations were correlated with electrical performance changes. While color alter-
ation and degradation occurred concurrently in PSCs, electrolyte color changes in
DSSCs offered a predictive tool for degradation, potentially accelerating stability re-
search. The study also investigated ZnO-coated textiles for their UV-blocking and
photocatalytic self-cleaning capabilities. Furthermore, to address challenges in PSC
research where substrate etching introduces variability, a tunable-design additive-
manufactured holder was developed.

The color-based technique, applied across these diverse studies, proved robust
and cost-effective for tracking material changes and monitoring stability. Observed
color alterations consistently served as an indicator of degradation, correlating with
changes in optical and electrical properties across various materials. These find-
ings contribute to advancing durable, eco-friendly materials and establishing scalable
methods for stability assessment.

KEYWORDS: Sustainability, stability, color alteration, photovoltaics, optoelectron-
ics, UV protection, nanocellulose, perovskite solar cells
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TIIVISTELMÄ

Uusiutuvat materiaalit ovat lupaavia aurinkosähkö- ja muissa valoherkissä sovel-
luksissa, mutta niiden pitkäaikainen suorituskyky kärsii ultraviolettisäteilyn (UV)
aiheuttamasta hajoamisesta ja muista ympäristön aiheuttamista rasitteista. Tässä
väitöskirjassa tutkitaan uusiutuvien materiaalien ja uuden sukupolven laitteiden –
nanoselluloosapohjaisten kalvojen (NC), sinkkioksidilla (ZnO) päällystettyjen tek-
stiilien, väriaineherkistettyjen aurinkokennojen (DSSCs) ja perovskiittiaurinkoken-
nojen (PSCs) – stabiilisuutta ja hajoamisprosesseja erilaisissa olosuhteissa. Ha-
joamista arvioitiin ei-invasiivisella, väriin perustuvalla menetelmällä, joka antoi ti-
etoa materiaalien suorituskyvystä ja kestävyydestä ajan mittaan.

NC-pohjaisten kalvojen tutkimuksessa keskityttiin kalvojen optisiin ominaisuuk-
siin, erityisesti UV-suojausominaisuuksiin, jotka saavutettiin lisäämällä kalvoihin
uusiutuvia lisäkomponenteja, kuten ligniiniä ja punasipulin (Allium cepa) uutetta.
Vaikka biopohjaiset UV-suodattimet ovat alustavasti osoittaneet lupaavia tuloksia,
niiden pitkäaikainen tehokkuus on vielä tutkimatta. Tämän selvittämiseksi suoritet-
tiin ikäännyttämistestejä, joissa arvioitiin biopohjaisten UV-suodattimien kykyä tar-
jota UV-suojaa. Tätä väriin perustuvaa arviointia tutkittiin aurinkosähkökennoissa,
kuten DSSC- ja PSC-kennoissa, joissa värimuutokset korreloivat sähköisten suori-
tuskykyjen muutosten kanssa. Vaikka PSC-kennoissa värimuutokset ja hajoami-
nen tapahtuivat samanaikaisesti, niin DSSC-kennojen elektrolyytin värimuutokset
tarjosivat työkalun ennustamaan ja arvioimaan hajoamisen, mikä voi nopeut-
taa stabiilisuustutkimusta. Tutkimuksessa perehdyttiin ZnO-pinnoitettujen teksti-
ilien UV-suojaus- ja fotokatalyyttisiä itsepuhdistusominaisuuksia. Lisäksi kehitet-
tiin lisäävällä valmistuksella pidike PSC-tutkimuksen haasteiden ratkaisemiseksi
tilanteissa, joissa substraatin etsaus aiheuttaa vaihtelevuutta.

Näissä tutkimuksissa sovellettu väripohjainen analysointitekniikka osoittautui
luotettavaksi ja kustannustehokkaaksi materiaalimuutosten seurannassa ja vakau-
den valvonnassa. Havaitut värimuutokset toimivat johdonmukaisesti hajoamisen in-
dikaattoreina, ja ne korreloivat eri materiaalien optisten ja sähköisten ominaisuuk-
sien muutosten kanssa. Nämä havainnot edistävät kestävien, ympäristöystävällisten
materiaalien kehittämistä ja vakauden arviointia varten sovellettavien laskennallisten
menetelmien luomista.

ASIASANAT: Kestävyys, stabiilisuus, värimuutos, aurinkosähkö, optoelektroniikka,
UV-suoja, nanoselluloosa, perovskiittiaurinkokenno
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Hannes Orelma and Professor Arri Priimägi, for their thorough review and construc-
tive feedback. My sincere appreciation also goes to my opponent, Associate Pro-
fessor Francesca Brunetti, for her valuable time and scholarly engagement with this
work. This work was generously supported by the Finnish National Agency for Ed-
ucation, the Tandem Forest Values programme, the Finnish Cultural Foundation, and
the Research Council of Finland.

This research was a collaborative effort, and I want to express my deepest thanks
to Dr. Joice Kaschuk. Her expertise, guidance, and cheerful meetings made it pos-
sible for me to overcome my fears and dive deep into a new field for me. I am
also grateful for the opportunity to work with Professors Tiffany Abitbol, Jaana
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1 Introduction

Our planet is facing a global warming crisis, to which human activities have signifi-
cantly contributed.1 This climate change is linked to the increasing levels of carbon
dioxide (CO2) and other greenhouse gases in the atmosphere.2 Given the urgency of
this issue, immediate action is necessary to mitigate its long-term consequences.

One of the most practical strategies to combat global warming is the widespread
adoption of renewable energy sources as an alternative to conventional fossil fuels.3

The transition to renewable energy has underscored the importance of sustainable
materials in photovoltaic (PV) and optoelectronic applications. Bio-based materials,
in particular, have emerged as a promising alternative – offering eco-friendly solu-
tions for PV technologies4 as well as for a wide range of applications such as packag-
ing and sensors.5,6 Despite all potential environmental benefits, bio-based materials’
long-term stability remains a critical challenge. In particular, ultraviolet (UV) light
exposure has been identified as a key factor in compromising both performance and
material reliability.7

In light of these challenges, this dissertation aims to evaluate the stability of sus-
tainable materials under various aging conditions, with an emphasis on degradation
mechanisms induced by UV light. The research evaluates nanocellulose (NC)-based
materials (also known as cellulose nanomaterials, featured in the publications I–IV)
modified for enhanced durability and UV-blocking functionality, including the appli-
cation of predictive stability modeling for dye-sensitized solar cells (DSSCs) based
on colorimetric data in the publication II. The publication V examines UV-driven
self-cleaning textiles (zinc oxide (ZnO)-coated cotton). Furthermore, this work ex-
tends to perovskite solar cells (PSCs)—publication VI and publication VII —fo-
cusing on fabrication improvements (using unetched substrates) and long-term sta-
bility assessments.

A central theme of this dissertation is the development and application of a non-
invasive, color-alteration-based monitoring technique. This approach was used both
to track material degradation over time and to deepen insights into the degradation
processes of these materials and devices. The method was first applied to NC films,
then extended to textiles, and finally implemented in PV devices, consistently linking
material color change with performance degradation. By leveraging this approach,
this work presents a unified and scalable strategy for real-time stability monitoring
across multiple classes of sustainable optoelectronic materials.
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2 Background

2.1 Nanocellulose
Cellulose is a naturally abundant and renewable polysaccharide, widely used in sus-
tainable applications due to its biodegradability, biocompatibility, and low cost.8,9

Owing to its ready availability, straightforward processing, and modifiability, cellu-
lose has found extensive use as a sustainable substrate across numerous fields, includ-
ing packaging, optoelectronics, and printable electronics.10,11 One compelling class
of cellulose-based materials is known as NC – a collective term for high-aspect-ratio
fibrous or rod-like structures derived from cellulose. Furthermore, the scalability of
NC manufacturing methods adds to its appeal. Unlike materials such as glass, which
require processing at extremely high temperatures (1200–1600°C) with substantial
CO2 emissions, cellulose can be produced at comparatively low temperatures and
with reduced carbon (C) footprints.12–15

NC is often classified into two primary categories. Cellulose nanofibers (CNF)
are characterized by fibrillar structures spanning various size scales, with the finest
fibrils having widths of 3–4 nm and lengths of hundreds of nanometers, sometimes
coexisting with microscale fibrillar bundles; they typically form stronger, more flex-
ible films.16 In contrast, cellulose nanocrystals (CNC) present as shorter, more uni-
form rod-like structures with widths of 5–10 nm and lengths under 500 nm, higher
crystallinity, but lower strain at break.16 Both CNF and CNC can be processed into
dense, transparent films with the capability to modulate light in ways beneficial for
advanced applications.17,18 Moreover, NC-based substrates can be produced in large
areas at relatively low cost, supporting emerging flexible electronics and biodegrad-
able packaging solutions.19

Neat cellulose itself exhibits poor stability under UV light, as it is susceptible to
photo-oxidative degradation.20 This process is driven by a free-radical mechanism
that leads to the formation of chromophores, such as carbonyl groups, and the de-
polymerization of cellulose chains.20 A range of analytical techniques can be used to
assess these changes: ultraviolet, visible, near-infrared (UV-Vis-NIR) spectroscopy
tracks the optical consequences, field-emission scanning electron microscopy (FE-
SEM) and X-ray diffraction (XRD) observe morphological alterations. Although
the resulting color alteration is a direct manifestation of this degradation, it is often
considered only qualitatively or in the context of aesthetics and color stability.
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Chemical functionalization enables a richer set of properties in NC films. One
notable example is the 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) ox-
idation approach, wherein TEMPO along with sodium hypochlorite (NaClO) and
sodium bromide (NaBr) selectively converts primary hydroxyls on cellulose to
carboxyl groups.21 The resulting TEMPO-mediated oxidized CNF (TOCNF) (and
TEMPO-mediated oxidized CNC (TOCNC)) can reach higher transparency or bet-
ter mechanical strength depending on the target application.22 This enhanced trans-
parency in TOCNF is attributed to the creation of more uniform, finer elemental fib-
rils, which leads to better dispersion and less light scattering compared to the more
heterogeneous fibril structure of unmodified CNF.23 This carboxyl functionalization
allows doping with a range of additives, such as ions or other molecules, for applica-
tions such as improved barrier properties, conductive coatings, or UV protection.24

Yet, even neat unmodified CNF or CNC can be combined with additives to achieve
similar functionality.

Sunlight is essential for photovoltaic devices and other optoelectronic applica-
tions, yet the UV segment of the spectrum can seriously degrade device components.
Because cellulose by itself does not sufficiently absorb harmful UV (in particular
UVA1) wavelengths, it is pivotal to embed UV-shielding capabilities into NC-based
films to ensure stable device operation. Among the promising bio-based strategies,
lignin has attracted considerable attention due to its intrinsic UV-absorbing ability,
which can be retained from unbleached pulps or introduced as lignin nanoparticles
(LNP).16,25 Similarly, natural anthocyanin dyes extracted from red onion or other
agricultural by-products can be coated onto cellulose, forming stable colorants that
strongly absorb in the UV range.26 Beyond optical applications, NC films offer a
broad spectrum of other functionalities, such as oxygen barrier properties, tunable
swelling, or mechanical reinforcement, which can be further enhanced by combin-
ing NC with layered nanoclays or forming hybrid composites.27 Though the target
properties may differ between fields, NC’s inherent customizability and low envi-
ronmental impact make it a prime candidate for replacing traditional synthetic sub-
strates.

Altogether, these advancements illustrate how doping with lignin, anthocyanins,
or ionic cross-linkers can elevate NC beyond conventional applications and enable
genuinely biodegradable, high-performance materials for solar cells, flexible elec-
tronics, and intelligent packaging. Nevertheless, long-term stability evaluations un-
der intense illumination or real-world conditions remain crucial to fully harness the
potential of NC-based films.

1UV irradiation includes UVC (100–280 nm), UVB (280–315 nm), and UVA (315–400 nm)
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2.2 Photovoltaics
PV technologies are designed to directly convert sunlight into electricity, play-
ing a crucial role in the global shift towards renewable energy sources. Silicon-
based panels currently dominate the PV market, but alternative technologies such as
DSSCs and PSCs have emerged in recent years.28,29 In principle, PV devices rely on
semiconductor-based absorber layers that capture incident light and convert it into
electrical current, with the device’s performance and operational lifetime influenced
by its design, material quality, and internal interfaces.

