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Combining cellulose substrates and perovskites in
sustainable solar cells is possible: a systematic
literature review offering realistic solutions
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Kati Miettunen *a

The aim of this article is to provide direction for the advancement of cellulose films as sustainable sub-

strates for perovskite solar cells (PSCs). Cellulose, the most abundant biopolymer on Earth, represents a

viable, renewable alternative to glass and synthetic polymers when subjected to appropriate modifi-

cations. It can be customized via crosslinking, plasticization, and functionalization to increase flexibility

and solvent resistance while decreasing gas permeation, surface roughness, and thermal expansion. The

adoption of cellulose can drive transformative changes in PSC processing, facilitating the integration of

sustainable electrode materials and greener alternatives to toxic solvents, as well as the replacement of

high-temperature treatments. Although the literature contains numerous solutions to specific challenges,

these findings are scattered across different fields and must be critically assessed for PSC suitability. In this

article, we critically review alternative fabrication methods and form a step-by-step multidisciplinary strat-

egy to alter both cellulose and PSC fabrication protocols for the development of sustainable next-gene-

ration solar cells.

Green foundation
1. Here we discussed the integration of cellulose substrates in perovskite solar cells, the improvement of cellulose films with some green additives, the re-
placement of perovskite solvents with greener options, and alternative fabrication methods to reduce solvent usage.
2. We believe the integration of cellulose substrates in perovskite solar cells can improve the recyclability of solar energy devices, as well as accelerate the pro-
duction of cheaper solar cells via printing and other wet deposition methods.
3. The perovskite solar cell field needs to anticipate and adapt to future needs through improved designs that focus on recyclability and the inclusion of
renewable materials. Similarly, the cellulose field will have to adapt to the needs of the optoelectronics industry. In our review, we delineate how these two
fields could come together through a green chemistry approach to retain their sustainability.

Introduction

Solar energy harvesting technologies are crucial for procuring
clean energy. To beat climate change and quench our need for
electricity, vast quantities of solar panels need to be manufac-
tured and deployed. Perovskite solar cells (PSCs) have emerged
as alternatives to silicon thanks to their high-volume and cost-
efficient production, their high efficiency, and low-levelized

cost of energy.1 Their environmental, social, and economic
sustainability is taking center-stage as they enter the market,
necessitating rigorous attention to both material selection and
assembly processes.

The fabrication of PSCs involves depositing very thin layers
(<1 µm) of materials with distinct optoelectronic functions
onto a substrate that ranges from 50 µm to 2 mm in thickness.
The substrate constitutes the bulk of the device, thereby playing
a major role in the device’s life-cycle environmental impact2 as
well as in the recovery of environmentally hazardous and econ-
omically valuable components.3 Historically, a variety of
materials have been employed as substrates in flexible solar cells,
each with their own advantages and disadvantages (Table 1).

Glass is desirable because of its excellent optical transmit-
tance, which allows the majority of incident light to enter the
active layer; its chemical inertness regarding the solvents used
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in PSC fabrication; its mechanical robustness; its ability to
withstand high temperatures; and it has low oxygen and water
vapor transmission rates (OTR and WVTR, respectively).4

However, its main drawback is rigidity, which renders it unsui-
table for high-volume roll-to-roll (R2R) printing techniques.
While flexible glass (FG) has been utilized to fabricate solar
cells, its adoption is hindered by its inherent brittleness,5 high
cost,6 and the limited market for solar glass waste following
recycling.7,8

Metal foils are inherently highly conductive, excellent at
blocking oxygen and moisture, highly flexible, and have shown
some potential in emerging solar cells.9,10 Nonetheless, their
opacity and high surface roughness represent major impedi-
ments.5 Their opacity requires that the top contact be transpar-
ent and flexible, which limits the choice of top electrode
materials.11 Furthermore, their surface roughness is in the
order of microns, which requires planarization (i.e., polishing)
or the use of passivation layers.5 Synthetic polymers, such as
polyethylene terephthalate (PET) and polyethylene naphthalate
(PEN), are the preferred materials for R2R fabrication because
of their high transparency and flexibility, low cost, and low
weight. Despite their positive properties, synthetic polymer
substrates are limited by thermal and solvent instability and
require low oxygen and water vapor barrier layers to block gas
and moisture.5

Major advancements have been made in using cellulose
and its derivatives to produce films with traits desirable for
solar cell substrates.12,13 Cellulose materials can already reach
transparency and surface roughness levels comparable to
glass, and similar mechanical properties to those of synthetic
polymers with an increased thermal stability.14 Cellulose is a
nontoxic, low-cost material and the most abundant biopolymer
on the planet; it can be obtained from various renewable
sources and side streams. The modification of cellulose for
optoelectronics begins with achieving high transparency.
When unmodified, in their macroscopic structure, cellulose
fibers form long networks that form light-scattering pores,

resulting in opaque, white materials like paper and cotton.15

These materials can be transformed into transparent films
through several strategies, including modification and defibril-
lation. The most consolidated and reliable approach is to
produce cellulose derivatives, which involves replacing one or
more of the three reactive hydroxyl groups (–OH) on the cell-
ulose chain with a functional group (esters, ethers, etc.; see
Fig. 1).16,17 The degree of substitution (DS), which denotes the
number of –OH groups substituted, can range from 0 to 3 and
largely dictates the properties of the resulting material.18

Another critical aspect of cellulose is its solubility and inter-
action with solvents. The hierarchical and recalcitrant struc-
ture of unmodified cellulose originates from the semicrystal-
line structure and extensive intra- and intermolecular hydro-
gen bond network between chains, which prevents the dis-
solution of cellulose in most commonly used solvents
(ethanol, acetone, etc.).17 These molecular interactions are
altered when cellulose is modified, resulting in cellulose
derivatives that are soluble in common solvents, depending on
the functional group and DS. Furthermore, the cellulose
hydrophilicity and its amorphous regions facilitate strong
water bonding and trapping, allowing unmodified cellulose
materials to absorb larger quantities without being dis-
solved.20 Notably, cellulose derivatives may exhibit divergent
swelling behaviors because certain functional groups have
high levels of hydrophobicity compared to those in unmodi-
fied cellulose.

In the cellulose field there is a concept known as the “cell-
ulose gap”. Cotton demand in textile production is very high;
cotton production is not expected to meet this demand, as its
production is very water intensive, and the textile industry is
working on developing cellulose fibers that can complement
cotton.21 Conversely, cellulose sourced from bacteria is quite
costly and is used in specialized applications like biomedi-
cine.22 Currently, wood is the biggest alternative to cotton due
to low costs and large availability.21 As such, most of the com-
mercially available cellulose to make films, membranes, and
hydrogels is sourced from wood. Unlike in fibers, nanofibers,23

and nanocrystals,24 after derivatizing and functionalizing poly-
meric cellulose and cellulose nanocrystals for transparent
films in optoelectronic applications, its source has little
impact other than the degree of polymerization (DP). At this
point, its functional groups, its DS, and whether or not it has
been crosslinked or plasticized have a much greater impact on
its properties.

From a processability standpoint, unmodified cellulose
cannot be processed in a manner similar to synthetic polymers
due to its high glass transition temperatures: the amount of
thermal energy required to break the intermolecular hydrogen
bonds of unmodified cellulose is so high that cellulose
degrades before melting.18 One of the strategies used to
produce cellulose substrates involves the dissolution and
regeneration (solvent removal) of films.25 The properties of
these films depend on a variety of factors, ranging from their
new functional groups, their DS and size of the chain, their
drying conditions, the surface on which they were cast, and

Table 1 Comparison of the physical properties of various photovoltaic
substrate materials

Property Glass
Metal
foil

PET or
PEN Cellulose

Transparency ✓ ✗ ✓ ✓a

Flexibility Flexible up
to 100 µm

✓ ✓ ✓a

Resistance to solvents
used in PSC fabrication

✓ ✓ ✓ ✓a

Low surface roughness ✓ ✗ ✓ ✓a

Oxygen blocking ✓ ✓ ✗ ✗a

Water vapor blocking ✓ ✓ ✗ ✓a

Low coefficient of
thermal expansion
(CTE)

✓ ✓ ✗ ✓a

Recyclability in
photovoltaics

✓ ✓ ✗ ✓

Price $$$ $$ $ $

a Requires modifications.
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their porosity, among others. Controlling these parameters is
key to making viable cellulose substrates for solar cells.

Two properties stand out when comparing cellulose films
to currently used synthetic polymers: their solvent resistance
and low thermal expansion. During fabrication, solar cell
layers expand and contract along with the substrate, which
leads to cracks that can reduce device performance and stabi-
lity. Cellulose has a very low coefficient of thermal expansion
(CTE) (0.1–158 ppm K−1 (ref. 26 and 27)) compared with syn-
thetic polymers (12–122 ppm K−1 (ref. 28–30)), resulting in a
more consistent PSC fabrication. Furthermore, some cellulose
derivatives exhibit strong resistance to many solvents com-
monly used in PSC fabrication (see section Solvent resistance),
while others can be crosslinked to obtain similar durability.31

A seldom-discussed advantage of cellulose is that it facili-
tates the recycling of solar cells. Glass and encapsulant resins
are among the biggest hindrances associated with solar panel
recycling, because they complicate separating valuable
materials such as silver and high-quality silicon from shredded
solar panel waste.32 Glass, PET, and PEN coated with a thin
layer of indium tin oxide (ITO) are the most commonly used
substrates in PSCs. ITO accounts for most of a PSC’s carbon
emissions due to the energy-intensive vacuum deposition
process required.33 It can be recovered from glass using a
chemical bath,8 but panel encapsulation makes this difficult.34

In contrast to glass substrates, PET and PEN can be easily
burned in pyrolysis processes to extract valuable metals.3

However, aside from bioPET,35 they are derived from fossil

sources. Thin cellulose substrates further concentrate the
value of solar cell materials, making recycling economically
viable at the end of the product’s lifespan.3 Since solar cells
are meant to be encapsulated to maximize stability and
efficiency over time, cellulose is not expected to degrade since
it is not in an environment with bacteria, soil, and moisture.19

Therefore, the recycling route for solar cells made on renew-
able cellulose is to degrade it only at the end of the device life-
time to allow for material recovery, either by burning it or by
degrading it through photochemical means.19

As polymers are the most popular substrate materials when
making flexible devices, most research is focused on the same.
Notably, cells with a power conversion efficiency (PCE) lower
than 20% are made of MAPbI3 perovskite, one of the first per-
ovskite compositions used, and higher efficiencies are reached
by using perovskites with more complicated stoichiometries
and compositions. While there is still room for improvement,
Li et al.’s work demonstrated that cellulose films are viable
substrates for PSCs and can achieve 13.1% efficiency.36

Nevertheless, physical vapor deposition techniques are costly
to implement and require high initial investments; cellulose,
being the quintessential printing material, calls for solution-
based R2R-compatible deposition methods. Table 2 provides a
summary of high-performing flexible PSCs.