Operational lifetime is a key factor in the commercial viability of PV devices.
While lifespan expectations differ significantly based on the application, many con-
ventional panel systems aim for reliable function over 20–25 years or more. How-
ever, achieving these lifespans is challenging, as many PV materials are vulnerable
to degradation from environmental factors, with UV being a notable concern. To
evaluate whether novel or modified PV materials can approach this lifetime target,
accelerated aging tests are employed, exposing samples to UV radiation, thermal
stresses, and humidity under controlled, intensified conditions. In crystalline silicon-
based devices, well-established procedures such as IEC 61215 have long guided reli-
ability testing,30 but these standards do not directly translate to new PV technologies
with distinct material properties. Accordingly, the International Summit on Organic
PV Stability (ISOS) consortium introduced specialized stability-testing protocols,
initially tailored for organic solar cells.31 These guidelines have now been widely
adopted by the perovskite community, enabling systematic comparisons of device
stability under consistent stress conditions.32 The assessment of PV degradation is
primarily quantified by monitoring the decline of key electrical performance param-
eters over time under various stressors.33 This is typically achieved through periodic
current-voltage (IV) measurements, which track the evolution of the power conver-
sion efficiency (𝜂), fill factor (𝐹𝐹 ), open-circuit voltage (𝑉OC), and short-circuit
current density (𝐽SC).

2.2.1 Dye-sensitized solar cells

A DSSC is an electrochemical device that converts light energy into electricity
through a photoelectrochemical process.34 Typically arranged in a sandwich archi-
tecture, it consists of a porous titanium dioxide (TiO2) photoanode sensitized by
an organometallic or organic dye, an electrolyte containing redox couples (for in-
stance, iodide ion (I−)/tri-iodide ion (I−3 )), and a catalytic counter electrode (Fig-
ure 1). When visible light excites the dye molecules, electrons are injected into the
TiO2 conduction band and carried toward the photoanode’s front contact, while ox-
idized dye species are regenerated by I−. A catalytic layer at the counter electrode
enables I−3 reduction, thereby completing the circuit.
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Figure 1. Schematic diagram of a DSSC, illustrating the key components and operating principle.
Adapted from Kushwaha et al. 35 under a CC BY 3.0 license.

Thanks to their capability to function under low-intensity or diffuse illumination,
DSSCs excel in indoor or portable devices.36,37 Additionally, roll-to-roll processes
can produce patterned modules with customizable color or transparency, expand-
ing design choices across applications.38,39 Their compatibility with lightweight and
flexible plastic substrates makes them highly suitable for emerging applications such
as portable and wearable devices.40 Furthermore, their potential for low production
cost, combined with their see-through and colorful properties, expands their design
possibilities for a wide range of uses.40

The stability challenges for flexible DSSCs stem from the material limitations
of their polymer substrates, which include poor thermal stability limiting fabrication
options, a high degree of moisture and oxygen penetration, and vulnerability to me-
chanical stress.38 However, a more fundamental degradation mechanism common to
both flexible and rigid architectures is the intrinsic instability of the electrolyte un-
der UV irradiation. For common iodine-based electrolytes, a primary degradation
pathway is the UV-induced photo-oxidation of I−, a reaction often catalyzed by the
TiO2 surface, which consumes the I−3 redox mediator.41,42 Since the I−3 ion is re-
sponsible for the electrolyte’s characteristic yellow-brown color, its depletion results
in a visible “bleaching” of the cell.43 This process directly impacts device perfor-
mance, as the loss of I−3 reduces the electrolyte’s charge-carrying capacity, causing
a drop in the limiting current and, consequently, the 𝐽SC.42 While this performance
decline is traditionally monitored with electrical characterization methods such as
IV measurements and electrical impediation spectroscopy (EIS), the bleaching phe-
nomenon itself presents a unique analytical opportunity. Because the electrolyte’s
color change typically appears before major performance losses are observed, mon-
itoring this bleaching phenomenon can serve as a practical early indicator of device
failure.44
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2.2.2 Perovskite solar cells

PSCs have garnered significant interest for achieving high power conversion effi-
ciencies (𝜂) with relatively simple, low-temperature fabrication suitable for flexi-
ble or otherwise unconventional substrates.45 A classic PSC comprises an organic–
inorganic perovskite layer (of the general form ABX3, where A and B are cations
of different sizes and X is a halogen anion) sandwiched between n-type and p-type
charge-transport layers.46 For photovoltaics, the larger cation A often is methylam-
monium (CH3NH3), while B is lead (Pb) and X is frequently atomic iodine (I) (some-
times with partial chlorine (Cl) or bromine (Br) substitution). When illuminated, the
perovskite absorber generates free charges that are transported through the electron-
and hole-selective contacts to external electrodes, creating electrical current.

For the external electrodes, metallic layers such as gold (Au) or silver (Ag) are
commonly used as top contacts. However, these metals are susceptible to moisture-
induced degradation and can contribute to issues like ion migration.47,48 As an alter-
native, carbon-based electrodes (often screen-printed) offer a lower-cost option that
can also help mitigate such ion migration. Transparent conductive oxides like indium
tin oxide (ITO) or fluorine-doped tin oxide (FTO) are typically used as the bottom
contact, also serving as the substrate.

In conventional laboratory-scale research on PSCs, the bottom electrode is de-
liberately patterned into an array of small “pixels” via chemical or laser etching.
A pixel, in the context of solar cells, refers to a single, electrically isolated sub-
cell area with independently addressable contacts, which allows for parallel device
testing or modular configurations. This patterning step poses a significant limita-
tion—especially for novel conductive substrates like metallic foils or bio-based ma-
terials, where standard etching may be impractical or damaging. Thus, the develop-
ment of methods that bypass electrode etching can substantially simplify and accel-
erate PSC research.

Despite their advantages, the operational stability of PSCs is a major challenge,
as they are susceptible to degradation from a combination of environmental and in-
trinsic factors, including moisture, UV light, and heat.32,33 A primary extrinsic path-
way is moisture-induced degradation, where the hygroscopic nature of the organic
cation can lead to the decomposition of the perovskite into its precursors, such as
non-photoactive lead iodide (PbI2).33,49 Similarly, exposure to UV light, particu-
larly in devices using a TiO2 transport layer, can photocatalytically decompose the
perovskite into PbI2, methylamine (CH3NH2), and molecular iodine (I2), leading
to significant performance losses.33,49 Intrinsic degradation mechanisms also play
a critical role, including the migration of mobile ions under electrical bias or heat,
which can create defects and react with the metal electrodes, as well as the chemical
instability of the charge transport layers themselves.32,33 A common feature of these
degradation pathways is a distinct visual color shift, most notably the change from
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the dark brown or black of the active perovskite to the yellow of PbI2, which serves
as a direct indicator of material decomposition and device instability.33 Addressing
such challenges through perovskite composition tuning, interface engineering, and
robust encapsulation is an active area of research, aiming to increase operational
lifespans under real-world environmental conditions50

2.3 Functional textiles
Textiles engineered with novel coatings or embedded active particles have garnered
attention for applications ranging from smart wearables to air filtration and self-
cleaning surfaces.51 In particular, hydrophobic and photocatalytic treatments can
transform cotton or synthetic fibers into self-cleaning textiles that break down or-
ganic stains and microbes when exposed to light. Such coatings often feature metal
oxides like TiO2 or ZnO, which absorb UV photons and facilitate photocatalytic re-
actions.52

The properties of ZnO are thoroughly influenced by the size and shape of
its nanostructures.53 Various synthesis conditions influence coating morphology,
thereby impacting the resulting characteristics of the textile fabrics. Depending
on the intended application, different geometries such as nanowires, nanorods, or
flower-like structures are preferred.54 Among these, flower-like morphologies have
consistently demonstrated enhanced photocatalytic activity due to their elevated
surface-to-volume ratios.55

Microwave-assisted growth of ZnO nanostructures directly on cotton exempli-
fies one viable route, producing such flower-like crystals with photocatalytic poten-
tial and UV-blocking capability. While promising, these photocatalytic textiles must
still withstand prolonged UV exposure, mechanical stress, and repeated wash cycles.
This underscores the need for robust design parameters and easy-to-implement di-
agnostic techniques, such as color-based monitoring, to track coating stability and
stain-removal efficiency in real time.

2.4 Fundamentals of color science
Color alteration analysis provides a convenient way to assess complex degradation
pathways, particularly when UV exposure or chemical transformations lead to per-
ceptible shifts in hue or opacity. Hue is an attribute of visual perception that describes
a color as similar to red, yellow, green, or blue, or a combination of them.56 Because
color changes correlate with underlying photo-oxidation or physical changes, col-
orimetry – the science of quantifying color – is an appealing choice as a real-time,
non-invasive monitoring technique.

Color is a perceptual phenomenon arising from the way the human eye’s photore-
ceptor cells respond to different wavelengths of electromagnetic radiation, typically
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within the range of 380–780 nm.57 Each wavelength corresponds to a particular hue,
but the brain’s interpretation of color also depends on factors such as ambient il-
lumination (viewing conditions), the object’s reflectance spectrum, and adaptation
mechanisms within the visual system. In practical applications, color is often quanti-
fied using mathematical descriptions known as color spaces, which enable consistent
measurements across different devices and viewing conditions.

A color space is a systematic arrangement of coordinates representing perceived
colors numerically. For instance, red, green, and blue (RGB) color spaces use three
channels (coordinates)—𝑅, 𝐺, and 𝐵—ranging nominally from 0 to 255 (in 8-bit
integer form) or in floating-point representations between 0.0 and 1.0. This three-
channel approach is widely adopted in digital imaging because typical camera sen-
sors capture light through red, green, and blue filters, and modern light emitting
diode (LED)-based displays use these same primaries to produce images. Although
convenient for digital imaging, RGB color spaces are generally device-dependent,
meaning the same RGB values can appear as different colors on various uncalibrated
devices. They are also not perceptually uniform; a color space is considered per-
ceptually uniform if equal numerical changes in its coordinate values correspond
to similarly perceived shifts in color, regardless of the specific color. To address
these issues, the Commission Internationale de l’Éclairage (CIE) introduced device-
independent color systems designed for better perceptual uniformity, notably the CIE
1976 𝐿*𝑎*𝑏* color space (CIELAB) model characterized by 𝐿*, 𝑎*, and 𝑏*.57 While
𝐿* is bounded, the 𝑎* and 𝑏* axes are theoretically unbounded; their practical range
depends on the reference white and is sufficient to cover the gamut of human color
perception. A polar variant of CIELAB is the CIE 𝐿*𝐶*ℎ∘ color space (CIELCh)
system, where 𝐿* is retained, but 𝑎* and 𝑏* are converted to 𝐶* (chroma, or color
intensity) and ℎ∘ (hue angle), making certain visual relationships more intuitive.

In color science, a color difference quantifies the separation between two colors,
offering an objective measure for what would otherwise be subjective descriptions.
Among various metrics, the Euclidean distance in CIELAB space (Δ𝐸*

𝑎𝑏) is a stan-
dard approach for approximate quantification of perceived color shifts.58 Such cal-
culations assume specific viewing conditions, including the illuminant, a moderate
field size (the angular size of the sample to the eye), and chromatic adaptation of
the observer to a defined reference white (such as CIE standard illuminant represent-
ing average daylight (D65)59). This reference white acts as a baseline; accounting
for its chromatic adaptation ensures measurements are aligned with how humans
perceive colors under specific illumination. Nonetheless, Δ𝐸*

𝑎𝑏 values are not per-
fectly perceptually uniform, since a given Δ𝐸*

𝑎𝑏 value might represent a noticeably
different perceived difference depending on the specific colors involved. To address
these limitations, the German Institute for Standardisation (DIN) DIN99 color differ-
ence equation (DIN99) formula refines the difference,60 introducing Δ𝐸𝐷𝐼𝑁99 for
improved perceptual uniformity.61 This formula, before calculating Euclidean dis-
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tances, modifies the CIELAB space by mathematically rotating its color axes and
applying logarithmic scaling to its coordinates, aiming to follow the Weber-Fechner
law of perception.62 This law states that the just-noticeable difference in a stimulus
is proportional to its initial magnitude, meaning human sensory response to a change
is logarithmic rather than linear.

When capturing images digitally, device-dependent RGB formats (like standard
Red Green Blue color space (sRGB) or Adobe RGB (1998) color space (opRGB))
are most common.63–65 Such data usually require calibration against a known stan-
dard and reference to a specific illuminant to ensure the color information is accurate
and comparable across different devices and viewing conditions. This consistency
is particularly important when analyzing subtle degradation effects. To overcome
the limitations of device-dependent color spaces, RGB data can be converted to a
device-independent space like CIELAB. This process typically includes linearizing
the RGB data (reversing gamma correction, an adjustment for the non-linear bright-
ness response of displays), potentially applying a chromatic adaptation transform (to
account for different illumination or white points), and finally, calculating CIELAB
values relative to the chosen reference white.56,58 Photography-based color charac-
terization has demonstrated high repeatability and reliability, particularly when per-
formed under controlled lighting with consistent exposure settings and by including
a color reference chart (a standard target with known color patches).66 This approach
minimizes systematic variations and allows for the accurate correlation of color met-
rics with material changes over time.
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3 Materials and methods

3.1 Materials and devices
3.1.1 Fabrication of nanocellulose-based films

Different NC-based films were prepared for the publications I–IV. Specific details
for each publication are briefly summarized below.