The PSC fabrication process imposes many requirements
on cellulose (see Table 1). Many strategies are available to
achieve these properties, but these are typically found in fields
very different from photovoltaics, such as food packaging,

Fig. 1 Chemical structure of various cellulose derivatives. R can be a hydrogen or one of the groups around the cellulose molecule, reproduced
from ref. 19 with permission from the American Chemical Society,19 Copyright 2022.
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drug delivery, and battery membrane technologies, which have
varying requirements for cellulose films. Furthermore, their
applicability requires a critical assessment. This article fills
the existing gap in the literature by reviewing relevant and
potential solutions. The aim of our analysis is to shed light on
the modifications required for cellulose to work as a good sub-
strate in PSCs and on ways to adapt PSC fabrication methods
to cellulose films, addressing both cellulose and solar cell
audiences. The article begins with an analysis of PSC substrate
materials and fabrication processes currently used, followed by
a strategy on how to modify both the cellulose films and the
typical PSC processing routes. As the need for clean energy
sources increases, the more our devices need to adapt to sus-
tainable designs. Understanding how to adapt biobased
alternatives becomes critical for the development of next-gene-
ration solar cells.

The process of making a solar cell

A PSC is a stack of functional layers (Fig. 2); what layers are
included and how they are arranged depends on many factors.
The first component to consider is the active layer, and its
bandgap dictates which charge transport layers (CTLs) can be
used and how they need to be modified to match their band
levels. Accordingly, the deposition sequence depends on the
CTL deposition methods. Since the perovskite layer is vulner-
able to solvents and high temperatures, it is advisable to first
deposit the CTL that requires solvents and temperatures

incompatible with the perovskite. The PSC structure is defined
by whether the electron transport layer (ETL) or the hole trans-
port layer (HTL) is deposited first, namely NIP (or regular) or
PIN (or inverted), respectively.43

PSC fabrication is generally done on glass or polymeric sub-
strates covered with a transparent conductive oxide (TCO). The
methods used greatly depend on the fabrication scale; spin
coating on glass/fluorine-doped tin oxide (FTO) or glass/ITO is
favored at a laboratory scale, while coating or printing on PET/
ITO or PEN/ITO is more common in high-volume industrial
fabrication. Nevertheless, the deposition steps for both are
quite similar (Fig. 3). The first step is the TCO patterning, nor-
mally done through chemical etching or laser patterning,
although this process may be skipped in certain situations.44

Next, the substrate is washed in different solvents to remove
any residues that could interfere with the first CTL deposition.
The substrate is treated with UV-ozone (UV-O3) or plasma to
increase its wettability, and the first CTL is immediately de-
posited, typically followed by thermal annealing. The active
layer is then deposited, followed by another annealing step to
crystallize the perovskite. Once the substrates have cooled
down enough, the next CTL is deposited, followed by the
thermal evaporation of the top electrode.45 Depending on the
materials used and the associated process, some steps are
carried out inside a nitrogen-filled glovebox to prevent oxygen
and moisture from interfering with the layers. Current
research is focused on adapting PSC production to less restric-
tive environments and moving away from expensive vacuum-
based, energy-intensive fabrication methods and special

Table 2 High-performance PSCs on flexible substrates

Substrate Structure
PCE
[%]

JSC
[mA cm−2]

VOC
[V]

FF
[%]

Active area
[cm2] Ref.

FG FG/ITO/SnO2/m-TiO2/MAPbI3/Spiro-OMeTAD/Au 15.8 22.83 1.09 79.1 0.08 37
Titanium foil Ti/TiO2/MAPbI3/PTAA/Graphene/PDMS 15.0 18.70 1.08 74.4 1 38
Steel foil Stainless steel/ITO/NiOx/MeO-2PACz/(CsFAMA)

((CsPbI3)0.13(FAPbI3)0.85(MAPbBr3)0.02)/DMI/C60/BCP/Ag
20.70 23.30 1.11 80.15 1.012 39

PET PET/ITO/CBD-SnO2/(RbFAMA)Pb(ICl)3/Spiro-OMeTAD/Au 25.65 25.90 1.19 83.39 1 40
PEN PEN/ITO/SnO2-DNS//(CsFAMA)Pb(BrICl)3/Spiro-OMeTAD/Au 23.16 24.85 1.13 82.2 1 41
PI PI/ITO/PF-doped SnO2/(CsFAMA)Pb(BrICl)3/Spiro-OMeTAD/Au 23.31 24.87 1.16 80.80 1 42
Cellulose Cellophane/TiO2/Ag/TiO2/C60/CPTA/MAPbI3/Spiro-OMeTAD/Au 13.19 17.81 1.04 71.30 Unspecified, <1 36

Fig. 2 Envisioned PSC (NIP architecture) made on a cellulose substrate.

Critical Review Green Chemistry
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atmospheres, and toward wet deposition methods that are
easier to implement.

The regular wet-method processing route presents many
challenges when using unmodified cellulose films. First, the
acid to etch ITO could damage cellulose. Many researchers
have proposed the use of metallic nanowires instead, consider-
ing ITO’s poor sustainability, but this approach requires pre-
patterning them, as they cannot be removed if embedded.
Second, solvent washing can be problematic; some solvents
may cause the cellulose fibers to redisperse or may infiltrate
the film and cause it to swell. While UV-O3 treatments break
the carbon bonds in organic matter to volatilize contaminants
on inorganic surfaces, this can damage cellulose films and
make them more reactive, increasing solvent absorption.
Third, additional plasticizers may be required to ensure that
cellulose has sufficient flexibility during the PSC fabrication
process. These plasticizers degrade at around 120 °C,46 which
limits the thermal steps in the process. Lastly, thermal anneal-
ing can decrease the mechanical properties of cellulose,
making it more difficult to handle.47

Considering the above, we devised a PSC processing route
on cellulose substrates based on strategies scattered across
different fields to further advance the integration of biobased
materials into next-generation solar cells (Fig. 3).

Step 1: preparing the cellulose suspensions and solutions

Before casting cellulose films, the cellulose solutions must be
homogeneously produced and altered to provide cellulose with

additional properties to endure PSC fabrication. The first
thing to consider is the solvents used. Two options in this
regard are (i) to employ a cellulose type compatible with the
selected solvent or (ii) to crosslink the cellulose chains to avoid
redispersion. Crosslinking can also decrease the film’s
thermal expansion. Next, cellulose can be mixed with plastici-
zers to increase the resulting film’s mechanical strength and
flexibility. Finally, different additives can be mixed in the cell-
ulose matrix to give the resulting films gas-blocking properties
for PSC protection.

Solvent resistance. The production of cellulose derivative
films via dissolution and regeneration is an easier and greener
process than the production of synthetic films such as PET
and PEN. The disadvantage is that cellulose films may redis-
perse once in contact with different solvents (Fig. 4) or lose
their mechanical properties if the atmosphere is saturated
with solvent fumes. Therefore, the choice of cellulosic material
is highly dependent on its resistance to the solvents used in
the fabrication process.

Table 3 shows how commonly used solvents in solar cell
fabrication affect cellulose films. The effect 15 different sol-
vents have on cellulose films is judged by their visual appear-
ance. After rubbing a solvent-soaked cotton swab on each film,
cellulose redisperses and resettles when dry. Solvent affects
the films as they can break, buckle, and roughen; these effects
can prevent the deposition of different layers during PSC fabri-
cation, especially the first ones. The test was adapted from the
ASTM D5402 to judge the quality of organic coatings. The film

Fig. 3 Schematic of typical fabrication processes for PSCs on glass (upper panel) and the proposed or modified processes designed for compatibil-
ity with cellulose substrates (lower panel).

Green Chemistry Critical Review
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preparation description along with pictures for every entry, in
line with Fig. 4, can be found in the SI, Table S1.

The first solar cell layers are prone to damaging the cell-
ulose directly. Particular attention needs to be paid to the
solvent compatibility of the first layers that could come in
contact with cellulose. For example, the first layer may be too
thin or too porous and thus allow solvents to reach the sub-
strate and damage it. A type of cellulose that can withstand all
the solvents used should ideally be chosen, or the cellulose
should be crosslinked to increase its solvent resistance.

Crosslinking for improved solvent resistance. Crosslinking is
the process of chemically or physically linking two or more
different polymer chains to create an interconnected network.
Physical crosslinking arises from electrostatic interactions
between the polymer and the crosslinker, whereas chemical
crosslinking involves the crosslinker reacting with the polymer
chain to create a covalent bond. Films made through chemical
crosslinking exhibit better tensile strength and formability and

absorb less water than films made through physical cross-
linking, but at the expense of lower elongation.48

In the case of cellulose, a molecule or a short polymer
chain bonds two parallel cellulose chains and prevents them
from redispersing or redissolving, thus granting cellulose
films solvent resistance and/or modifying their properties.
Crosslinking occurs along the active sites on the cellulose
chains, which can be hydroxyl groups or other functional
groups, and depending on their nature, a catalyst might be
required. For instance, 1,2,3,4-butanetetracarboxylic acid
(BTCA) has been used to crosslink cotton fibers and thereby
obtain cotton fabrics with wrinkle and fire resistance. It
can also be used to increase the water resistance of cellulose
films (Fig. 5). Cellulose nanofiber (CNF) films crosslinked
with BTCA remained stable in water even when submerged
for 5 months. Sodium hypophosphite (SHP) is used as a cata-
lyst for hydroxyl radical reactions in both cellulose and
BTCA.49

Fig. 4 Cellulose films affected by different solvents after being rubbed with a soaked cotton swab. The cellulose partially redissolved upon contact
with the solvent, which affected the surface and structural integrity of the film. (a) Carboxymethylated cellulose rubbed with water, (b) cellulose
acetate rubbed with dimethylformamide, and (c) ethyl cellulose rubbed with ethanol.

Table 3 Solvent resistance of different types of cellulose. An X indicates a noticeable change in film appearance caused by contact with a solvent

Solvent
Carboxymethylated
cellulose (CMC)

Cellulose
nanocrystals (CNC)

Cellulose
acetate (CA)

Ethyl cellulose
(EC)

Hydroxyethyl
cellulose (HEC) Cellophane

Water ✗ ✗ ✓ ✓ ✓ ✓
Ethanol ✓ ✓ ✓ ✗ ✗ ✓
Isopropanol ✓ ✓ ✓ ✗ ✗ ✓
Acetone ✓ ✓ ✗ ✗ ✓ ✓
Methanol ✓ ✓ ✓ ✓ ✗ ✓
γ-Valerolactone (GVL) ✓ ✓ ✗ ✓ ✓ ✓
Dimethyl sulfoxide (DMSO) ✓ ✓ ✗ ✗ ✓ ✓
γ-Butyrolactone (GBL) ✓ ✓ ✗ ✗ ✓ ✓
Dimethylformamide (DMF) ✓ ✓ ✗ ✗ ✓ ✓
Chloroform ✓ ✓ ✓ ✗ ✓ ✓
Chlorobenzene ✓ ✓ ✓ ✗ ✓ ✓
1,2-Dichlorobenzene ✓ ✓ ✓ ✗ ✓ ✓
Toluene ✓ ✓ ✓ ✗ ✓ ✓
Diethyl ether ✓ ✓ ✓ ✗ ✓ ✓
Acetonitrile ✓ ✓ ✓ ✗ ✓ ✓

Critical Review Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2026
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A similar approach can be taken for hybrid films. For
example, crosslinking CMC with cornstarch using epichlorohy-
drin (ECH) results in water-resistant films. ECH reacted and
simultaneously bonded with CMC and starch active sites to
form 3-propyleneglycol, which acts as a plasticizer that
increases the resulting films’ flexibility.50 However, ECH is
quite toxic, and a safer alternative is required. Citric acid is
another small molecule that has been used to crosslink cell-
ulose. Transparent films made of regenerated bacterial cell-
ulose can be crosslinked with citric acid without a catalyzer,
although this process is carried out in toxic N,N-dimethyl-
acetamide.51 This solvent can potentially be replaced by safer
ionic liquids or deep eutectic solvents.52

Crosslinking can also be catalyzed using UV light. EC can
be crosslinked with ethoxylated trimethylolpropane triacrylate
through UV light to obtain films with increased solvent resis-
tance and tensile strength. These films have been used as sub-
strates in organic solar cells (OSCs) with almost 19%
efficiency.31

Decreasing thermal expansion. Substrate expansion and
contraction during thermal annealing occur due to a mis-
match between the layers’ coefficients of thermal expansion
and can damage subsequently deposited layers.53 Therefore, it
is advisable to use substrates with very low CTEs or minimize
the annealing temperatures and times. Synthetic polymer sub-
strates have high CTEs28,29 compared to flexible glass,54 which
is among their biggest flaws. The CTE of cellulose depends on
the cellulose chain direction, giving different values depending
on the geometric dimension that is measured.27,53 The CTE
decreases when the cellulose network is crosslinked, as this
reduces thermal expansion.55 Table 4 presents the CTE values
for PSC substrate materials.

Although CTE is an important property that highlights the
suitability of cellulose as a substrate material for opto-
electronics, it is seldom reported in the literature and requires
further research. It is unclear whether the cellulose moisture
content has an effect on CTE and, if so, to what extent. Table 4
also includes the testing conditions used to obtain CTE values.

There seems to be no apparent standard way to measure CTE
between different materials. It would be useful to report the
percentage of thermal expansion similar to how Nishino et al.
do in their work.26 This approach would be useful to deter-
mine if there is a difference in CTE due to water loss and plas-
ticizer degradation.

Plasticizing for more flexibility. Depending on the cellulose
type and film thickness, cellulose films can be quite brittle,
which hinders their adoption. Although reducing their thick-
ness can increase bendability and optical transmittance, it
comes at the expense of an increased OTR and WVTR. Adding
a plasticizer is a common approach for increasing the flexi-
bility of bioplastics. Tensile strength, water vapor and oxygen
permeability values (WVP and OP, respectively) can be found
in Table 5.

Glycerol is a well-known plasticizer in the cellulose field
due to its chemical similarity. It interacts with hydroxyl rad-
icals and reduces hydrogen bonding between cellulose chains,
which reduces the interactions between chains when the films
are bent, thereby increasing their flexibility.61 The higher the
plasticizer concentration in a film, the more space it occupies
between the polymer chains and the greater the flexibility.62

Glycerol is compatible with many cellulose derivatives, such as
CMC,61 CA,62 microcrystalline cellulose,46,63 and CNC.64 The
effects of glycerol’s interactions with hydroxyl groups vary
depending on the cellulose radical groups and DS.

While glycerol is a good plasticizer, it is also known for
increasing OTR and WVTR. Research showed that mixing gly-
cerol with other polyols, such as maltitol and sorbitol, can
greatly decrease CNC films’ gas permeability (from 2601 to
97 g µm m−2 day−1 for water and from 134 to 20 cc µm m−2

day−1 for oxygen) while maintaining good flexibility.65

Maltitol, in particular, was proved to increase CNC films’
elongation at break to levels similar to PET and other plastics,
and it has the added benefit of increasing optical transmit-
tance while decreasing surface roughness.66

Additives to lower the OTR and WVTR. When used as PSC
substrates, cellulose films should be able to withstand long-

Fig. 5 Crosslinked cellulose with BTCA, adapted from ref. 49 with permission from Elsevier.49 Copyright 2021.
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term exposure to external environmental conditions to main-
tain a good PCE as well as prolong the lifetime of the device. It
is well known that most cellulose films are susceptible to air
and moisture damage. Therefore, the air and humidity barrier
properties of cellulose films must be considered and carefully
tested using standard protocols. The OTRs and WVTRs of
microcrystalline cellulose (MCC) film and different commer-
cial materials of similar thickness were compared in a recent
study.68 The ASTM F3136-15 standard testing method was
used to measure the oxygen uptake of samples as a function of
time at 25 °C, 50% RH and thereby calculate OTR. The OTR of
an MCC film with 20% naringin content (named CN-20) was
55 mL m−2 day−1 and significantly lower than the 310 mL m−2

day−1 OTR of pure MCC film. Guzman-Puyol et al. suggested
that the antioxidant properties of naringin molecules limited
the permeability of oxygen through the MCC film. The OTR of

CN-20 was comparable to PET and polylactic acid (PLA) films
of similar thickness.68 WVTR determination was subsequently
conducted in accordance with the ASTM E96 protocol. Each
film was mounted on top of a permeation cell in a 0% RH
desiccator, and water was passed through it. The WVTR of the
CN-20 film was approximately 3000 g m−2 day−1, closest to that
of polystyrene (PS) films. Some commercial substitutes, such
as PET, LDPE, and nylon 6 possess even lower WVTR values.
Nonetheless, these results support the application of modified
cellulose-based films with promising oxygen and water barrier
properties.

Different cellulose types have been combined to study the
resulting synergistic effects on their barrier and mechanical
properties. Fernández-Santos et al. tested CNC films with
varying proportions of CNF and CMC.69 At 90% RH, CNC films
with more than 40% CMC showed increased resistance to

Table 4 CTE for different substrate materials

Material
CTE [ppm K−1 or
10−6 °C−1] Testing conditions Ref.

FG 0.31 Unspecified 54
Steel foil 16 Taken from the literature 56
Titanium foil 8.9 Taken from the literature 56
PET 15–117 A thermal expansion analyzer (TMA 402 F3, NETZSCH, Germany) was

used to evaluate the CTE of the TSV sample at a heating rate of 10 °C
min−1 in the range of 10–100 °C under nitrogen flow

28–30

Commercial sample
The CTEs of samples measuring 20 mm long and 20 mm wide were
evaluated using a thermal expansion analyzer (NETZSCH DIL 402 C,
Germany). The measurements were conducted three times from 25 °C to
100 °C by elevating the temperature at a rate of 10 °C min−1 under an
inert gas atmosphere and taking the average value

PEN 13–20 Commercial sample 29 and 53
Polyimide (PI) 12–60 A thermal expansion analyzer (TMA 402 F3, NETZSCH, Germany) was

used to evaluate the CTE of the TSV sample at a heating rate of 10 °C
min−1 in the range of 10–100 °C under nitrogen flow

28, 29 and 53

Commercial sample
Polycarbonate (PC) 60–122 Commercial sample 29 and 30

The CTEs of samples measuring 20 mm long and 20 mm wide were
evaluated using a thermal expansion analyzer (NETZSCH DIL 402 C,
Germany). The measurements were conducted three times from 25 °C to
100 °C by elevating the temperature at a rate of 10 °C min−1 under an
inert gas atmosphere and taking the average value

Cellulose microfiber composite 0.17 Measured with a TMA-SS120S (Seiko Instruments). Heating rate of 10 °C
min−1. The specimen with an original length of 15 mm was subjected to
a uniaxial stress of 0.12 MPa

26

Microcrystalline cellulose
crosslinked with epichlorohydrin

6.9 Measured with a thermomechanical analyzer (TMA-SS6100, Seiko
Instruments)

55

Self-organized CNC (self-
organized/shear-organized)

∼25/9–158 Digital image correlation (DIC) methodology used. Images were
captured at 25, 40, 60, 80, and 100 °C. A 10 min stabilization time was
allowed at each temperature before capturing images

27

CNC 2.7 Atmospheric condition of nitrogen and heating rate of 5 °C min−1, cal-
culated over the specified regions from 50 to 150 °C and each 5 °C range

57

CNC/CNF 11.86–17.65 The temperature used in CTE tests was increased from 20 to 120 °C at a
rate of 3 °C min−1

58

CNF 8.5 Measured using a thermomechanical analyzer (TMA/SS6100, SII
nanotechnology Inc.). Specimens were 25 mm long and 3 mm wide with
a 20 mm span. The measurements were carried out three times with a
heating rate of 5 °C min−1 under a nitrogen atmosphere in tensile mode
under a load of 3 g. The CTE values were determined as the mean
values at 20–150 °C in the second run

59

CMC 38 Measured using a TMA Q400 60
CA 55.3 Commercial sample 53
Cellophane (flow direction/
transverse direction)

18.2/33.6 Commercial sample 53

Critical Review Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

7:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc05281e


water vapor, hence lower WVTR values which rapidly reached
those of pure CMC of 3.38 g m−2 day−1. CMC contributed to
better water resistance by forming dense, compact networks,
whereas the free –OH groups and crystals of CNF led to higher
water vapor permeation and reduced barrier water properties.
Similar findings on the effects of CMC and CNF were also
obtained by another research group.70 Pure cellulose films
could be fine-tuned to obtain oxygen and water barrier pro-
perties that exponentially increase PCE and device stability.
These properties are especially desirable for PSC application in
humid conditions.