In the publication I, fully bleached and unbleached birch kraft pulps (supplied
by Stora Enso, Finland) were fibrillated into CNFs and TOCNFs using high-pressure
homogenization. Films (60 g/m2) were formed by air-pressure filtration, followed by
hot-pressing at 30°C.67 Residual lignin containing CNF (Ligno-CNF) and residual
lignin containing TOCNF (Ligno-TOCNF) contained approximately 13–15% lignin,
while CNF with lignin nanoparticles (produced according to the publication I)
(CNF-LNP) and TOCNF with lignin nanoparticles (TOCNF-LNP) had around 9%
LNPs.25,68

In the publication II, NC-based films were prepared with various modifications
to achieve UV-blocking functionality:

• CNF film dyed with red onion (Allium cepa) dye (CNF-ROE): Birch pulp was
fibrillated via high-pressure homogenization, diluted to 1.0g/L, and ultrason-
icated for 5 min at 25% amplitude. Films were then formed by vacuum fil-
tration through a polyvinylidene fluoride (PVDF) membrane (0.45 𝜇m pore
size) and dried under mild pressure at room temperature for 72 h. The dried
CNF films were immersed for 60 min in a red onion (Allium cepa) extract,
prepared by extracting onion skins in hot water at 80°C for 60 min, producing
an anthocyanin-rich solution.26

• GDE coated CNF film with colloidal lignin particles deposition (produced
according to the publication II) (CNF-LNP)1: Kraft lignin particles were
synthesized by dissolving lignin in a solvent mixture (tetrahydrofuran (THF),
ethanol, water), followed by precipitation induced by rapid water addition.69

1Please note that the materials referred to as CNF-LNP in different parts of this thesis—specifically
in the publication I and II —are not fully chemically or structurally identical. Although they share
the same naming for consistency and traceability, they differ in formulation and fabrication method as
described in Subsection 3.1.1. The naming has been intentionally preserved to align with the respective
original publications.
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Glycerol diglycidyl ether (GDE) was mixed with colloidal lignin particles
(CLP) dispersion (ratio 0.52 g/g). CNF films, pre-coated with glycerol for
10 min to reduce brittleness and enhance uniformity, were coated with the
CLP-GDE dispersion using a K-Control Coater (Model 202, green rod, speed
4/10). Films were immediately oven-cured at 105°C for 1 h to achieve better
cross-linking and structural stability.

• TEMPO-mediated oxidized CNF film with physically crosslinked iron
ions (III) (TOCNF-Fe3+) and TEMPO-mediated oxidized CNF film with
epichlorohydrin induced chemically-physically crosslinked iron ion (III)
(TOCNF-ECH Fe3+): Films were prepared by filtering TOCNF suspen-
sions.24,70–72 For TOCNF-Fe3+, wet films were immersed in a 1 mol/L
iron(III) chloride (FeCl3) solution for 24 h, rinsed, and hot-pressed at 30°C
(1 kg/m² pressure) to achieve 60 g/m² grammage. For TOCNF-ECH Fe3+,
chemical crosslinking was first performed by adding 1 mL epichlorohydrin
(ECH) and 5 mL hydrochloric acid (HCl) to the TOCNF suspension under
stirring for 24 h. The chemically treated suspension was then processed iden-
tically to the TOCNF-Fe3+ method (filtration, FeCl3 immersion, rinsing, and
hot-pressing).

To provide a performance benchmark for these fabricated bio-based films, a
polyethylene terephthalate (PET)-based commercial filter SFC-10 (METOLIGHT
filter foil) was included in the study.73

In the publication III, CNCs were isolated from Norway spruce (Picea abies)
pulp. The kraft pulp and oxygen delignified pulps are referred to in the subsequent
text as unbleached softwood kraft pulp (UBSK) and bleached softwood kraft pulp
(BSK), respectively. Kraft pulp was hydrolyzed using 58 or 64 wt% sulfuric acid
(H2SO4) for 30 min at 55°C to obtain different CNC grades. Next suspensions
were quenched in chilled water, dialyzed, and homogenized through a single pass
at 1700 bar. Films (30 g/m2) were cast from 0.4 wt% CNC suspensions and dried at
23°C and 50% 𝑅𝐻 .

In the publication IV, commercial CNCs (CelluForce) and CNF, homogenized
at 1700 bar, were used. Films (25 g/m2) were formed by solvent casting into
polystyrene Petri dishes and dried at 23°C and 50% 𝑅𝐻 , followed by an additional
drying step at 150°C for 1 h. Sodium montmorillonite clay (MTM) was added as a
powder to the NC suspensions, with magnetic stirring overnight. Films were fabri-
cated by mixing CNC and CNF suspensions at different mass ratios (75:25, 50:50,
25:75, 0:100) with and without MTM.
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3.1.2 Dye solar cell fabrication and assembly

In the publication II, TiO2-based DSSCs were fabricated using FTO substrates
(Pilkington TEC-15, 15 Ohm/sq). Photoelectrodes were prepared by sequential doc-
tor blading of transparent and active opaque TiO2 nanoparticle layers, followed by
heat treatment as described previously.44 The photoelectrodes were sensitized with
a Z907 Ruthenium Dye solution (0.3 mM) in a 1:1 mixture of acetonitrile and tert-
butyl alcohol. Devices were assembled using an electrolyte that forms the I−/I−3
redox couple. This electrolyte contained 0.05 M I2, 0.5 M 1-methylbenzimidazole
(NMBI), 0.5 M 1-propyl-3-methylimidazolium iodide (PMII), and 0.1 M guani-
dinium thiocyanate (GuSCN) in 3-methoxypropionitrile (3MPN). The cells were
sealed with a platinum-coated counter electrode, following protocols by Poskela et
al.44

3.1.3 Perovskite solar cell fabrication and assembly

In the publication VI, four-pixel and eight-pixel PSCs were fabricated on both
etched and unetched FTO substrates (TEC15). The four-pixel group (20×20×2 mm)
substrates were partially etched using zinc (Zn) powder and 4 M HCl, while the eight-
pixel group (25.4×25.4×2.2 mm) used pre-patterned FTO. For the four-pixel group,
a compact TiO2 (c-TiO2) layer was deposited via spray pyrolysis using a 0.16 M Tita-
nium diisopropoxide bis(acetylacetonate) (Ti(acac)2OiPr2) and 0.4 M acetylacetone
precursor in ethanol at 460∘C with an airbrush. Subsequently, a mesoporous TiO2

(meso-TiO2) layer was then spin-coated from a 150 mg/mL TiO2 paste and sintered
at 450∘C. For the eight-pixel group, a c-TiO2 layer was deposited by spray coating a
17.3 vol% solution in 2-propanol at 450∘C over 12 layers, followed by annealing at
450∘C for 45 min. The meso-TiO2 layer was prepared similarly for the eight-pixel
group.

A triple-cation mixed-halide perovskite Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3
(CsFAMA) was deposited via spin-coating. Annealing was performed at 100∘C for
1 h inside a nitrogen-filled glovebox. For the four-pixel group, a 70 mM 2,2’,7,7’-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD)
solution in chlorobenzene was prepared and doped with 4-tert-butylpyridine (tBP),
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and Tris(2-(1H-pyrazol-1-yl)-
4-tert-butylpyridine)cobalt(III) tris(bis(trifluoromethanesulfonyl)imide) (FK209)
at molar equivalents of 3.3, 0.5, and 0.05, respectively. This doped solution was
deposited onto the substrates via dynamic spin coating at 4000 rpm for 10 s. For
the eight-pixel group, a 29.5 mM Spiro-OMeTAD solution in chlorobenzene was
prepared with adjusted dopant concentrations, namely 3.2, 0.53, and 0.1 molar
equivalents for tBP, LiTFSI, and FK209, respectively. An 80 𝜇L aliquot of this

12



Materials and methods

solution was dynamically spin coated at 1800 rpm for 30 s. Finally, gold electrodes
(80–100 nm) were thermally evaporated as top contacts.

In the publication VII, carbon monolithic electrode (CME) (Solaronix) of the
carbon electrode perovskite solar cells (C-PSCs) were infiltrated with methylammo-
nium lead iodide (MAPbI3) precursor solution (Solaronix) under nitrogen and heated
at 50°C for 10 min.74 Gold electrode perovskite solar cells (Au-PSCs) were fabri-
cated following the procedure for the four-pixel group etched devices in the publi-
cation VI.

3.1.4 ZnO-based textile functionalization

In the publication V, cotton fabrics (140 g/m2, 100%) were pre-cleaned in Decon90
solution (10 mL in 90 mL water) at 60°C for 15 min, dried at 50°C for 12 h, and
immersed in 50 ml of 0.1 M sodium hydroxide (NaOH) for 10 min. A ZnO precur-
sor solution was prepared by dissolving zinc acetate hydrate in ethanol at 60°C for
10 min under stirring, followed by the addition of ammonium hydroxide (NH4OH)
and NaOH or potassium hydroxide (KOH) (the total volume was 100 ml). The fab-
rics were immersed in the precursor solution and stirred at 300 rpm for 6 h at 30°C.
The ZnO-coated fabrics were placed in a microwave oven at 800 W for 3, 4 or 5 min
(depending on the sample). Samples were then rinsed with deionized water and dried
at 50°C for 12 h.

3.1.5 3D-printed holder for PSC characterization

The holder used for the PSC characterizations in the publication VI and publication
VII was three-dimensional (3D) printed with a Prusa MK3S+ 3D printer equipped
with a 0.4 mm stainless steel nozzle. All prints were made inside the Original Prusa
Enclosure to maintain consistent temperature, which ensured high-quality results.
The prints used a satin powder-coated build plate and black EasyABS filament, cho-
sen for its favorable mechanical and thermal properties. The print settings were
adjusted to a layer height of 0.1 mm, yielding the necessary resolution for the 3D
printed holder.

Harwin P70-1020045R spring-loaded “pogo” pins were inserted into the holder’s
base to make electrical contact with the PSC electrodes. These pins were selected be-
cause their internal spring mechanism applies only minimal force to the cells. Copper
wires were soldered to the rear side of the pins to connect to the measuring equip-
ment. Neodymium magnets were installed at the corners of the holder lid to keep the
PSC in position. The holder was designed so that the magnets exerted force primarily
at the edges, thus without fully engaging the pogo pins.
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Table 1. Summary of aging test parameters

Publications ISOS protocol Duration (h) Cumulative radiant exposure
at the 300–400 nm (MJ/m2)

I, II L-1 1000 240
III L-1 500 1200
IV L-1 1800 430
V L-1 48 11
VII D-1 9200 N/A

3.2 Characterization methods
3.2.1 Aging protocols

The accelerated aging tests, closely aligning with ISOS-L-1,32 were conducted using
an Atlas XLS+ solar simulator equipped with a xenon lamp (NXE 1700), simulating
1 Sun (air mass (AM)1.5G spectrum42). Environmental conditions during the exper-
iment were controlled, with an ambient temperature of 35–36°C, a Black Standard
Temperature (BST) of 60°C, and a relative humidity (𝑅𝐻) of 10–20%. A typical
duration for the light soaking testing of PV is 1000 h under such conditions, which is
equivalent to 1 year of outdoor exposure in Central Europe.75 A Fluke TiS75 thermal
imaging camera was used to monitor the sample temperatures, which were typically
around 45°C, while ambient temperature was 22°C. The simulator was equipped
with cooling fans to regulate the lamp temperature, generating a strong airflow. To
ensure sample stability, custom-built sample holders were designed for each study.

In contrast, unencapsulated PSCs in publication VII were aged under ISOS-D-1
conditions (dark storage).32 The temperature (22 ± 1°C) and 𝑅𝐻 (40 ± 20%) were
continuously monitored using a RuuviTag Bluetooth sensor.76 The aging durations
varied by study, as detailed in Table 1.

3.2.2 UV-Vis-NIR spectroscopy

In the publications I–V optical properties of the materials were evaluated using UV-
Vis-NIR spectroscopy. The key differences of the UV-Vis-NIR measurement setups
used across the five studies are summarized Table 2. Usual light source change wave-
length was around 300–350 nm.

3.2.3 Solar cell current-voltage characterization

The electrical performance of solar cells studied in the publication II, publication
VI, and publication VII was periodically assessed through IV (or current density-
voltage (JV)) measurements. To achieve reliable and reproducible measurement re-
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Table 2. UV-Vis-NIR methods for different publications.