CMC films combined with sodium montmorillonite (Na-
MMT) nanoclay exhibited a 39% reduction in water vapor per-
meability compared to pristine CMC films.71 This enhanced
water barrier property could be attributed to the formation of
strong hydrogen bonds between the –OH groups of CMC and
Na-MMT, which hinder the availability of –OH groups for
moisture absorption. The incorporation of TiO2, which has
inherent UV-shielding properties, led to a further decrease in
water vapor permeability by 50%. CMC films comprising
5 wt% Na-MMT and 1 wt% TiO2 had good tensile strength
(6.18 ± 2.01 MPa) and Young’s modulus (28.93 ± 5.74 MPa) but
became non-transparent. Thus, nanocomposite CMC films
would require further optimization to be employed as sub-
strates in PSCs. In our previous work, we explored the use of
montmorillonite clay (MMT) to produce transparent films
(60–80% at 550 nm) with improved gas barrier properties. We
found that MMT induces some improvements in the barrier
properties,72 but they are far from what is needed for stable
PSCs; the required levels for PSCs range from 10−3 to 10−6 g
m−2 day−1 for WVTR, and from 10−2 to 10−5 cm3 m−2 day−1 for
OTR.73 Thus, a separate protective coating is needed to achieve
acceptable gas barrier levels (see Coatings to increase barrier
properties section). WVTR and OTR values for some PSC sub-
strate materials are given in Table 6.

Step 2: casting cellulose films

Simple casting is the most common approach for cellulose
film production. This involves dissolving cellulose in a suitable
solvent at specific concentrations, followed by intensive stir-
ring until a homogeneous solution is obtained, which is then
cast on a container and left to dry. Many variables can affect
the resulting film’s characteristics, such as the cellulose con-
centration in solution, solvent type, shape and surface of the
container, and drying temperature and environment.

In our previous work on CNF films, we demonstrated that
films made with CNF suspensions with lower concentration
led to higher transparency levels and lower surface rough-
ness.78 This was attributed to the increase in cellulose agglom-
erates in high cellulose concentrations. Similarly, the solvent
choice can also impact film formation. Changing the solvent
from acetone to N-methyl-2-pyrrolidone (NMP) was shown to
have an overall positive impact on composite CA and CNF film
formation, specifically by increasing the films’ transparency
and mechanical strength and lowering their surface roughnessT
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and water absorption.79 These improvements can be explained
by CNF’s increased dispersion in NMP compared to acetone.

The container used for casting has a big influence on film
transparency. Cellulose films cast on hydrophobic surfaces are
denser, more transparent, and have lower WVTR and higher
tensile strengths than films cast on hydrophilic substrates.80

As the suspension on hydrophilic surfaces dries, the cellulose
fibers sediment and form random fiber networks. On hydro-
phobic surfaces, the solvent experiences tension due to its
interaction with the container, and capillary forces drive the
fibers to align, ultimately resulting in high transparency.

The drying conditions have a notable impact on film for-
mation too. In the case of CNF films, hot press drying has
been found to increase mechanical strength, lower oxygen and
water vapor transmission rates, and lower surface roughness,
primarily due to the improved consolidation of the CNF
layers.81 In the case of EC, drying at 6 °C produces better films
than drying at room temperature, even with added plastici-
zers.82 In the case of CA, humidity greatly affects film transpar-
ency and uniformity.83 The slow and gradual evaporation of
the solvent is believed to be one of the main parameters con-
tributing to high-quality films with both EC and CA.

Surface roughness. In optoelectronics, surface roughness is
an essential parameter for evaluating substrates and deposited
layers. Since some layers can be very thin (around 10 nm),
high surface roughness can lead to poor surface coverage and
even cause short circuits if conductive materials protrude into
other layers; as such, the aim is always to try and minimize
surface roughness. The roughness values of different electrode
materials are listed in Table 7.

The surface roughness of cellulose films greatly depends on
the casting surface.84 Cellulose chains assemble while the film
dries and thus roughly adopt the container’s surface rough-
ness, so it is prudent to use the smoothest container possible.
Some types of cellulose, such as CMC, EC, and CA, peel off
easily from glass containers, whereas CNC and CNF films
remain firmly attached to hydrophilic surfaces. For the latter,
it is ideal to use plastic containers or to treat hydrophilic sur-
faces (like glass) with a hydrophobic coating. Many of these
coatings are highly toxic siliconizing agents, so caution is
advised.

A film’s roughness may be very high even after using a
smooth substrate. In such cases, films can either be coated

with a planarization layer or hot pressed. Depositing SiNx on
CNF films has been shown to reduce the surface roughness to
1 nm and provide the added benefit of greatly reducing the
WVTR to less than 0.02 g m−2 day−1.85 Alternatively, CNF films
can be hot pressed at 120 °C for 10 min at 1.1 MPa.81 Hot
pressing is mainly useful for films with very high roughness,
as it helps to reduce roughness on a macro level.

Coatings to improve barrier properties. As mentioned
earlier, the additives in pure cellulose films fail to provide
sufficient protection against oxygen and water (see section
Additives to lower the OTR and WVTR) and need to be sup-
plemented with barrier coatings. Modified CA films with excel-
lent oxygen and moisture barrier properties (77.0–26.3 g m−2

day−1) and good transparency were recently reported to be
promising substitutes for PET films.93 When cross-linked with
pyromellitic dianhydride (PMDA) and hydrophobized using
tetraethyl orthosilicate (TEOS) and octyltrichlorosilane (OCTS),
these CA films exhibited improved solvent resistance (acetone
and DMSO) and mechanical properties. Other ceramic coat-
ings have also shown different degrees of success, as given in
Table 8.

Castro-Hermosa et al. have reported that low gas barrier
levels are expected for PSCs,73 outside the current range for
modified cellulose films, but their discussion about gas
barrier properties is focused on encapsulated devices and not
solely on the substrate. For instance, thermoplastic starch

Table 6 WVTR and OTR levels for different flexible substrate materials

Material
Thickness
[µm]

WVTR [g (m2 day)−1]

OTR [cm3 (m2 day)=] Ref.Without modification With modification

FG (NEP G-Leaf™) 30–700 — Below 1 × 10−5 detection limit Below 1 × 10−2 detection limit 74
PET 100 — 3.9–17 1.8–7.7 75
PEN 100 — 7.3 3 75
PI 100 — 0.4–21 0.04–17 75
CMC crosslinked with CA 50–100 33.8 Less than 0.02 g mm m2 day−1 — 76
CNF with montmorillonites (MMT)
clay and polyethylenimine (PEI)

35 ± 3 30 wt% ML-MMTs: 41.5 20.9 g mm m2 day−1 — 77
O-MMTs-CNFs: 78.7

Table 7 Surface roughness for different electrodes on different sub-
strate materials

Material
Surface roughness (Rq)
[nm] Ref.

Glass/ITO 2.15 86
Glass/FTO 45.43 86
Glass/polished FTO 14.96 86
FG/ITO 4.3–30.3 87
Titanium foil 25.34 88
Stainless steel foil (untreated and
polished)

57.4, 25.2 89

PET/ITO 1.8–4.4 90
PEN/ITO 4.66 91
Hydroxypropyl methyl cellulose/
AgNWs

7.07 92

Nanocellulose paper/PEDOT:PSS 6.54 14

Critical Review Green Chemistry
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(TPS) films reinforced with CNF have OTR levels below 2 ×
10−4 cm3 m−2 day−1 and WVTR levels below 2.24 × 10−2 g (m2

day)−1 and still maintain an optical transmittance of over 80%
at 550 nm.96 Films like these have relatively high surface
roughness levels, and their resistance to the solvents used in
PSCs is yet unclear. It could be possible to combine PSCs
made on cellulose films with a TPS/CNF encapsulant, using
transparent biobased materials for both the substrate and the
encapsulant.

Step 3: depositing the bottom electrode

FTO and ITO, the most typical electrode materials for PSCs,
face issues when combined with cellulose. The use of FTO is
limited to glass substrates due to its high-temperature proces-
sing requirements, and while ITO can be sputtered at low
temperatures, indium is a scarce element. More sustainable
electrodes are being investigated. Among them, conductive
polymers and metallic nanowires have been shown to be com-
patible with cellulose. A comparison of various electrode
materials and substrates is presented in Table 9.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a well-investi-
gated conductive polymer whose sheet resistance can reach
around 20 Ω sq.−1,97 close to the usual values of TCO.
However, a notable drawback is that thick layers of PEDOT are
required to achieve low resistivity, which significantly reduces
its transparency. PEDOT’s conductivity can be greatly
increased by doping and crosslinking the polymer. Polystyrene

sulfonate (PSS) is a common dopant used to increase the con-
ductivity of PEDOT and simultaneously decrease electrode
thickness and increase transparency. With the addition of a
conductivity and flexibility enhancer (CFE), PEDOT:PSS:CFE
can reach conductivities of over 4100 S cm−1 and a transmit-
tance of 85%, comparable to commercial ITO on PET.
Perovskite solar modules consisting of this electrode were
shown to reach 10.9% PCE on a 25 cm2 active area.98 PEDOT
and PEDOT:PSS are compatible with cellulose, as PEDOT evap-
orates at low temperatures, and PEDOT:PSS can be spin coated
or printed. Their inks are usually water-based, which means
that water-resistant cellulose is required (see Table 3).

N-doped poly(benzodifurandione) (n-PBDF) is a novel
polymer electrode made as a TCO alternative. Similar to
PEDOT:PSS, it is solution-based and can be deposited at low
temperatures via spin coating, inkjet printing, blade coating,
and spraying. Sheet resistances 90.9 and 78.8 Ω sq.−1 can be
obtained by spraying layers of 65–75 nm thickness. FAPbI3
PSCs were built on PET/n-PBDF substrates with 11.24% PCE.99

Metallic nanowires have gained interest as promising ITO
substitutes due to their excellent features, which include low
sheet resistance, high transparency, and easy deposition via
spraying or spin coating. Their high transparency stems from
the random deposition of nanowires and the resulting mesh-
like structures, leaving holes through which light can travel.
Silver nanowires (AgNWs) are the most commonly used nano-
wires thanks to their high conductivity of around 12 Ω sq.−1

and 94.4% transmittance,100 although more sustainable
options such as copper101,102 and nickel103 are also being
investigated. To attain high conductivities, electrical losses
need to be reduced by welding nanowire junctions via thermal
annealing,104 laser sintering,105 or chemical processes.106,107

Poor substrate bonding strength and high surface rough-
ness are the major disadvantages of metallic nanowires.
Addressing these typically requires nanowires to be embedded
in a different material, either by pressing the material into the
substrate107 or by mixing the two in a conductive material
matrix to improve conductivity.108 One way to solve both of the
aforementioned issues when working with cellulose is to spray
the nanowires on a rigid surface and then cast the cellulose.
This greatly reduces the surface roughness and keeps the
nanowires from moving inside the cellulose film (Fig. 6).109

Table 8 Coatings that reduce gas penetration in cellulose films

Material
Thickness
[µm]

WVTR [g (m2 day)−1] (23 °C and 50% RH) OTR [cm3 (m2 day)−1]

Ref.Without coating With coating Without coating
With
coating

CA crosslinked with PMDA and
coated with OCTS

153–215 77.0 ± 2.5 29.5 ± 1.7 280 (23 °C and 80% RH) 24.6 ± 0.8 93

CNF coated with SiNx 41.4 13.60 ± 0.42 (38 °C
and 50% RH)

Below 0.02
detection limit

10.83 ± 0.99 cm3 m−2 day−1

bar−1 (70% RH)
— 85

Paper coated with Al2O3 through
atomic layer deposition

60 589.9 ± 15.1 2.2 ± 0.5 — — 94

Cellophane coated with SiOx 35 65.85 (23 °C and
85% RH)

1.28 10.44 (23 °C and 0% RH) 0.82 95

Table 9 Different electrode materials for solar cells

Conductive
substrate

Thickness
[µm]

Transmittance
[%]

Sheet resistance
[Ω sq.−1] Ref.

FG (Corning Willow
Glass)/ITO

100 ∼80 (at 550 nm) 12.6 ± 0.1 111

Titanium foil — 0 ∼3.6 112
Stainless steel foil — 0 <0.5 113
PET/ITO 188 80–90 (at

550 nm)
14.5–17.3 90

PEN/ITO 125 ∼82 (at 550 nm) 15
EC/AgNWs 8 88

(400–1000 nm)
21.04 31

Cellophane/TiO2/
Ag/TiO2

— 82.1
(400–800 nm)

9.5 114
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AgNWs were used as electrodes on cellulose to make OSCs,
with an impressive 18.71% efficiency level,31 proving that cell-
ulose is suitable for the development of high-efficiency
devices.

The highest-performing PSC made on cellulose was made
using an oxide/metal/oxide electrode (OMO), specifically TiO2/
Ag/TiO2, and reached 13.19% PCE.36 Devices made with OMO
electrodes were made using MAPbI3, which partly explains
their low performance compared to lower bandgap perovskites.
The OMO electrode was sequentially sputtered and reached a
sheet resistance of 3.6 Ω sq.−1, well below the 30 Ω sq.−1 of
commercial PET/ITO but with similar optical transmittance.110

OMO electrodes have the advantage of being easy to deposit,
but due to the need for vacuum deposition, their scalability
would depend on a high initial investment compared to wet
methods.

Using a carrier substrate. The most common fabrication
methods used in laboratories, such as spin coating, are
designed for rigid substrates. While there are attachments
available for the use of flexible substrates in spin coaters, syn-
thetic polymers and cellulose tend to bend, buckle, expand,
and contract because of tension on the films, moisture, or
during thermal annealing. Therefore, it is advisable to attach
cellulose films to a carrier substrate such as glass during pro-
cessing. Double-sided tape, glue, and adhesive gels are the
most common adhesives for this application. In R2R pro-
cesses, cellulose films can be attached to flexible carrier sub-
strates, such as PET or some other polymer film.

When attaching a film to a carrier, there are many things to
consider. First, the carrier and the adhesive surface should be
as smooth as possible to prevent protrusions that could com-
promise the cellulose surface, which would, in turn, affect the

deposition quality of the subsequent layers. Second, an
adhesive with an adequate thermal resistance must be chosen
based on the highest temperature expected during PSC proces-
sing. Third, if the device is to be characterized while it is on
the carrier, the optics of the adhesive have to be considered, as
these will impact how much light reaches the active area.
Fourth, if bending tests are to be done, the device needs to be
peeled off the carrier without being damaged.

Step 4: solvent washing

Conventional glass and plastic substrates are normally washed
with ultrasonication baths in different solvents.45 In laboratory
settings, the quality of the deposited layers is ensured by
washing the substrate to eliminate all the loose particles on its
surface and leftovers from the etching process, such as zinc
remnants and the Kapton tape adhesive. Substrates are
washed in a soap water bath, followed by an acetone bath and
an isopropanol bath, and then dried with nitrogen gas. For
applications that require high hydrophilicity and no traces of
organic components, the substrates are subjected to a chemi-
cal bath in a piranha solution. This mixture of sulfuric acid
and hydrogen peroxide decomposes most organic matter and
is, therefore, unsuitable for synthetic polymers and cellulose
films.

For small-scale spin-coating processes, a compatible solvent
is dynamically spin coated at high speed over a cellulose film
to clean the surface. In large-scale R2R fabrication processes,
the substrates are washed with an organic solvent, such as iso-
propanol or ethanol, followed by an air plasma corona treat-
ment. Web cleaning may also be performed, which involves
using rolls made of a sticky elastomer to remove dust particles
from the substrate surface.115,116 Substrates can also undergo

Fig. 6 Pre-patterned AgNWs embedded in a hydroxypropyl methyl cellulose film. (a) Fabrication procedure, (b) photograph of the cellulose film
embedded with nanowires, (c) SEM micrograph of film with embedded nanowires, (d) SEM micrograph of film with coated nanowires, reproduced
from ref. 109 with permission from the American Chemical Society.109 Copyright 2020.
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UV-O3 or plasma treatments, as discussed below (see section
Step 5: wettability).

Cellulose is compatible only with some of these cleaning
methods; ultrasonication in a solvent bath risks cellulose
redispersal in the solvent. The recommended approach is to
dynamically spin coat a compatible solvent (i.e., something
that would not redissolve the film) quickly, spray the substrate
surface with N2, and treat the film inside a plasma cleaner.
Web cleaning and corona treatments are suitable methods for
removing dust and cleaning the cellulose surface in large-scale
processes.

Step 5: wettability

In many cases, the surface that needs to be coated has poor
wettability, which prevents the ink from completely covering it.
To address this issue, surfaces are typically subjected to UV-O3

or plasma treatment. These treatments have a dual purpose: to
remove organic matter left on the surface after cleaning and to
increase the surface wettability. Surfactants can also be used
instead of surface treatments to increase the ink’s spreadabil-
ity over the substrate.

UV-O3 and plasma treatments. UV-O3 cleaners consist of
mercury lamps that produce UV light in the 254, 302, and
365 nm wavelengths, which correspond to UV-C, UV-B and
UV-A, respectively. These wavelengths allow for sanitizing sur-
faces and liquids, killing bacteria. Ozone-producing lamps
work by producing 185 nm light, which splits molecular
oxygen (O2). These oxygen atoms react with more O2 to form
an ozone molecule (O3). Next, the 254 nm light splits the O3,
and the resulting ions react with the substrate surface to break
down the organic residues on the surface into volatile com-
ponents and ionize the substrate surface, thus increasing its
wettability.117 UV-O3 is a common surface treatment used in
solar cell fabrication processes to clean and increase the wett-
ability of ITO, FTO, and ceramic layers such as TiO2, SnO2,
ZnO, and NiOx.

UV exposure has been shown to increase cellulose swelling
and reduce the material’s mechanical properties.118 These
effects occur because bond scissions between glucose units in
the cellulose chains create more sites to form hydrogen bonds
with water, as evidenced by the reduced cellulose chain
length.119 UV light can penetrate the cellulose bulk and greatly
increase the material’s hydrophilicity, in addition to affecting
the surface. This could prove disadvantageous when using cell-
ulose substrates, as inks would get absorbed into the substrate
and prevent layers from forming on top.

Another common technique for surface cleaning involves
the use of plasma. An electric current is passed through a gas
to ionize it, and these ions bombard the substrate surface,
resulting in etching or an increase in bonding attributes.
When the plasma exposure energy is low, this effect is con-
fined to the substrate surface and affects only the top mole-
cular layers, not the bulk, reaching a depth of around 4–6 Å.120

Gas ionization is controlled by applying an energy field at
radio frequencies around 13.56 MHz, as these have been
found to produce homogeneous results.