Publications Measuring equipment Range (nm) Light source(s)

I, IV
Agilent Cary 5000 (Dif-
fuse Reflectance Acces-
sory)

200–800 Deuterium (UV) &
Tungsten-Halogen (Vis)

II Shimadzu UV-2600 + ISR-
2600 Plus Sphere 200–1100 Deuterium (UV) & Halo-

gen (Vis-NIR)

III PerkinElmer PDA UV/Vis
Lambda 265 200–800 Deuterium (UV) &

Tungsten-Halogen (Vis)

V UV–Vis Specord 200 Plus 200–700 Deuterium (UV) & Halo-
gen (Vis)

Table 3. Summary of IV measurement parameters

Publication Solar cell
type

Measuring
equipment Solar simulator Scan rate

(mV/s)

Mask
aperture
(mm2)

II DSSC PalmSens4 Peccell PEC-L01 20 80

VI Four-Pixel PSC Keithley 2636 Newport Oriel 92250A 50 12
Eight-Pixel PSC Keithley 2450 Wavelabs Sinus-70 50 10

VII C-PSC PalmSens4 Peccell PEC-L01 100 64
Au-PSC PalmSens4 Peccell PEC-L01 100 13

sults by alleviating alignment issues and minimize the relative influence of edge ef-
fects such as stray light, the photomasking with device-specific aperture sizes was
used.77 The key differences of the IV measurements between all three studies are
summarized in Table 3.

In the publication II and publication VII, a PalmSens4 potentiostat was used
in combination with a Peccell PEC-L01 class A solar simulator, equipped with a
short-arc xenon lamp designed to simulate 1 Sun AM1.5G spectrum. This solar
simulator provided 1000 W/m2 illumination, and a single IV scan was conducted in
both forward and reverse directions (sweeps) after a 3-second stabilization period.
IV data was analyzed and plotted using a Python (3.9) script.78

In the publication II, DSSCs were maintained at ambient temperature and
masked with black electrical tape featuring an 80 mm2 rectangular aperture. The
voltage was swept from -0.2 V to 0.85 V and back to -0.2 V, with increments of
10 mV and a scan rate of 20 mV/s.

In the publication VI, IV measurements were performed on two groups of PSCs
with varying pixel counts, each tested under different setups:
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• Four-pixel group: Characterized using a Newport Oriel Instruments model
92 250A solar simulator and a Keithley 2636 source measure unit (SMU) under
1 Sun illumination (100 mW/cm2 AM1.5G). A 50 mV/s scan rate was applied
in both forward and reverse directions.

• Eight-pixel group: Measured using a Wavelabs Sinus-70 solar simulator and
a Keithley 2450 SMU under 1 Sun illumination. The scan rate remained the
same as for the four-pixel group.

In the publication VII, IV measurements were conducted for both C-PSC and
Au-PSC. The scan conditions were similar, except:

• C-PSC: Voltage ranged from -0.2 V to 1.0 V, with increments of 10 mV and a
scan rate of 100 mV/s. A 3D-printed sample holder with an integrated aperture
mask was used.

• Au-PSC: The scan range extended from -0.2 V to 1.2 V in both directions.

3.2.4 Digital image acquisition

Standardized image acquisition were employed to ensure reproducibility and accu-
racy across publications I-V, and VII. Digital photographs were captured inside a
custom-build photography chamber with neutral gray interior walls to minimize re-
flections and color biases. A Sony A7 MK2 camera coupled with a Laowa 100 mm
f/2.8 macro 2×lens was utilized with uniform LED illumination (LED Neon Flex N-
6×12-z-11 W-40 k-01, 4000 K color temperature, and a luminous flux of 1150 lm).
Consistent camera settings (ISO 200, aperture f/11, shutter speed 1/20 s) and man-
ual focus were maintained. At the beginning of each photo session an image of an
X-Rite ColorChecker Passport was taken to utilize it as a baseline for white balance
and minor exposure correction.

All images were captured in RAW format (.ARW), post-processed in Adobe Pho-
toshop Lightroom Classic (10.3 Release), and exported as JPEG files (opRGB). The
post-processing steps included:

• digital negative (DNG) color profile: applying a camera and lens specific color
profile based on the X-Rite ColorChecker Passport

• white balance: applied based on a third neutral gray step rectangle of the X-
Rite ColorChecker Passport

• exposure compensation (optional): done based on the image of the X-Rite
ColorChecker Passport to ensure its digital appearance to be consisted between
different photo sessions and then synchronized with images of the samples
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• cropping (optional): reducing the size of the image to the area of interest

All RGB values reported herein were obtained from images captured and pro-
cessed explicitly within the opRGB.64,65 For brevity, opRGB will henceforth be re-
ferred to simply as RGB unless otherwise stated.

3.3 Analysis and modeling
3.3.1 Color analysis

Color analysis was performed by extracting RGB values from multiple distinct non-
reflecting areas of each sample image (see Subsection 3.2.4). Average RGB values
were analyzed using custom scripts in Python (3.9)79 (publication I, publication V,
publication IV, publication VII) or MATLAB (version R2021a, publication III).
The RGB values were further transformed into the perceptually uniform CIELAB
(publication I, publication VII) to quantify human-perceivable color changes ef-
fectively. Color alteration was quantified and analyzed using various approaches
described below.

• For the publication I, NC-based films color changes between initial and fi-
nal images were quantified through Euclidean distance in the RGB space
(Δ𝑅𝐺𝐵), calculated using an Equation (1):

Δ𝑅𝐺𝐵 =
√︀

(𝑅Initial −𝑅Final)2 + (𝐺Initial −𝐺Final)2 + (𝐵Initial −𝐵Final)2

(1)

The uniformity of the color changes across multiple selected areas was as-
sessed by calculating the standard deviation of color change vectors (𝜎Δ𝑅𝐺𝐵)
from different regions (Equation (2)):

𝜎Δ𝑅𝐺𝐵 =

⎯⎸⎸⎷ 1

𝑛− 1

𝑛∑︁
𝑖=1

(Δ𝑅𝐺𝐵𝑖 −Δ𝑅𝐺𝐵)2 (2)

where 𝑛 is the number of areas per image, 𝐷𝑅𝐺𝐵𝑖
is the Δ𝑅𝐺𝐵 for the i-th

area, and Δ𝑅𝐺𝐵 is the mean of Δ𝑅𝐺𝐵 across all areas.

Changes in perceived lightness (Δ𝐿*) were evaluated using an Equation (3):

Δ𝐿* = 𝐿*
final − 𝐿*

initial (3)

The standard deviation of Δ𝐿* cross multiple areas was calculated similarly
to the Equation (2).
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• In the publication II, the overall color intensity change of the NC-based films
and electrolyte of DSSCs was analyzed using the square root of the square root
of the sum of squares (SRSS) of RGB coordinates an Equation (4):

SRSS𝑛 =
√︀
𝑅2

𝑛 +𝐺2
𝑛 +𝐵2

𝑛 (4)

where 𝑅𝑛, 𝐺𝑛, and 𝐵𝑛 represent the 𝑅, 𝐺, and 𝐵 color coordinates, respec-
tively, for the n-th measurement. These values were normalized relative to the
initial measurement to track changes over time.

• In the publication V, digital images were recorded periodically (see Subsec-
tion 3.2.4) for stained areas (methylene blue (MB) and coffee) and correspond-
ing unstained areas on the same fabric samples, to simultaneously account
for UV-driven degradation or discoloration of the cotton material substrate.
The stain removal efficiency was quantified by calculating the Δ𝑅𝐺𝐵 (Equa-
tion (1)) between the stained and unstained regions at each specific time point
for each sample. Therefore, the obtained Δ𝑅𝐺𝐵 at each time point directly
quantifies how much the stained area color deviates from the simultaneously
measured background color, effectively correcting for fabric discoloration or
degradation. The stain removal efficiency at a given time was expressed as a
percentage reduction of the Δ𝑅𝐺𝐵, relative to the initial distance between the
stained and unstained areas before irradiation began.

The stain removal efficiency (%) was determined by comparing the Δ𝑅𝐺𝐵

relative to the color difference at the previous time point Δ𝑅𝐺𝐵𝑛−1 (Equa-
tion (5)):

Efficiency (%) =
Δ𝑅𝐺𝐵𝑛−1 −Δ𝑅𝐺𝐵𝑛

Δ𝑅𝐺𝐵𝑛−1
× 100% (5)

Higher positive values indicate greater stain removal efficiency at the current
interval, while negative values would suggest increased staining or color dark-
ening compared to the previous measurement. This methodology accounts
for simultaneous background degradation, as the unstained background region
serves as an internal reference, reducing potential errors arising from fabric
degradation effects.

• In the publication VII the Δ𝐸𝐷𝐼𝑁99
61 was used to assess quantitatively visual

changes in the PSCs over time. In addition, Pearson correlation analysis was
used to quantify the linear relationship between the measured color changes
and the degradation in electrical performance, yielding a correlation coefficient
(r) and a significance value (p).80
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A consistent methodology preceded by the UV-induced aging protocol (see Subsec-
tion 3.2.1) schematically presented as a flowchart in Figure 2. Despite the specific
aging protocol presented, this flowchart can be applied to any color change study
with or without aging involved.

Figure 2. Flowchart of image acquisition and analysis protocol applied across publications, high-
lighting essential parameters and processing steps. Adapted from the publication V under a
CC BY 4.0 license.

3.3.2 Predictive modeling

Predictive modeling44 was used to evaluate long-term performance trends in DSSCs
by analyzing electrolyte color changes and estimating the limiting current (𝐼lim).
The electrolyte color was assessed by converting the 𝐵 channel of RGB into the
𝑌 component in the cyan, magenta, and yellow color space (CMY) color space us-
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ing Equation (6):
𝑌 = 255−𝐵 (6)

This transformation provides an indirect measure of electrolyte degradation,
which correlates with the limiting current 𝐼lim—the maximum current a DSSC can
transfer. 𝐼lim was calculated as Equation (7):

𝐼lim =
4𝐹𝐷𝐼−

3
𝑐𝐼−

3

𝑑
(7)

where 𝐹 is the Faraday constant, DI−
3

is the diffusion coefficient of tri-iodide,
𝑐𝐼−

3
is the concentration of tri-iodide, and 𝑑 is the electrode separation distance. As

the DSSC undergoes degradation, the concentration of I−3 declines, leading to a cor-
responding reduction in 𝐼lim. To predict long-term behavior, the model estimates the
rate of I−3 concentration loss by analyzing the bleaching rate of the electrolyte.

The only empirical input required for model fitting is the initial short-circuit cur-
rent density (𝐽SC), taken as the maximum 𝐽SC during the prediction period. To
ensure clear visualization of the initial conditions, 𝐽SC values were adjusted by an
arbitrary factor of 1.1 to account for potential early-stage stabilization effects. Uncer-
tainty in 𝐽SC was considered by defining a range of ±20% around the maximum 𝐽SC
value. This approach distinguishes the empirical data from the model’s predictions,
facilitating the estimation of DSSC degradation trends over time.

3.3.3 Ultraviolet protection factor

In the publication V, UV protection factor of ZnO-coated cotton fabrics using the
ultraviolet protection factor (UPF).81,82 UPF is defined as the ratio of average ef-
fective UV irradiance (290–400 nm) without and with the fabric, calculated using
Equation (8):

𝑈𝑃𝐹 =

∑︀𝜆=400
𝜆=290𝐸(𝜆)𝑆(𝜆)Δ𝜆∑︀𝜆=400

𝜆=290𝐸(𝜆)𝑆(𝜆)𝑇 (𝜆)Δ𝜆
. (8)

Here, 𝐸(𝜆) is the erythema action spectrum, 𝑆(𝜆) is the solar spectral irradi-
ance, 𝑇 (𝜆) is the fabric transmittance at wavelength Δ𝜆, and Δ𝜆=5 nm in this work.
Textiles with UPF>15 are classified as UV-blocking and those with UPF>40 as
providing “excellent protection”.
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4 Results and Discussion

4.1 Composition of NC-based films impacting long-
term UV stability

4.1.1 Publication I: Lignin-enhanced NC films

Building on earlier demonstrations of color-based degradation assessment,44 the
publication I investigates NC-based films (Subsection 3.1.1). Key aspects evaluated
were the films’ UV-shielding stability, their visual appearance, and their spectro-
scopic properties over the 1000-hour light exposure period (Subsection 3.2.1). Since
neat CNF and TOCNF lack inherent UV protection required for photovoltaic appli-
cations (when used as UV filters), lignin was incorporated to grant UV-shielding ca-
pabilities. Visual inspection and color alteration analysis revealed minimal changes
in film appearance (Subsections 3.2.4 and 3.3.1). Films containing lignin — either as
residual lignin in the fiber or as added lignin nanoparticles — exhibited remarkable
UV-shielding ability that they maintained throughout the test (<1% transmittance
below 390 nm), whereas neat NC remained UV-transparent (Subsection 3.2.2). To
further validate the UV-blocking efficacy, NC films were placed on top of polyvinyl
chloride (PVC) substrates during the exposure. Although minor degradation of the
lignin-containing films occurred, they continued to provided full UV protection,
thereby preventing discoloration of the underlying PVC substrates. Overall, lignin-
modified NC films demonstrated excellent long-term visual stability and robust UV-
blocking performance, highlighting their potential for use in sustainable optoelec-
tronic applications.