Since cellulose is often a porous material, an increase in its
hydrophilicity can render cellulose films absorbent. This is
undesirable, as the material would then absorb the solutions
used to make layers on top of it. Similar to UV-O3 treatment,
plasma can break the molecular oxygen bonds to form free
oxygen radicals. However, plasma only affects the substrate
surface and is thus more suitable than UV-O3.

A useful alternative to surface treatments is to include a sur-
factant to reduce surface tension and facilitate the deposition
of inks in a controlled manner. When PEDOT:PSS is used as
an electrode, Tween-80 can be used to improve its spread over
glass, without any surface treatment. This approach has the
benefit of decreasing PEDOT:PSS sheet resistance to 202 Ω
sq.−1 (ref. 121). When used as an HTL, PEDOT:PSS has a ten-
dency to corrode the perovskite layer, which greatly decreases
the perovskite stability. Triton-X 100 (TX) can be used to
increase the spreadability of PEDOT:PSS and insulate the per-
ovskite, which would, in turn, lead to reduced charge interface
recombination. This method has been shown to increase PCE
from 11.12% to 16.23%.122

TX can also be used to greatly reduce the surface tension of
SnO2 nanoparticle (NP) inks intended for R2R processes.
Excessive TX acts as an impurity and decreases device perform-
ance, so isopropanol (IPA) is mixed with water to further
decrease the surface tension.123 Alternatively, SnO2 can be
mixed with polyethylene oxide–polypropylene oxide–polyethyl-
ene oxide (P123) to increase the ETL spread, compactness, and
uniformness. This dopant also increases device stability,
thanks to the increased binding interaction between SnO2 and
the perovskite layer, and 85% of the initial performance is
retained after 1000 h of storage in air.124

Step 6: depositing the first CTL

Depending on the chosen device architecture, namely NIP or
PIN, an n-type or a p-type semiconductor material is deposited
on top of the bottom electrode. TiO2 is the most commonly
used ETL—a legacy from dye-sensitized solar cells when per-
ovskite was discovered as a photoactive material.125

Mesoporous titania (m-TiO2) acts as a scaffold for the perovs-
kite; both materials remain in close contact, enabling charge
separation and electron transport to the bottom electrode. A
thin layer of compact titania (c-TiO2) is deposited before
m-TiO2 to better match the band levels between the perovskite,
the ETL, and the bottom electrode. Both layers of TiO2 need to
be sintered at temperatures over 400 °C, outside the tempera-
ture range of synthetic polymers and cellulose.45 Tin oxide
(SnO2) is an alternative to TiO2 that can be annealed at very
low temperatures; it is commonly sold as nanoparticles sus-
pended in water126 or can be made from tin chloride in
ethanol.127,128 ZnO may also be used as an ETL in PSCs, but it
has been shown to degrade the perovskite quickly. Therefore,
SnO2 is the only viable low-temperature ceramic ETL so far.
SnO2 is typically annealed at temperatures between 150 °C and
180 °C,129 although there are methods to anneal it at room
temperature.128,130 This is the highest temperature used for an
annealing process during PSC fabrication, as the perovskite

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2026 Green Chem.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

7:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc05281e


layer is normally annealed at 100 °C.45 It is also possible to top
c-TiO2 with SnO2 for better band alignment and greater
efficiency.131

Inverted structure devices have a wide range of options for
their first CTL. Nickel oxide (NiOx) is the most popular p-type
HTL that is deposited on top of the bottom electrode. It can be
deposited using various techniques, including spraying and
sputtering, atomic layer deposition, and chemical baths. NiOx

has different stoichiometries depending on the deposition
method, which affects its electrical properties and band align-
ment with the perovskite. Spin-coated NiOx nanoparticles without
annealing were used to make PSCs with 21.6% efficiency.132

Other than metal oxides, polymers have successfully been
integrated into PSCs. PEDOT:PSS was the first polymer to be
used as an HTL in inverted structure PSCs, and it can reach
efficiencies of 19.19%.133 Nonetheless, PEDOT:PSS signifi-
cantly affects perovskite performance and stability due to its
high hygroscopicity and acidity.132 PSS corrodes the perovskite
and provokes ion migrations to the ITO electrode. Substituting
this dopant with hydrophobic poly(ethylene-co-vinyl acetate)
(EVA) improves perovskite adhesion to the electrode and prevents
ion migration, resulting in devices with efficiencies close to 20%.

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is
another polymer used to make HTLs in inverted structure
PSCs. It has the advantage of forming very smooth hydro-
phobic layers after annealing and is more stable than PEDOT:
PSS.132 However, these properties also lead to the perovskite
solution dewetting too rapidly, resulting in nonuniform layers.
This problem can be solved by using UV-O3 or plasma treat-
ment, but as discussed earlier, these treatments can damage
organic layers. Researchers have opted to add surfactants to
perovskite solutions to increase their spreadability.
Dodecylammonium bromide (DDABr) proved to be a useful
additive, resulting in PSCs with an impressive 24.3%
efficiency, and up to 19.8% efficiency in 13.18 cm2 aperture
area devices.134 PEDOT and PTAA can be deposited in a variety
of ways; it is most apt to introduce these polymers in inks
meant for printing or spraying.

The use of self-assembled monolayers (SAMs) has surged
recently and has led to a variety of record-breaking PSCs,
reaching efficiencies over 26% when combined with NiOx.

135

Unlike PEDOT and PTAA, SAMs are small-sized molecules and
are usually spin coated or sprayed onto the electrode or other
CTLs. These molecules consist of three parts: an anchoring
group that bonds the SAM to the substrate surface, a spacer
group that determines the SAM tilt angle and connects the other
two groups, and a terminal group that modifies the perovskite
work function and inhibits interfacial charge recombination.136

Each group can be adjusted based on the substrate surface and
the influence on perovskite crystal growth, making them highly
versatile. Their anchoring is driven by heat and is thus greatly
affected by the substrate morphology; thus, the deposition tech-
nique needs to be optimized for different surfaces.136

Special care is required during this stage, as the charge
transport material solvent can have a significant impact on the
substrate. Thermal evaporation and sputtering have little effect

on the substrate, but these processes are more expensive to
implement in R2R processes. Printing, spraying, and slot-die
coating all involve the use of solutions and inks, making the
choice of material and solvent a critical issue at this stage (see
Table 3).

Changing the solvents
Substituting water with ethanol. Commercial colloidal SnO2,

the most common ETL requiring low-temperature processing,
is usually sold in water suspensions. This has a negative
impact on water-soluble cellulose films (namely CMC and
CNC; Table 3). One way to avoid water on this layer is to use
SnO2 on ethanol instead. SnO2 can be synthesized from
SnCl2·2H2O in ethanol. Specifically, SnCl2·2H2O reacts with
ethanol to form Sn(OH)2, which then decays into SnO and
finally oxidizes to SnO2.

128

PEDOT:PSS is another popular PSC material that is sold in
water. Water can be removed from the solution and replaced
with ethanol through ultrafiltration and dialysis.137 This
approach has been used to make top electrodes for OSCs,
reaching 14% efficiency.138

Step 7: first CTL thermal annealing

Many layers require thermal annealing in order to grow crystal-
line structures. TiO2 is a very common ETL material, but its
use is restricted to glass substrates because it requires anneal-
ing at 500 °C. New TiO2 processing techniques have been
developed to overcome this obstacle. Sputtering is one depo-
sition technique that can be used at room temperatures and is
scalable to high-volume fabrication. However, sputtered films
normally require a thermal annealing process afterwards. To
improve crystallinity and avoid high-temperature defects, sput-
tered TiO2 films can be annealed using UV light. This method
has produced PSCs with a remarkable PCE of 24.75% as well
as perovskite modules on glass/FTO and PEN/ITO with PCEs of
18.82% and 14.61%, respectively.139 It is also possible to
deposit TiO2 layers at room temperature using wet chemistry
methods. For instance, a sol–gel titanium diisopropoxide bis
(acetylacetonate) solution can be annealed with a laser at room
temperature; this method has resulted in devices with 17.1%
PCE on PEN/ITO substrates.140

SnO2 is used instead of TiO2 for the low-temperature pro-
cessing of PSCs, yet it still requires temperatures over 150 °C to
be annealed. Multiple approaches have been developed to over-
come this. SnO2 layers can be made using intense pulse
light,141 ultrasonic vibrations,130 negative pressure,142 UV
light,143 or amine fumes (Fig. 7),128 and none of these
methods require thermal annealing.

Nickel oxide is the most-used metal oxide HTL in PIN-struc-
ture PSCs. To overcome the need for high-temperature anneal-
ing, NiOx NPs made with a tetramethylammonium hydroxide
surfactant can be used. These require annealing at 150 °C,
which is a more tolerable temperature than the normal anneal-
ing temperature of 400 °C. This fabrication method has
resulted in PSCs with 18.85% PCE on glass/FTO.144 Recently, a
new HTL material known as DFBT-PMTP has been synthesized
as an annealing-free and additive-free option for inverted
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PSCs; it has been shown to achieve 21.23% PCE.145 SAMs such
as MeO-2PACz can also be deposited as HTLs and annealed at
temperatures below 100 °C to obtain high efficiencies without
any thermal treatment.146

Step 8: perovskite deposition

Perovskite crystal formation is susceptible to temperature and
solvent vapor changes in the environment. While there are
ways to deposit the perovskite layer by evaporation, it is typi-
cally deposited with solution-based methods, as these are
cheaper and easier to implement.147,148 Perovskites have an
ABX3 structure, and different A cations and X anions are mixed
to shift the perovskite band level and adjust the perovskite
Goldschmidt tolerance factor. The A cations are usually small
molecules such as methylammonium (MA) or formamidinium

(FA) or big atoms such as cesium or rubidium. Iodine is the
most common anion, followed by bromine and chloride.149

The wet-method processing route consists of two different
approaches for fabricating the perovskite layer—the one-step
solution process (OSSP) and the two-step solution process
(TSSP); both are illustrated in Fig. 8.

The OSSP involves mixing the perovskite precursors
together in a single solution. When the precursors are de-
posited, the solvent needs to be removed to start the nuclea-
tion and crystallization of the perovskite layer. In spin coating,
this is normally done by using an antisolvent, which removes
the solvent from the substrate without redissolving the perovs-
kite layer. In large-scale methods, the perovskite solvent choice
is very important, as the solvent is removed using an N2 air
knife via the gas quenching method, and this is affected by

Fig. 7 Room temperature annealing of SnO2 with amine fumes, adapted from ref. 128 with permission from Elsevier.128 Copyright 2022.

Fig. 8 Comparison of OSSP and TSSP, reproduced from ref. 150 with permission from Elsevier.150 Copyright 2020.
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the solvent evaporation temperature and the atmosphere
solvent saturation.151 Methods such as flash infrared anneal-
ing and photonic curing are also R2R compatible.152,153

In the TSSP, both precursors are deposited separately. The
BX3 precursors are typically deposited first. The AX precursor
is dissolved in a different solvent that would remove the BX3

solvent, thus acting as an antisolvent. In both cases, the sub-
strates are thermally annealed to remove any solvent traces
and to promote grain growth.

The OSSP and TSSP each have their advantages and disad-
vantages. The OSSP is more straightforward since mixing all
the precursors allows for an easier deposition, and it has a
defined stoichiometry. However, the choice of antisolvent and
how it is deposited greatly affects perovskite formation,154 and
the OSSP tends to result in big crystals with many pinholes,
without homogeneous surface coverage.150,155 Lead halide depo-
sition in the TSSP is easier to control and more homogeneous,
but there is little control over the resulting perovskite stoichio-
metry.155 There are arguments in favor of both methods for
high-volume production: the OSSP allows for the precise control
of precursor compositions, enables the use of complicated per-
ovskite formulations in high-efficiency devices, and has a more
economic implementation.156 TSSP allows for more consistent
film morphology, leading to reproducible devices.157 Regardless
of which process is used, more than one solvent is required,
often with distinct properties, and their interactions with the
cellulose substrate need to be carefully considered.

Changing the solvents. Lead-based PSCs are generally pre-
pared using a mixture of DMF and DMSO. DMF has been
labeled as a solvent with “major issues” because of its high
toxicity, which complicates PSC upscaling.158 Moreover, it can

redisperse certain types of cellulose (see Table S1), making it
important to find a replacement.

Substituting DMF : DMSO with ethanol and acetonitrile.
Ethanol and acetonitrile are incapable of dissolving lead
iodide (PbI2) on their own and are commonly used as cosol-
vents. Ethanol can be mixed with N,N-dimethylacetamide
(DMA) and alkylammonium chloride (RNH3Cl) to form
FAPbI3;

159 it is worth noting that DMA is a toxic solvent, but it
is used in small amounts. In a similar fashion, acetonitrile can
be mixed with 1,2-dimethoxyethane (DME) to make FAPbI3

160

or with isopropyl acetate (IA) to make MAPbI3.
161

The use of a mixture of ethanol and acetonitrile was a sig-
nificant advancement in PSC fabrication in recent years. In
their work, Rezaee et al. fabricated MAPbI3 PSCs on glass/ITO
and PET/ITO via bar coating and slot-die coating, respectively,
at room temperature and attained efficiencies of 19.5%.162 A
similar solvent mixture, DMSO with acetonitrile and ethanol,
was used in the production of a wide-bandgap perovskite on
tandem modules. The PSCs reached efficiencies up to 21.5%,
and 23.8% in 20 cm2 tandem devices.163

Substituting DMF : DMSO with water and IPA. Water is one of
the main factors contributing to PSC degradation due to the
critical role played by moisture in perovskite decomposition.
This has led to researchers regarding water as unsuitable for
PSC manufacturing. However, water and other green options
can replace DMF and DMSO, the most commonly used sol-
vents in lead-based PSC production. In the TSSP, BX2 precur-
sors are deposited first, followed by AX. PbI2 has poor solubi-
lity in water, so it is replaced by Pb(NO3)2. Once dry, the sub-
strate is submerged in a methylammonium iodide bath in IPA
and thermally annealed to form the perovskite layer (Fig. 9).

Fig. 9 PSC fabrication using water as a solvent, reproduced from ref. 167 with permission from the American Chemical Society.167 Copyright 2024.
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The crystallization pathway of perovskites formed from
aqueous precursors differs from that of conventional organic-
solvent systems, often producing films with larger grains.164–166

Interestingly, studies showed water-processed PSCs exhibit
enhanced stability compared with DMF-based devices due to
the absence of excess PbI2, the presence of larger crystalline
domains, and Pb(NO3)2-derived residues that can act as water
scavengers. Despite these advantages, some challenges still
remain for aqueous precursor processing, including incomplete
surface coverage, pinhole formation driven by Ostwald ripening,
and the need for multi-cycle deposition to achieve uniform
films. Surfactants such as potassium oleate have been intro-
duced to lower the surface tension of water and promote better
wetting. Using this strategy, PSCs have achieved 24% PCE, with
unencapsulated devices retaining 92.5% of their initial perform-
ance after 90 days at 25 °C and 30% RH in ambient air. Under
combined thermal and light stress (1 sun, 60 °C), these devices
maintain 90.8% of their original PCE after 800 h, illustrating
that properly controlled aqueous processing can deliver both
high efficiency and long-term operational stability.

Moreover, while improved morphology, fewer defects, and
controlled crystallization pathways explain much of the
enhanced stability, broader degradation pathways, such as ion
migration remain considerations.

Changing the antisolvent. An antisolvent is used to remove
the perovskite solvent and induce crystallization. It needs to
weakly interact with the perovskite precursors and simul-
taneously be miscible in the host solvent. Applying the antisol-
vent on the deposited perovskite films greatly reduces the solu-
bility of the precursors and triggers fast nucleation, thus facili-
tating perovskite film formation. The antisolvent application
time plays a pivotal role in the quality of the perovskite layer.
Whether the application time is short or long depends on the
miscibility of the antisolvent in the host solvent and on the
solubility of the organic halides in the antisolvent. Taylor et al.
demonstrated that high-performance devices can be made
with a variety of antisolvents; the key lies in adjusting the
application time (Fig. 10).154 Based on this understanding,
PSCs made on cellulose can be adapted to an antisolvent that
is compatible with the substrate, which can lead to the use of
green, nontoxic antisolvents.168

Solvent toxicity and environmental impact assessment. In
comparison with lead, the toxicity of the solvents used in the
processing of active and charge transport layers in PSCs is a
less frequently discussed concern. The toxicity and environ-
mental impacts of the solvents are just as important consider-
ations, particularly as solution-based manufacturing
approaches move toward industrialization. To quantitatively

Fig. 10 Antisolvent application time chart, reproduced from ref. 154 with permission from Springer Nature.154 Copyright 2021.
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evaluate environmental and health impacts, Vidal et al.169 con-
ducted a full life-cycle assessment (LCA) covering industrial
production, use, energy demand, emissions, and end-of-life
handling for commonly used perovskite processing solvents.
The findings showed that solvents such as DMF contribute dis-
proportionately to human-health toxicity and environmental
burdens. DMSO, which has a comparatively lower toxicity, is
widely used as an additive in perovskite precursor solutions
because its high donor number leads to the formation of
stable intermediate phases.170 Moreover, DMSO, although not
acutely toxic, can cause dermal penetration of contaminants,
creating additional safety concerns during large-scale perovs-
kite coating.170,171

Using less toxic and more environmentally responsible
solvent systems is essential for enabling safe and sustainable
manufacturing. Green solvents, defined as low-toxicity, bio-
degradable, non-flammable with minimal environmental per-
sistence, offer safer alternatives. Simple alcohols such as
ethanol and IPA, water, and bio-derived solvents (e.g., GVL)
exhibit lower toxicity, biodegradability, and minimal bioaccu-
mulation potential.170 In addition, bio-derived solvents pro-
duced from renewable feedstocks offer further reductions in
life-cycle impacts and align well with circular-economy prin-
ciples. Taken together, both toxicity data and life-cycle assess-
ment findings underscore that replacing hazardous polar
aprotic solvents with greener alternatives can significantly
reduce the environmental footprint associated with perovskite
film fabrication. Table 10 presents the list of solvents used in
the fabrication of PSCs classified based on Safety (S), Health
(H), and Environment (E).

Step 9: thermal annealing

After the solvent is removed, the perovskite is annealed to
promote crystal growth and remove any leftover solvent. This
process is usually done at 100 °C for 40–60 minutes. As dis-
cussed earlier, high temperatures can cause cellulose to lose
moisture and buckle, and additives like plasticizers to

degrade, so it is prudent to minimize thermal treatments. The
following methods can be used to anneal the perovskite layer
at room temperature.

Gas quenching. If evaporation of the perovskite solvent can
be modified, nitrogen gas can be used to quench the perovs-
kite layer and effectively eliminate the need for an antisolvent
(Fig. 11). In their study, Cassella et al. developed a perovskite
ink with a 1 : 9 ratio of 2-methoxy ethanol and tetrahydrofuran
(THF) and used it to make MAPbI3 perovskite devices with up
to 18% efficiency, without using an antisolvent or thermal
annealing. The key finding was that THF helped accelerate the
solvent removal by lowering the vapor pressure of the solvent
mixture, facilitating the crystallization of the perovskite with
just a nitrogen gas flow.146 Caution is advised as both of these
solvents are toxic. A similar approach could be found using
non-toxic and greener solvents instead.