To track and assess photostability of NC-based films, digital images were
recorded during the 1000 h of artificial sunlight exposure (Figure 3). Visual in-
spection of these images revealed distinct characteristics of each film’s composition.
The neat CNF and TOCNF films appeared translucent with white nuances at the
beginning, while the lignin-containing samples (Ligno-CNF, Ligno-TOCNF, CNF
with lignin nanoparticles (produced according to the publication I) (CNF-LNP), and
TOCNF-LNP) exhibited brownish shades typical of lignin-rich materials.83 Minimal
color changes were observed after 1000 h of exposure, with the most pronounced
color alterations occurring during the first 50 h (Figure 4).

Quantitative analysis of color alterations followed similar trends (Figure 4 and
Table 4). Neat CNF showed only moderate changes in its RGB channels—the small
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Figure 3. Photographic overview of six lignin-containing and lignin-free NC-based films before and
after 1000 h of artificial sunlight exposure. The top row shows the initial state, revealing translucent
white nuances in the neat cellulose films and brownish hues in lignin-containing ones. The bottom
row illustrates the same films following the exposure period. The photos suggest that the visual
appearance of all NC films remained largely unchanged after light exposure. Adapted from the
publication I under a CC BY 4.0 license.

overall color shift is reflected in relatively low Δ𝑅𝐺𝐵 and Δ𝐿* values. Low color
changes occurred alongside high variability across areas revealed local surface het-
erogeneity. Conversely, TOCNF darkened noticeably, evidenced by a pronounced
drop in its RGB and further supported by its high Δ𝑅𝐺𝐵 and negative Δ𝐿*. Lignin-
containing films (Ligno-CNF, CNF-LNP, and TOCNF-LNP) exhibited slight bright-
ening. This photobleaching can be explained by lignin’s phenolic groups form-
ing radicals, which degrade into less colored aliphatic acids.84 By contrast, Ligno-
TOCNF darkened (negative Δ𝐿*), suggesting the formation of new chromophores
through photo-oxidation.22

Table 4. Quantitative color alteration metrics (Δ𝑅𝐺𝐵 and Δ𝐿*) in NC-based films after 1000 h
of artificial sunlight. The Δ𝑅𝐺𝐵 value represents the Euclidean distance in RGB between initial
and final states, while Δ𝐿* indicates the difference in perceived lightness (positive for brightening,
negative for darkening) in CIELAB. Adapted from the publication I under a CC BY 4.0 license.

CNF TOCNF Ligno-CNF Ligno-TOCNF CNF-LNP TOCNF-LNP

Δ𝑅𝐺𝐵 6± 6 35± 7 23± 5 17± 4 26.9± 0.8 13± 4
Δ𝐿* 0.6± 1.1 −3.5± 0.8 2.7± 0.5 −1.3± 0.2 3.3± 0.2 1.6± 0.4

To investigate how color alterations can be tied to changes in the optical be-
havior of the films, UV-Vis-NIR spectroscopy was performed (Figure 5). Neat cel-
lulose films (CNF and TOCNF) showed the highest transmittance (approximately
80% in the visible region), with UV absorption becoming significant below 300 nm
(Figure 5a). Despite their seemingly stable color appearance (Figure 3), both films
displayed a decrease in transmittance following the aging test, especially for wave-
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Figure 4. 𝑅, 𝐺, and 𝐵 evolution of NC films over 1000 h of 1 Sun solar exposure. Each panel
corresponds to one of the six NC-based films from Figure 3. 𝑅, 𝐺, and 𝐵 values were extracted
from digital images in three different film regions and averaged to generate representative color
coordinates. The error bars show the standard deviation among these regions. Adapted from the
publication I under a CC BY 4.0 license.
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lengths under 600 nm. All NC films exhibited some light scattering, as evidenced by
noticeable haze (Figure 5b).

The UV-screening effect in the lignin-containing films is fundamentally based
on the phenolic and aromatic nature of the lignin molecule. Lignin contains a va-
riety of chromophoric groups—including aromatic rings, carbonyls, and conjugated
double bonds—that are highly effective at absorbing UV radiation.16 These same
chemical structures are also responsible for absorbing some light in the visible spec-
trum, which results in the films’ reduced transparency and brownish color.16 This
mechanism explains why these films demonstrated high UV shielding up to around
400 nm, though sacrificing transparency in the visible range (Figure 5a). After ag-
ing, Ligno-CNF, CNF-LNP, and TOCNF-LNP each showed approximately a 10%
increase in transmittance, which is consistent with photobleaching. Interestingly,
the Ligno-TOCNF sample was the only one that exhibited a decrease in transmit-
tance upon exposure, matching its earlier color changes (Figure 4). Nonetheless, the
strong UV shielding provided by lignin may justify the loss of visible transparency
in application where fully biodegradable films are required.

To practically test the films’ UV-blocking performance, samples were placed
on top of rigid PVC substrates. Given that PVC undergoes chemical and physical
changes under UV exposure,85 substrate discoloration served as a visual indicator of
the corresponding NC films’ UV shielding effectiveness (Figure 6). PVC beneath
lignin-enhanced films exhibited minimal color changes, indicating effective UV pro-
tection. In contrast, significant discoloration was observed under neat cellulose films
(CNF, TOCNF), corresponding to poorer UV protection capabilities. Quantitative
color analysis confirmed these visual observations, showing significantly higher dis-
coloration for samples under neat cellulose films compared to lignin-containing films
(Table 5). The surface inhomogeneity of the CNF film is responsible for its irreg-
ular UV shielding, which is visually evident as unequal discoloration of the PVC
substrate (Figure 6). This explanation is strongly supported by the high standard
deviation observed in the film’s own RGB value changes over time (Figure 4).

Table 5. Quantitative color changes in PVC samples underneath the NC films after 1000 h of so-
lar aging. The same color-difference parameters (Δ𝑅𝐺𝐵 and Δ𝐿*) as in Table 4 are presented.
Adapted from the publication I SI under a CC BY 4.0 license.

CNF TOCNF Ligno-CNF Ligno-TOCNF CNF-LNP TOCNF-LNP

Δ𝑅𝐺𝐵 64± 24 81± 7 9± 8 9± 5 12± 7 12± 8
Δ𝐿* −7± 2.9 −9.5± 1.8 −1.1± 1.2 −1.1± 0.9 −1.4± 0.8 −1.4± 1.1

These results show consistent agreement between the colorimetric data, UV-Vis-
NIR spectra, and PVC discoloration tests. The following section investigates other
bio-based UV absorbers in NC films.
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Figure 5. Transmittance and haze spectra for NC films, before (solid line) and after (dashed line)
1000 h of artificial sunlight. (a) Transmittance curves recorded over 200–800 nm demonstrate that
neat CNF and TOCNF provide high transparency in the visible region (up to 80%) and lack of UV
absorption. (b) Haze measurements reveal scattering-related shifts possibly linked to morphological
reorganizations or moisture release. Both panels copare to original publication are now featuring
doted lines indicating different spectral reagions, namely UVC, UVB, UVA, and visible/near-infrared
regions. Adapted from the publication I under a CC BY 4.0 license.
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Figure 6. Discoloration of underlying PVC samples covered by NC films after 1000 h of simulated
sunlight. Each panel features a PVC piece protected by one of the six NC-based samples, and a
reference intial state one. Adapted from the publication I under a CC BY 4.0 license.

4.1.2 Publication II: Bio-based UV filters for photovoltaics

Where the publication I focused on lignin’s UV-shielding effect, the publication II
further adapts the color-based assessment method to examine the long-term stability
of four different bio-based UV filters (Subsection 3.1.1). Similar to the publica-
tion I, these films were subjected to accelerated aging tests under artificial sunlight
for 1000 h (Subsection 3.2.1), with their optical performance and visual stability
assessed through UV-Vis-NIR spectroscopy and color alteration analysis (Subsec-
tions 3.2.2 and 3.3.1). This work specifically examines the films’ performance in
protecting DSSCs—devices that are extremely prone to UV-induced degradation44

(Subsection 3.1.2). In the visible range, the CNF film dyed with red onion (Allium
cepa) dye (CNF-ROE) film outperformed the other bio-based filter films, although
not the conventional PET-based SFC-10 filter. In the UV range, however, CNF-
ROE exhibited exceptional UV-blocking capabilities, reducing transmittance below
400 nm by over 99.9 %, surpassing even the commercial filter. These findings high-
light the strong potential of bio-based filters for sustainable optoelectronic applica-
tions.

To evaluate the effectiveness and photostability of bio-based filter films, the
digital imaging method (Subsection 3.2.4) were used over 1000 h of artificial sun-
light exposure. A visual analysis, similar to that conducted in the publication I, of
UV-filter films revealed distinct initial appearances corresponding to their composi-
tions (Figure 7). These included nearly transparent SFC-10, reddish CNF-ROE,26,86

brownish GDE coated CNF film with colloidal lignin particles deposition (pro-
duced according to the publication II) (CNF-LNP),69 and lightly brownish iron-
containing TOCNF-based films.70,71 Within the first 24 h, significant discoloration
was observed in iron-containing filters (TEMPO-mediated oxidized CNF film with
physically crosslinked iron ions (III) (TOCNF-Fe3+), TEMPO-mediated oxidized
CNF film with epichlorohydrin induced chemically-physically crosslinked iron ion
(III) (TOCNF-ECH Fe3+)), indicating rapid photodegradation that continued further.
SFC-10 and CNF-ROE demonstrated remarkable visual stability throughout the test,
whereas CNF-LNP exhibited moderate discoloration (Figure 7). Interestingly, a sim-
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Figure 7. Visual assessment of UV-filter films (top) and corresponding underlying DSSCs (bottom)
over 1000 h of artificial sunlight exposure. Focus on the yellow hue of the DSSCs’ electrolyte,
indicating the degradation of the redox couple over time, which directly affects the solar cell’s per-
formance. Adapted from the publication II under a CC BY 4.0 license.

ilarly rapid color shift was shown in the publication I, although in different film
compositions.

Quantitative color analysis using normalized SRSS values of RGB channels (Fig-
ure 8a) further emphasized color shift observations. A normalization to the initial
measurement was used to reduce the complexity of monitoring three components of
RGB and unifying them into a single variable. The CNF-LNP filter film experienced
significant initial color intensity change, indicative of surface modifications likely
caused by epoxy degradation, followed by relative stabilization. The remaining films,
particularly CNF-ROE and SFC-10, exhibited stable color profiles throughout expo-
sure (Figure 8a). Remarkably, a distinct color shift was observed at the 24-hour
mark, especially for TOCNF-ECH Fe3+, consistent with the results in Figure 7.
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Figure 8. Comparative quantitative evaluation of various UV filter films, and the DSSCs devices
they protect during artificial sunlight exposure. (a) Time-dependent normalized change in the SRSS
of mean RGB values for the UV filter films. (b) Evolution of the 𝑌 color coordinate in the electrolyte
of DSSC shielded by different UV filters. (b) Progression of 𝐽SC over time for each DSSC category.
All subfigures use a unified legend denoting the respective UV filter film types. Adapted from the
publication II under a CC BY 4.0 license.
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Figure 9. UV-Vis-NIR spectroscopy of the UV-filter films before (solid lines) and after (dashed lines)
1000 h of artificial sunlight aging: (a) transmittance over 200–1100 nm, (b) haze profile from 400–
1100 nm (due to noise below 400 nm), (c) magnified transmittance from 360–410 nm centered at
the TiO2 band gap (vertical magenta line). Shaded areas represent standard deviation across three
measured regions on each film. The panel (c) is enlarged compared to its original publication to
improve the readability and distinguishability of the closely-spaced spectral lines. Together, these
data highlight significant differences in the durability and light-management properties of bio-based
UV-filter films under long-term stress. Adapted from the publication II under a CC BY 4.0 license.
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To evaluate the UV-shielding efficacy of the films, their optical spectra were
measured both before and after 1000 h of accelerated aging. Figure 9 displays the
UV-Vis-NIR results, including (a) transmittance, (b) haze, and (c) a close-up of the
spectra around the TiO2 band gap (∼ 387.5 nm).87 The commercial reference, SFC-
10 (gray lines), offered excellent initial UV-blocking (nearly 100% up to ∼390 nm)
with high visible-range transmittance and very low haze (Figure 9a and b), maintain-
ing these characteristics almost unchanged throughout the exposure. Nevertheless,
even minor changes around the TiO2 band gap can significantly impact sensitive ap-
plications such as DSSCs, where small increases in transmitted UV radiation can
lead to a severe electrolyte degradation.42 For instance, despite initially blocking
99.9% of radiation below 390 nm, after aging, SFC-10 shifted its cutoff wavelength
to approximately 385 nm, allowing potentially harmful radiation to reach the solar
cell (Figure 9c).

Turning to the bio-based films, CNF-LNP (brown lines) initially showed modest
UV absorption below 390 nm but only about 40% visible transmittance at 600 nm.
Interestingly, its transmittance in the visible region increased by roughly 10% fol-
lowing aging, although UV blocking near 390 nm weakened slightly (from about
0.6% to 1.2% transmittance between 200 and 390 nm) (Figure 9c). The iron-cross-
linked films, TOCNF-Fe3+ (cyan) and TOCNF-ECH Fe3+ (dark teal), both started
with relatively high visible-range transmittance (∼80% at 600 nm) and effectively
blocked over 98% of light below ∼380–390 nm (Figure 9c). Nonetheless, they each
suffered a ∼20% decline in visible transmittance during the 1000 h test, and a rise in
haze of 10–20% (Figure 9a and b). These optical changes imply partial breakdown
or structural rearrangement within the iron-cross-linked matrix. However, despite
the visible-range degradation, both films retained sufficient UV-shielding capability
to prevent severe UV-induced damage.

Finally, the CNF-ROE film (red lines) stood out due to its excellent overall per-
formance. It maintained a consistent UV cutoff near 390 nm and preserved more than
80% transmittance at 600 nm throughout the aging test (Figure 9c). Only a minimal
shift occurred near the TiO2 band edge, attributable to the robust anthocyanin-based
UV absorption in the red onion extract. Moreover, comparisons at 390 nm revealed
that CNF-ROE effectively matched or even surpassed SFC-10 in blocking UV. This
remarkable combination of effective UV-filtering and consistent transparency within
the visible spectrum makes CNF-ROE one of the most promising bio-based UV fil-
ters for optoelectronic applications.

4.1.3 Publication III: Isolation of mixed cellulose composition

Following up on earlier results with NC film findings, the publication III inves-
tigates different CNF suspensions with varying qualities. The study explored how
different acid hydrolysis conditions—H2SO4 concentration of 58 or 64 wt% and
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pulp type (bleached or unbleached)—influence crystalline lignocellulose isolates and
their films (Subsection 3.1.1). The milder 58 wt% hydrolysis yielded dimension-
spanning suspensions with higher yield and increased viscosity LNP formation in
UBSK-derived samples was identified, enabling UV absorption and photostability.
These findings demonstrate how tuning hydrolysis parameters tailors crystallinity,
morphology, and stability for diverse NC applications.

Figure 10. Comparative RGB data and photographs of CNC films before and after exposure. Each
column corresponds to a specific hydrolysis route (BSK 58, UBSK 58, BSK 64, UBSK 64), with bar
graphs in the top row displaying initial (solid) and final (hatched) 𝑅, 𝐺, and 𝐵 values, averaged from
multiple measurement areas. The middle and bottom rows show representative images of each
film surface before and after 1000 h of simulated solar aging, with black/white squares outlining the
same approximate regions used for color extraction. Error bars on the bar plots indicate the standard
deviation among measurement areas. Adapted from the publication III under a CC BY 4.0 license.

To assess the long-term photostability of the CNC films, their discoloration was
monitored under continuous simulated solar exposure (Subsections 3.2.1 and 3.2.4).
Visual (Figure 10) and quantitative analysis (Figure 11) revealed that all the films
darkened over exposure, indicating UV-induced degradation. However, the degrada-
tion behavior varied considerably depending on the films’ acid hydrolysis conditions
and chemical composition. The BSK 58 film underwent notable color shifts from
neutral gray to distinct yellow hues around 150 hours of sunlight exposure (Fig-
ure 11a). The films treated with harsher acid conditions (BSK 64 and UBSK 64)
showed rapid initial discoloration within 150 hours, which stabilized thereafter (Fig-
ure 11b and d). This greater photostability can be attributed to lower hemicellulose
or the presence of residual lignin. This result is also in agreement with the litera-

31

https://creativecommons.org/licenses/by/4.0/


Rustem Nizamov

Figure 11. RGB evolution of four CNC film variants during 1000 h of solar aging. Panels (a)–
(d) depict the separate 𝑅, 𝐺, and 𝐵 channels for (a) BSK 58, (b) BSK 64, (c) UBSK 58, and
(d) UBSK 64, respectively. Each dataset represents the mean of three distinct measurement areas
on the film, with error bars indicating standard deviations. Adapted from the publication III SI under
a CC BY 4.0 license.
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Figure 12. UV-Vis-NIR spectra of CNC films from bleached/unbleached pulps, comparing pre- and
post-aging states. Each panel shows transmittance curves over 200–800 nm for one of the four
variants before (solid line) and after (dashed line) 1000 h of simulated solar exposure. Note that Y
axes are different for each subplot. Adapted from the publication III SI under a CC BY 4.0 license.

ture results stating that the sulfate half-ester groups introduced during acid hydrol-
ysis are known to reduce the thermal stability of the films.88 The UBSK 58 film
darkened steadily without pronounced hue shifts, indicating the LNP, presented in
the unbleached sample, improved UV stability compared to bleached samples (Fig-
ure 11c).

The UV-Vis-NIR spectra (Subsection 3.2.2) further supported these findings
(Figure 12). The films made at the milder acid concentration, particularly BSK 58,
displaying the most significant optical changes after aging. These changes in-
cluded increased absorption in the visible range and more pronounced color inho-
mogeneities. For UBSK 64, already highly opaque in the UV due to lignin content,
aging extended this opacity further into the visible region, up to 500 nm. The milder
opacity shifts in UBSK 58 and BSK 64 suggest that higher cellulose crystallinity and
possible lignin interactions slow, but do not prevent, photodegradation. UBSK 64 ab-
sorbed nearly all UV and a portion of visible light, confirming the role of lignin in
initial optical filtering. In contrast, the BSK 58 film—despite lacking lignin—was
unexpectedly less transparent than UBSK 58 and BSK 64, likely due to enhanced
light scattering. Overall, these results demonstrate lignin’s role in enhancing ini-
tial UV absorption while also contributing to opacity and structural changes under
long-term solar exposure.
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These results highlight how lignin content and acid concentration can directly
impact CNC suspension rheology, film self-assembly, and long-term UV stability.

4.1.4 Publication IV Photostability of CNC:CNF hybrid films

Extending the exploration of bio-based films, the publication IV aimed to de-
velop multifunctional NC-based films with tunable properties for different appli-
cations. The focused films consisted of CNC and CNF films in different mass
ratios with and without sodium montmorillonite clay (MTM) (Subsection 3.1.1).
MTM was integrated to enhance the films’ water and oxygen barrier performance.
(CNC:CNF):MTM films demonstrated improved barrier properties and notable re-
sistance to swelling, making them ideal for packaging applications. CNC:CNF films
without MTM exhibited exceptional optical properties with good color stability un-
der prolonged exposure to artificial sunlight, making them suitable for photovoltaic
applications.

To validate their potential for packaging applications, the barrier performance of
the films was investigated through water vapor transmission rate (WVTR) tests. The
results confirmed that incorporating MTM provided a relative improvement to the
material’s intrinsic barrier properties (Table 6). For instance, in the 50:50 CNC:CNF
hybrid, the addition of MTM reduced the thickness-normalized WVTR from 3.3 to
2.4 g·mm/m2·day. A similar improvement from 2.4 to 2.2 g·mm/m2·day was ob-
served for the pure CNF films containing MTM. It should be noted that measure-
ments could not be performed on the pure CNC (100:0) films, both with and without
MTM, as their brittle nature made them unsuitable for WVTR testing.

Table 6. WVTR of the select bio-based films containing. Measurements were conducted at 23°C
and 50% 𝑅𝐻. Adapted from the publication IV under a CC BY 4.0 license.

CNC:CNF Thickness (𝜇m) WVTR (g/m2·day) WVTR (g·mm/m2·day)

50:50 22.9 144.20 3.3
50:50:MTM 18.6 133.10 2.4
0:100 30.9 76.57 2.4
0:100:MTM 23.9 90.38 2.2

Initial UV-Vis-NIR measurements (Subsection 3.2.2) showed that all CNC:CNF
films were highly transparent across the visible spectrum (80% at 550 nm) with neg-
ligible UV-blocking properties (Figure 13a). Increasing the CNF content led to a
marginal reduction in transmittance (>5%) and an increase in haze, likely due to the
introduction of larger fibrils and voids within the film matrix. When 50 wt% MTM
was added, films gained UV-shielding down to 250 nm while keeping visible trans-
mittance between 60% and 80% depending on the CNC:CNF ratio (higher CNC,
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higher transmittance). Also, the MTM presence increased haze for about 30% in
films with higher CNC contents (100:0 and 75:25).

Figure 13. UV-Vis-NIR transmittance spectra of (a) CNC:CNF hybrid films without and (b) with
MTM. Adapted from the publication IV under a CC BY 4.0 license.

High transparency in optoelectronics and resistance to discoloration for long-
term packaging storage both depend critically on how these films withstand irra-
diation. To assess the color stability of CNC:CNF films, color alterations were
monitored over 1800 h of artificial sunlight exposure (Subsections 3.2.1 and 3.2.4).
The neat 100:0 CNC film was excluded from testing because its mechanical robust-
ness was insufficient to endure the experimental conditions. Films containing MTM
were also excluded due to their lower transparency and higher haze. All composi-
tions demonstrated excellent color stability during the exposure period (Figure 14).
Quantitative analysis showed minor color changes for all CNC:CNF ratios (Subsec-
tion 3.3.1). Minor fluctuations were mostly seen in the 75:25 CNC:CNF film, likely
from surface reflections or slight repositioning during measurements.

Overall, CNC:CNF hybrid films without MTM showed high transparency, tun-
able haze, and excellent color stability, ideal for optoelectronics. Films containing
MTM demonstrated moderate UV-blocking (below 250 nm), lower transparency,
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Figure 14. RGB channel values over 1800 h artificial solar exposure for CNC:CNF hybrid films,
alongside visual appearance before and after aging, highlighting excellent color stability. Adapted
from the publication IV under a CC BY 4.0 license.

and improved barrier properties, better suited for packaging applications where opti-
cal clarity is secondary.

4.2 Publication V: Self-cleaning and UV protective
functional textiles

Based on previous successes with color tracking in NC-based films, the publication
V focuses on cotton fabrics functionalized with ZnO nanostructures. This study ex-
amined how different synthesis conditions affect coating morphology, and thus UV
stability and self-cleaning performance of the textile samples (Subsection 3.1.4). Dif-
ferent morphologies of ZnO, influencing surface area and photocatalytic efficiency,
resulted in noticeable variations in stain removal capability and color retention. Such
results indicate the possibility of optimizing fabric protection by tailoring the geom-
etry of ZnO coatings.

The ZnO-coated fabrics were studied with UV-Vis-NIR spectroscopy (Subsec-
tion 3.2.2) and subsequently the UPF were calculated (Subsection 3.3.3). To eval-
uate the UV stability of the coatings, the measurements were done before and after
the exposure to artificial sunlight (Subsection 3.2.1). The uncoated fabric, used as a
reference, demonstrated that cotton material itself blocked approximately 98.5% of
UV radiation (UPF=80.8) (Figure 15A and C, Table 7). All ZnO-coated samples pre-
sented even lower suppress transmission in the UV region, yielding UPF values from
around 379 (0.3NaOH_50°C) up to 1000 (EtOH_Z) (Table 7). EtOH_Z delivers the
highest protection (UPF=1039.9), which may be attributed to high crystal surface
coverage. Post-aging spectra of ZnO-coated fabrics shows only approximately 1%
shift in transmittance, although this variation can be attributed to natural variations
in the sample, and the measurement process.
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Figure 15. Transmittance and absorbance spectra of ZnO-coated cotton samples obtained using
different microwaving times during the process, before (A,C) and after (B,D) aging tests. Adapted
from the publication V under a CC BY 4.0 license.

Table 7. UPF protection metrics for ZnO-coated cotton samples. Adapted from the publication V
SI under a CC BY 4.0 license.

Sample UPF UV-A Block (%) UV-B Block (%)

Reference 80.8 98.5 98.8
0.1NaOH_30°C 589.4 99.8 99.9
0.1NaOH_t5 881.8 99.9 99.9
EtOH_Z 1039.9 99.9 99.9
0.3NaOH_50°C 379.5 99.8 99.8
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To quantitatively assess self-cleaning performance, ZnO-functionalized fabrics
were stained with MB and coffee, exposed to artificial sunlight, and analyzed via
color tracking (Subsection 3.2.4). An uncoated fabric sample served as the baseline.
Since the cotton fabric’s color itself is around (200, 200, 200) in RGB, the presence
of MB and coffee stains lowered this value significantly. Furthermore, the applica-
tion of coatings led to different initial color intensities of the stains, a phenomenon
attributed to variations in surface energies among the fabrics. Visually, all samples
exhibited gradual lightening over exposure, indicating cotton material’s sensitivity to
UV exposure (Figure 16). Furthermore, the stains colors faded significantly across
all samples, as evident by RGB values saturating towards higher values (Figure 16).

Figure 16. Time-series comparison of ZnO-coated cotton samples (Blank, 0.1NaOH_30°C,
0.1NaOH_t5, EtOH_Z, 0.3NaOH_50°C) stained with coffee (top left, orange circle) and MB (bot-
tom right, blue circle), photographed at 0, 1, 5, and 24 h under artificial sunlight. Visual changes
illustrate the self-cleaning process via progressive stain fading. Rightmost columns show RGB val-
ues as a function of time (up to 5 h) for both stains. Adapted from the publication V under a
CC BY 4.0 license.

Stain removal efficiency was further assessed through quantifying the discol-
oration of MB stains (Subsection 3.3.1). The colors of the stained area were com-
pared to the unstained area of the fabric, thus taking into account any color alterations
of the fabric itself. Even the reference sample showed significant dye fading (33%
after 1 h and 70% after 24 h), indicating inherent UV sensitivity (Table 8). Samples
0.1NaOH_30°C and 0.1NaOH_t5 showed moderate performance, achieving 40%
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and 51% discoloration after 1 h, respectively, increasing to approximately 75% af-
ter 24 h. Superior results were observed for samples EtOH_Z and 0.3NaOH_50°C,
which reached approximately 73% stain removal within the first hour and around
90% after 24 h.

Table 8. MB stain removal efficiency over time for various ZnO-coated textiles under solar exposure.
Adapted from the publication V SI under a CC BY 4.0 license.

Time (h) Reference 0.1NaOH_30°C 0.1NaOH_t5 EtOH_Z 0.3NaOH_50°C

1 33% 40% 51% 73% 72%
2 39% 42% 55% 75% 74%
4 49% 64% 60% 77% 78%
5 51% 62% 63% 82% 81%
24 71% 74% 77% 90% 84%
48 80% 89% 87% 92% 91%

Similarly, coffee stains provided insights into the practical stain resistance of the
textiles (Table 9). The reference fabric only achieved 15% stain removal efficiency
after 1 h with no significant improvement thereafter. Samples 0.1NaOH_30°C and
0.1NaOH_t5 were moderately effective, removing up to 64% and 60% after 24 h,
respectively. Again, samples EtOH_Z and 0.3NaOH_50°C demonstrated superior
results, with efficiencies of 82% and 67% at 24 h.

Table 9. Coffee stain removal efficiency as a function of exposure time to simulated sunlight.
Adapted from the publication V SI under a CC BY 4.0 license.

Time (h) Reference 0.1NaOH_30°C 0.1NaOH_t5 EtOH_Z 0.3NaOH_50°C

1 14% 22% 53% 18% 19%
2 6% 25% 57% 32% 23%
4 16% 40% 55% 44% 36%
5 12% 44% 54% 46% 41%
24 14% 64% 59% 82% 67%
48 31% 85% 75% 90% 75%

Overall, although flower-like morphologies (0.1NaOH_30°C, 0.1NaOH_t5)
were initially predicted to offer the best self-cleaning due to elevated surface-
to-volume ratios, practical results showed that other factors played a more sig-
nificant role. For instance, the superior performance of samples EtOH_Z and
0.3NaOH_50°C underscored that effective photocatalysis relies on uniform ZnO
coverage, optimal nanoparticle size and arrangement, and consequently, even sur-
face distribution.
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4.3 Publication VI: Simplifying PSC fabrication
Considering the previously discussed limitations of conventional FTO etching in
PSC fabrication (Subsection 2.2.2), the publication VI introduces a simplified ap-
proach for producing and testing PSCs on unetched substrates (Subsection 3.1.3).
Achieving this simplification involved using a custom-designed, 3D-printed holder
equipped with spring-loaded contacts (pogo-pins) (Subsection 3.1.5). The holder
itself provides reliable and scratch-free electrical contact, which is essential for us-
ing unetched substrates, as it reduces the main risk of short-circuiting that typically
makes substrate etching necessary. Consequently, this approach enables researchers
to rapidly prototype PSCs on a wide array of substrates while maintaining compara-
ble performance to traditionally etched devices.

The solar cell samples were produced and divided into two groups based on the
patterning of their bottom electrode, and their pixel distribution (Figure 17). When
no etching was performed, the bottom conductive layer remains continuous across
the device. Consequently, the top metal electrode (e.g., Au) must be patterned care-
fully to ensure it is electrically isolated and not short-circuited with the underlying
unetched FTO. To achieve electrical isolation of the top electrodes on the continuous
FTO layer, a portion of the mask was covered during deposition. This adaptation was
implemented for the eight-pixel unetched device group Figure 17c, distinguishing it
from the conventionally patterned etched version (Figure 17b).

Figure 17. Digital images representing PSCs: (a) Four-pixel device with chemically etched FTO;
(b) Eight-pixel device with laser-etched FTO; (c) Eight-pixel device with fully unetched FTO. Adapted
from the publication VI under a CC BY 4.0 license.

With these individually defined top electrodes on the common unetched FTO, the
3D-printed holder then simplifies their electrical characterization (Figure 18). The
holder consists of a base and a lid, which are attracted together with neodymium
magnets securing the PSC. Integrated pogo pins make a gentle yet firm electrical
connection with one pole contacting to a specific patterned top electrode of a single
pixel, and another to the common FTO bottom conductive layer. This selective prob-
ing allows each pixel to be measured independently. Moreover, this direct contact
method removes the need for conductive pastes and bypasses the conventional prac-
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tice of extending contacts over non-conductive etched areas of the substrate. The
lid further assists by stabilizing the PSC’s position, thereby minimizing the risks of
accidental short-circuits from scratches or probe misalignment during measurement.

Figure 18. A 3D-rendered exploded view of the PSC holder system, demonstrating the arrange-
ment of spring-loaded electrical contacts (pogo pins). This holder enables direct contacting of PSC
electrodes, without etching or adding conductive pastes. Adapted from the publication VI SI under
a CC BY 4.0 license.

To validate this simplified approach, the performance of PSCs on unetched sub-
strates with those on conventionally etched ones was compared using JV measure-
ments (Subsection 3.2.3). For the four-pixel layout, cells on unetched substrates
measured from the edge (Edge U) demonstrated slightly higher short-circuit cur-
rent densities (𝐽SC = 22.9 ± 0.8mAcm−2) compared to their etched counterparts
(Edge E, 𝐽SC = 22.1 ± 0.8mAcm−2) (Figure 19a). This difference in 𝐽SC could be
attributed to the way etching affects the subsequent gold deposition. In etched de-
vices, the boundary created by FTO removal can lead to defects in the gold electrode.
Conversely, the continuous FTO surface in unetched devices may allow for a more
uniform gold electrode deposition, enhancing current extraction. Despite this minor
𝐽SC difference, the overall power conversion efficiency (𝜂) was nearly identical for
both etched (16.0± 0.7%) and unetched (16± 1%) devices.

Further insights were gained by measuring the unetched cells from the center
(Centre U). This aimed to determine if shortening the distance from the contact point
to the active area affected performance, possibly due to series resistance. The results
showed nearly identical efficiencies for edge (16 ± 1%) and center measurements
(16± 2%), suggesting that increased series resistance from edge measurements does
not substantially affect performance under these conditions.
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Figure 19. Comparison of JV characteristics for PSCs fabricated on etched and unetched sub-
strates. (a) JV curves for a four-pixel PSC, comparing measurements on an etched substrate (Edge
E) with those on an unetched substrate (Edge U, Centre U). (b) JV curves for an eight-pixel PSC,
showing similar performance and minimal hysteresis between forward (FW) and reverse (RV) scans.
The results for both layouts confirm that the unetched fabrication method does not penalize device
performance. Adapted from the publication VI under a CC BY 4.0 license.

Similar behavior was confirmed with the eight-pixel layout shown in Figure 19b.
Despite the more complex pixel geometry, the unetched devices exhibited compara-
ble IV characteristics to their etched counterparts. A minor but noticeable improve-
ment in 𝐹𝐹 was observed for unetched devices (increasing from 68±5% to 72±4%),
which slightly elevated their overall efficiencies compared to etched devices. This
improvement could be associated with the lower series resistance (𝑅𝑆), a benefit of
contacting the pixel directly under the illuminated area.

In both four-pixel and eight-pixel layouts, minimal hysteresis between forward
(FW) and reverse (RV) scans was observed. This underscores the reliability and
consistency of measurements performed using the 3D-printed holder with spring-
loaded pins.

Overall, these detailed observations strongly support the conclusion that remov-
ing FTO via chemical or laser etching is unnecessary for reliable and accurate device
performance assessment at a research scale. This technique is especially valuable for
testing PSCs on fragile substrates like NC, where traditional etching is often unfea-
sible or damaging.
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4.4 Correlation between color changes and perfor-
mance in solar cells

4.4.1 Publication II: DSSC electrolyte bleaching vs. perfor-
mance

Beyond assessing their optical properties (Subsection 4.1.2), the publication II eval-
uated the long-term protective performance of the bio-based UV-filter films in practi-
cal application. To achieve this, the films were applied to DSSCs, which are known to
be highly sensitive to UV radiation: such exposure can degrade a DSSC electrolyte,
causing a distinctive color bleaching.42 Such discoloration directly correlates with a
reduced I−3 concentration and signals a decline in the cell’s electrical performance,
particularly its 𝐽SC.44 This bleaching process was visually tracked to evaluate the
practical UV protective efficiency of the filter films (Subsection 3.2.4)

DSSCs protected by CNF-ROE and commercial SFC-10 filters showed minimal
bleaching over exposure, highlighting their superior UV-blocking capabilities (Fig-
ure 7). Notably, the DSSC shielded by the CNF-ROE filter maintained the most
intense 𝑌 color of electrolyte, indicating the significant UV protection provided by
this bio-based filter film. In contrast, unprotected solar cells exhibited the most se-
vere bleaching, signifying extensive electrolyte degradation (Figure 7). The films
containing iron ions (TOCNF-Fe3+, TOCNF-ECH Fe3+) offered poor UV shielding,
with DSSCs under these films displayed considerable electrolyte bleaching. Finally,
CNF-LNP offered moderate protection, but signs of degradation were noticeable,
suggesting that although it provided some UV blocking, it was less effective com-
pared to SFC-10 and CNF-ROE. These observations are closely aligned with the
spectroscopy data discussed earlier (Figure 9): the higher the transmittance at the
TiO2 band gap, the more significant the electrolyte degradation and bleaching in
DSSCs upon exposure (Figure 7).

Changes in the electrolyte 𝑌 value can serve as a more sensitive early indicator
of degradation than 𝐽SC itself (Subsection 3.2.3). This is because 𝐽SC may only start
to noticeably decrease after the initial excess of charge carriers in the electrolyte is
significantly depleted and 𝐼lim is reached. Thus, quantitative color analysis, focus-
ing on the DSSCs electrolyte’s 𝑌 intensity (Figure 8b), was performed to confirm
its correlation with the cells’ electrical performance (Figure 8c). 𝐽SC was chosen as
the primary electrical metric because it is directly influenced by the concentration of
I−3 redox species within the electrolyte, which ultimately limits the cell’s maximum
achievable current 𝐼lim. In the experiments, most cells underwent an initial 𝐽SC sta-
bilization period of approximately 100 hours. However, unprotected cells and those
under the least effective filters, such as TOCNF-ECH Fe3+, degraded much faster,
showing significant declines in both their 𝑌 value and 𝐽SC within the first 24 to 75
hours. Conversely, DSSC shielded by the CNF-ROE filter demonstrated excellent
𝐽SC stability throughout the test. Even the commercial SFC-10 filter, while per-
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forming well initially, began to show rapid electrolyte bleaching, and a 𝐽SC decline
around the 900-hour mark.

Since several UV-filter films, notably CNF-ROE, CNF-LNP, and SFC-10, ef-
fectively protected DSSCs from rapid degradation within the 1000-hour test period,
predictive modeling was employed (Subsection 3.3.2). This approach was used to
forecast solar cells’ longer-term performance under continued light exposure (Fig-
ure 20). Such modeling becomes particularly useful when projected device lifetimes
extend beyond practical accelerated aging test durations. It uses the earlier obser-
vation that electrolyte bleaching (Figure 8b) is a sensitive indicator of I−3 depletion,
even while 𝐽SC might remain stable until a critical limit of charge carriers is reached.
The predictive model, based on the initial rate of electrolyte color alteration, there-
fore estimates device lifetime by focusing on these long-term degradation trends,
excluding initial stabilization effects.44

Figure 20. Predictive modeling of DSSC lifetime based on visual color changes in electrolytes
protected by various UV-filter films. The models cover different filters: (a) CNF-ROE, (b) SFC-
10, (c) CNF-LNP, (d) TOCNF-ECH Fe3+, (e) TOCNF-Fe3+, and (f) with no UV filter. Predictions
are founded on color data captured within the initial 80 hours (purple dashed-dotted line). The
horizontal dashed line and shaded areas represent the initial conditions. The colored areas in the
predicted 𝐽SC trends account for uncertainties, including inaccuracies in diffusion coefficient and
charge carrier conversion. Shaded areas represent uncertainty bounds in predictions. Adapted
from the publication II under a CC BY 4.0 license.
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For DSSCs protected by the CNF-ROE filter film, this model projected an
impressive operational lifetime of approximately 8500 hours (Figure 20a). This
projected lifespan significantly surpassed that of a cell protected by the commer-
cial SFC-10 filter, which were predicted to be operative effectively for only about
1500 hours (Figure 20b). The DSSC under the CNF-LNP film demonstrated a mod-
erate predicted lifespan of around 700 hours (Figure 20c). In contrast, the TOCNF-
based films (TOCNF-Fe3+ and TOCNF-ECH Fe3+) offered insufficient UV protec-
tion. Their predictive data, showing very short operational times, closely resembled
that of an entirely unprotected DSSC (Figure 20d, e, and f).

In summary, the detailed tracking of electrolyte color changes, combined with
electrical performance metrics, provided compelling evidence for the practical pro-
tective effectiveness of these bio-based UV-filter films. Among all the tested films,
the CNF-ROE filter uniquely demonstrated robust UV protection and exceptional
photostability. These findings highlight red onion-based films as a promising sus-
tainable option for UV protection in optoelectronic applications where material sus-
tainability is important.

4.4.2 Publication VII: PSC lightening vs. performance

Finally, extending the color-monitoring approach, the publication VII applies a non-
invasive imaging method to correlate the discoloration of PSCs with changes in their
electrical performance. The method uses subtle color shifts, captured through dig-
ital imaging, to monitor degradation phenomena in the fabricated PSCs (Subsec-
tion 3.1.3). Unlike invasive characterization methods such as XRD or FESEM, this
color-based approach simplifies long-term stability monitoring.

To establish a non-invasive degradation monitoring method for PSCs, color alter-
ations were tracked using digital imaging methodology (Subsection 3.2.4) over the
9200 hours of dark storage (Subsection 3.2.1). Visual observations (Figure 21) re-
vealed minimal color alteration in C-PSCs, which initially appeared nearly black and
underwent only a slight color shift toward lighter shades. Although these color shifts
were measurable, their magnitude remained below the human perceptual threshold
for a just noticeable difference.62 Notably, a yellowish discoloration pattern emerged
around the active cell areas, likely associated with the formation of non-photoactive
PbI2.89

In contrast, Au-PSCs underwent degradation that resulted in significant changes
to their visual appearance. Initially, the perovskite layers in these cells were as visu-
ally dark as those in C-PSCs (Figure 21). However, after approximately 1500 h of ex-
posure, a distinct color shift became evident, progressing to significant discoloration
by the end of the aging test. This marked visual degradation suggests extensive ion
migration within Au-PSCs, potentially leading to perovskite decomposition.48 Ad-
ditional degradation pathways likely contributing to these color alterations include
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Figure 21. Periodic images of both sides of a C-PSC and Au-PSC, displaying color alterations
within 9100 h of dark storage (ISOS-D-1). Adapted from the publication VII, originally published
in the proceedings of the 41st European Photovoltaic Solar Energy Conference and Exhibition (EU
PVSEC 2024, Vienna, Austria). © 2024 WIP Renewable Energies. All rights reserved. Repro-
duced with permission from WIP Renewable Energies. Original publication: DOI: 10.4229/EU-
PVSEC2024/2BV.1.29.
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oxidation of the Spiro-OMeTAD hole transport layer, interactions between the gold
electrodes and perovskite layers, and moisture-induced formation of yellowish PbI2
and related compounds.90 Moreover, uneven degradation across individual pixels
was observed, underscoring that stability varied over the device area.

To quantify the visual changes observed and to investigate their relationship with
device performance, quantitative color analysis was performed (Subsections 3.1.5,
3.2.3 and 3.3.1). This analysis using CIELAB and CIELCh channels correlated
strongly with electrical performance metrics in both C-PSCs and Au-PSCs. For the
C-PSCs, the 𝑏* component of CIELAB displayed the strongest correlation with 𝐽SC.
Figure 22 presents the time evolution of 𝜂, 𝑉OC, 𝐹𝐹 , and 𝐽SC for a representative
C-PSC over 9000 h, plotted alongside the measured 𝑏*. Despite generally small color
shifts, a simultaneous decline in 𝑏* and 𝐽SC emerges after the first few hundred hours,
resulting in a significant correlation coefficient 𝑟 ≈ 0.76 and 𝑝-value of 0.019.

In the case of Au-PSCs, 𝐽SC demonstrated a strong correlation with ℎ∘ channel
of CIELCh. Figure 23 presents the corresponding long-term performance data for
an Au-PSC, illustrating the evolution of its color and performance metrics. The
calculated average Pearson correlation coefficient between ℎ∘ and 𝐽SC for Au-PSCs
was −0.67 with a 𝑝-value of 0.018, confirming a statistically significant negative
linear relationship. Here, an increase in the ℎ∘ value (a shift in hue) accompanies a
28% loss in 𝐽SC. This aligns with prior findings that Au-PSCs degrade more severely
due to ion migration and Spiro-OMeTAD oxidation.47,90

To further quantify the overall perceived color differences between the initial
and aged states of the cells, the Δ𝐸𝐷𝐼𝑁99 was used. This metric is designed to
reflect human perception of color change, with higher Δ𝐸𝐷𝐼𝑁99 values indicating
more significant alterations. For Au-PSCs, the average Δ𝐸𝐷𝐼𝑁99 value was notably
larger at 22.6, compared to a much smaller value of 2.8 for C-PSCs. This substantial
difference in total color change aligns with the more pronounced visual alterations
observed in Au-PSCs and is consistent with their greater reduction in 𝐽SC during
aging.

The subtle color alterations observed in C-PSCs suggest the carbon electrode of-
fers considerable protection, though eventual degradation is still noted.89,91 In con-
trast, Au-PSCs showed much faster and more visually pronounced perovskite break-
down. The distinct visual degradation patterns in the two cell types highlight how
color monitoring can help compare the stability offered by different electrode mate-
rials.

Overall, unlike in DSSCs, where early color shifts can precede efficiency loss and
enable prediction, color changes in these PSCs occurred concurrently with electrical
performance decline. Though color predictions for long-term performance remain
challenging, the strong correlations highlight the practicality of digital imaging as a
simple, non-invasive monitoring approach for PSCs under prolonged aging.
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Figure 22. Long-term evolution of 𝜂, 𝑉OC, 𝐹𝐹 , and 𝐽SC for a representative C-PSC over 9000 h
of storage, alongside the measured 𝑏* parameter. The close trend between 𝜂 (gold squares) and
𝑏* (green squares) confirms that color changes, although small, track performance losses in the
carbon-based device. Adapted from the publication VII, originally published in the proceedings of
the 41st European Photovoltaic Solar Energy Conference and Exhibition (EU PVSEC 2024, Vienna,
Austria). © 2024 WIP Renewable Energies. All rights reserved. Reproduced with permission from
WIP Renewable Energies. Original publication: DOI: 10.4229/EUPVSEC2024/2BV.1.29.
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Figure 23. Corresponding long-term performance of an Au-PSC, showing 𝜂, 𝑉OC, 𝐹𝐹 , and 𝐽SC
along with the ℎ∘ parameter. Here, ℎ∘ (blue squares) rises as 𝐽SC (purple squares) decreases,
consistent with more severe degradation pathways in Au-based cells compared to their carbon
counterparts. Adapted from the publication VII, originally published in the proceedings of the
41st European Photovoltaic Solar Energy Conference and Exhibition (EU PVSEC 2024, Vienna,
Austria). © 2024 WIP Renewable Energies. All rights reserved. Reproduced with permission from
WIP Renewable Energies. Original publication: DOI: 10.4229/EUPVSEC2024/2BV.1.29.
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5 Conclusions and future work

This dissertation investigated the stability of various sustainable materials and photo-
voltaic devices under prolonged aging conditions, with special emphasis on a color-
based approach for non-invasive degradation assessment. The research demonstrates
how digital photography, combined with controlled lighting and color-space conver-
sions, can reliably detect subtle color alterations that correlate with underlying chem-
ical or morphological changes in the studied materials and devices. This methodol-
ogy provides a straightforward and resource-efficient framework for evaluating and
comparing the stability of these systems over time.

5.1 Summary of key contributions
A significant portion of this work focused on assessing and enhancing the UV stabil-
ity of NC-based films. Investigations into lignin-incorporated NC films (publication
I) established that lignin, whether present as a residual component or as added
nanoparticles, provides robust and durable UV-shielding properties that are essential
for optoelectronic applications. Further exploration of bio-based UV filters involved
applying various modified NC films to DSSCs (publication II). Among these fil-
ters, a CNF film dyed with red onion extract demonstrated exceptional UV-blocking
capabilities and superior durability, outperforming other bio-filters and a commer-
cial reference. Studies also delved into how processing conditions, such as acid
hydrolysis parameters and pulp source, affect the photostability and properties of
crystalline lignocellulose isolates, showing that these factors can be tuned to tailor
film characteristics (publication III). Additionally, hybrid films combining CNC and
CNF, with and without MTM clay, were developed; neat CNC:CNF films showed
excellent transparency and color stability for optoelectronics, while clay-containing
variants offered improved barrier properties and UV-shielding suitable for packag-
ing (publication IV). The color alteration monitoring was applied to ZnO functional
textiles, where ZnO morphologies significantly enhanced the cotton fabric’s UV pro-
tection and photocatalytic self-cleaning performance (publication V).

Finally, this dissertation addressed challenges in PSC research. A notable con-
tribution was the development of a 3D-printed holder that simplifies PSC fabrication
and testing by enabling the use of unetched FTO substrates (publication VI). Further
work applied non-invasive imaging to correlate discoloration with electrical perfor-
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mance decline in C-PSCs and Au-PSCs over extended dark storage (publication
VII). A key finding here was that color alterations in these PSCs occurred simultane-
ously with their electrical performance degradation. This established the color-based
method as a valuable real-time indicator of ongoing degradation in PSCs, in con-
trast to its predictive capability observed in DSSCs where color changes preceded
performance loss.

Collectively, these studies establish color alteration as a versatile and reliable
indicator of degradation across a diverse range of sustainable materials and photo-
voltaic devices. The development of simplified fabrication tools, and the application
of non-invasive monitoring techniques both contribute practical, low-cost solutions
to advancing the stability of these systems.

5.2 Limitations and challenges
Although this dissertation demonstrates the broad applicability of color-based degra-
dation monitoring, the methodologies employed have certain limitations and chal-
lenges. A primary consideration is that the color analysis conducted did not utilize a
standardized illuminant, such as D65, for image capture. Consequently, while the ob-
served trends are internally consistent due to uniform conditions maintained through-
out this study, absolute color values could vary under different lighting environments.
This may require a careful calibration for direct comparison of results across diverse
experimental setups or future industrial implementations. Furthermore, the color-
monitoring approach is predominantly surface-sensitive. Consequently, it might not
detect subsurface degradation phenomena if such internal changes do not appear as
externally visible color alterations in the materials or devices.

Another important aspect concerns the differing nature of the correlation be-
tween color and performance across various photovoltaic technologies. The predic-
tive power of color change as an early indicator of failure, clearly observed in DSSCs
where electrolyte bleaching often preceded significant efficiency loss, was found to
be diminished in the studied PSCs. For these perovskite devices, color alterations
and electrical performance degradation occurred synchronously.

These points indicate that while color-based monitoring is a powerful tool, its
application and interpretation require careful consideration of the specific system
and measurement context.

5.3 Future research directions
Building upon the findings and limitations identified in this work, several avenues
for future research emerge that could potentially be studied and employed. A cru-
cial next step would be the systematic integration of standardized illumination, such
as D65, into the image capture protocol. This would greatly improve the inter-
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laboratory comparability and absolute accuracy of colorimetric data, addressing a
key limitation of the current studies. Exploring the use of complementary imaging or
spectroscopic techniques in conjunction with color analysis also presents a promising
direction. For instance, infrared thermography could reveal thermal non-uniformities
indicative of degradation, while UV fluorescence imaging might uncover chemical
changes not revealed in the visible spectrum, thus providing a more holistic under-
standing of degradation mechanisms.

Conducting long-term outdoor aging studies, in parallel with laboratory-based
accelerated tests, would be invaluable for correlating the observed color changes
with real-world operational stability and environmental stressors. Beyond these ex-
perimental refinements, significant potential lies in developing more sophisticated
data analysis techniques. One prospective direction is to embed automated image
processing, potentially harnessing machine learning algorithms, to detect subtle or
complex color shifts in real time. Such systems could learn to identify specific degra-
dation signatures from evolving color patterns and generate immediate alerts if ma-
terial or device performance risks exceeding critical thresholds. Advancing these
research lines could further solidify color-based analysis as a simple, yet powerful,
and cost-effective tool for monitoring material durability, which is essential for the
continued development of sustainable energy technologies.
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