Water vapor annealing. An interesting technique for perovs-
kite annealing at room temperature involves the use of water

Table 10 Safety, health, and environment scores for selected solvents scores are based on the CHEM21 solvent guide; higher numbers indicate
worse scores. Adapted from ref. 172 with permission from the Royal Society of Chemistry.172 Copyright 2016

Fig. 11 Nitrogen gas quenching in slot-die process, adapted from ref.
151 with permission from Elsevier.151 Copyright 2021.
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vapor. The antisolvent is pipetted, and the substrates with the
perovskite layer are kept under a moisture-controlled atmo-
sphere for 60 minutes, during which the perovskite redissolves
and recrystallizes as water evaporates. This approach has many
advantages: it can be performed outside a glovebox and at
room temperature; it produces low-hysteresis devices; and the
resulting PSCs are more stable in moist environments than
thermally annealed ones. Cells fabricated using this approach
with simple MAPbI3 perovskite achieved 16.4% efficiency.173

Ultrasonic vibration. Ultrasonic vibrations can be used to
anneal the perovskite layer without thermal treatment
(Fig. 12). After quenching the perovskite layer with antisolvent,
vibrations are used to mix the perovskite components. This
increases the solvent and antisolvent evaporation rates and the
overall uniformity of the layer, which, in turn, contributes to
efficiency, improved reproducibility, and reduced hysteresis.174

Ultrasonic vibrations can even be used to make annealing-free
and antisolvent-free perovskite layers, although the perform-
ance is quite low at 10.43% on mesoporous devices.175 This
technique has previously been used to anneal an SnO2 CTL
and a perovskite layer, resulting in an astonishing PCE level of
17.38% on flexible PET/ITO, entirely at room temperature.130

Doping. Dong et al. reported making MAPbI3 PSCs with
19.25% efficiency entirely at room temperature. First, an SnO2

ETL was deposited and cured with UV light, without any
thermal annealing. Second, a perovskite precursor solution
was doped with 0.1 mol ml−1 of guanidinium iodide, and the
active layer underwent crystallization within a nitrogen-filled
glovebox in one hour.176 This work evidences the possibility of
making high-efficiency PSCs at low temperatures.

Another way to avoid the thermal annealing of perovskite is
by doping the antisolvent with 3,4-ethoxylenedioxythiophene
(EDOT). The dopant fills any halide vacancies and thus helps
passivate any defects in the perovskite layer, and it increases
cell stability by reducing halide ion migration. This technique
also slightly increases the open-circuit voltage and device stabi-
lity in ambient air. Cells made with this approach have
attained 20.12% PCE on glass/FTO and 15.58% on unspecified
flexible substrates.177

Step 10: depositing the second CTL

With solution-based processes, special care needs to be taken
to use a compatible solvent during the second CTL deposition
to avoid affecting the perovskite active layer. Additionally,

since the perovskite has already been deposited by this stage,
the rest of the process needs to proceed at a low temperature.

In NIP devices, 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-
amine)9,9′-spirobifluorene (Spiro-OMeTAD) is the most
popular material for HTLs. Initially used as an HTL in light-
emitting diodes and dye-sensitized solar cells, Spiro-OMeTAD
was adapted to PSCs due to its easy processability, good mor-
phology, and ability to match the bands of perovskite types.178

Its conductivity is much lower than that of most perovskites,
so Spiro-OMeTAD needs to be doped; the most common
dopants are 4-tert-butyl pyridine (tBP), LiTFSI, and FK209.179

The biggest drawback of Spiro-OMeTAD is its low stability,
arising from the dopants’ interactions and degradations when
in contact with perovskite, water, and oxygen.178 Promising
new HTL materials similar to Spiro-OMeTAD have been
recently developed and have proved to be easier to synthesize
and more stable.180,181

PTAA has also been used as an HTL in devices with the NIP
structure. It requires doping with tBP and LiTFSI to become a
p-type material, but the dopant concentration needed is four
times less than that of Spiro-OMeTAD.182 PTAA has many
advantages: it is an amorphous, thermally stable material that
is soluble in a wide range of organic solvents and forms very
smooth films.182,183 There is no clear winner between PTAA
and Spiro-OMeTAD, as they both have advantages and disad-
vantages. PTAA is more mechanically and thermally stable, but
Spiro-OMeTAD has been the preferred HTL material in record-
breaking PSCs.182

Poly(3-hexylthiophene) (P3HT) is the third most commonly
used organic material for the HTL in NIP PSCs. It exhibits
good hole mobility without dopants and is inexpensive and
simple to process. It is speculated to be a good replacement
for Spiro-OMeTAD, as its low cost makes it a very attractive
option for large-scale production.184 P3HT devices have been
reported to attain an impressive efficiency level of 24.6%.185

The molecular structures of the different organic HTLs are
illustrated in Fig. 13.

The deposition of metal oxide transport layers on the per-
ovskite layer is uncommon because of the high temperatures
necessary for deposition and annealing. One way to get around
this issue is by synthesizing metal oxide NPs. NiOx NPs
printed in NIP devices and SnO2 NPs in PIN devices have been
reported to achieve 25.17% and 16.5% efficiency,
respectively.187,188

Fig. 12 Ultrasonic vibration annealing, reproduced from ref. 175 with permission from Elsevier.175 Copyright 2018.
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For PIN structure devices, fullerene and its derivatives (C60
and PCBM) are the most popular ETL choices, thanks to their
low-temperature processing, high electron conductivity, and
appropriate band alignment with perovskites. However, good
quality C60 layers require thermal evaporation, whereas PCBM
is processable in solution but dimerizes under light and
absorbs the perovskite degradation products, thus losing
stability.189

Changing the solvents
Substituting chlorobenzene with ethyl acetate. There is an

urgent need to replace chlorobenzene (CB), a common antisol-
vent for lead-based PSCs and a common solvent for Spiro-
OMeTAD, with an alternative, as it is highly toxic to animals
and the environment, and large volumes are used during fabri-
cation.190 CB can be replaced with ethyl acetate (EA), a safer,
greener alternative. Notably, devices made with Spiro-MeOTAD
and EA have outperformed devices made with CB, at PCEs of
23.3% and 21.0%, respectively.191 In a study that compared
many solvents for Spiro-OMeTAD, it was proved that CB can be
substituted with p-xylene, a less toxic and more industrially
compatible solvent, and achieve an identical PCE.192

Step 11: top electrode

The last step in PSC fabrication is the deposition of the top
electrode. Thermally evaporated metals such as gold, silver,
aluminum, and copper are the most typical materials for this
layer. Their main advantages are their high conductivity, ease

of processability, and proper work function. Their biggest
drawback is metal ion diffusion into the other layers, which
lowers device stability.193

AgNWs can be used as top electrodes, and when combined
with a TCO as a bottom electrode, they enable the easy fabrica-
tion of bifacial PSCs.194 When an opaque substrate is used,
such as titanium foil, the top electrode needs to be transparent
to let light into the active layer.

Carbon is among the newest electrode materials proposed
for PSCs. Carbon electrodes are normally used in mesoporous
recyclable devices but have been adapted to work as top elec-
trodes in planar devices. A composite carbon electrode can be
hot pressed on top of Spiro-OMeTAD or P3HT (Fig. 14).
Devices made with this novel technique have achieved
efficiency levels of over 19%.195 A similar approach has been
taken in an R2R process involving a silver-carbon composite,
which proves the scalability of this material.196

Outlook
Actionable points

Crosslinking is a key factor. Cellulose is usually dispersed in
common solvents; this is useful since it allows for easy and
safe processing, although it also means it can redisperse when
coating it with materials dissolved in those solvents. As out-
lined in Steps 1 and 2, crosslinking cellulose can improve the
films’ solvent resistance,12,31 and slightly decrease their CTE
and gas permeation.55,76 Crosslinking seems to be mostly
done on hydrogels and membranes,197,198 and rarely done on
transparent films; it has the potential to make cellulose a
viable alternative to PET and PEN as exemplified by cellulose
vitrimers.12

New plasticizers. A certain level of flexibility is required to
undertake the PSC production process, especially in R2R.
Plasticization is an easy way to improve cellulose films’
mechanical properties,63,65 and even decrease gas permeation,
with simple molecules such as sorbitol and maltitol.65,66 One
of cellulose’s advantages over synthetic polymers is their rela-
tively high temperature resistance. The issue with plasticiza-

Fig. 13 Molecular structures of organic HTLs, adapted from ref. 186
with permission from Wiley.186 Copyright 2021.

Fig. 14 Cross-section of hot-pressed composite carbon electrode over a PSC: (a) optical microscope image, (b) SEM image, reproduced from ref.
195 with permission from Springer Nature.195 Copyright 2025.
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tion is the degradation of the plasticizers at temperatures
around 100 °C,46 therefore, there is a need to find new plasti-
cizing materials that can resist higher temperatures to ease
manufacturing.

Decrease gas permeation. While crosslinking and plastici-
zers can increase the gas barrier properties of cellulose films,
it still requires coatings to reach appropriate levels for
optoelectronics.93–95 Some ceramic coatings have been
explored but require complicated techniques such as atomic
layer deposition; if possible, more sustainable and easier
methods should be explored.

Standardized CTE measurements. So far, CTE values for
different types of cellulose have been reported, yet these
studies use different instruments and testing conditions.
Moreover, to our knowledge, there is no work that analyses the
effects water loss and plasticizer degradation have on cellulose
films CTE. This literature gap could be covered with a study
that analyses CTE values of different types of cellulose films
under the same measurement conditions.

Lead leakage and immobilization. Lead leakage in PSCs is a
big concern that hinders their adoption.199 Replacing the glass
substrate with cellulose risks increasing the chance of lead
leaking out of the devices, yet the substrate is not entirely
responsible for this. Together with the encapsulant and immo-
bilization methods, proper antileakage measures can be
achieved without solely depending on the substrate. Moreover,
coatings used to decrease gas permeation could also help to
prevent lead leakages, although this has not been studied yet.
Bio-based and organic materials show promising
encapsulation200–202 and lead immobilization203,204 that can
support cellulose substrates without diminishing the device’s
overall sustainability.

Reporting cellulose data that serves optoelectronics.
Researchers have proposed cellulose as a potential substrate,
but the available data are insufficient to convince the perovs-
kite community to adopt it. Cellulose researchers need to offer
data on the mechanical properties of their films, solvent vul-
nerabilities, OTR and WVTR values, their surface roughness,
optical transmittance and haze, CTE values and temperature
limits, and how all these properties compare to PEN and PET.
Additionally, the data should be in the units normally used by
the optoelectronics field. Providing these data would signifi-
cantly help the optoelectronics field to adopt more sustainable
substrate materials.

Economic and life-cycle assessments. There are some
examples of PSCs built on cellulose substrates, although their
efficiency is quite low compared to the state-of-the-art.36,205,206

Once the fabrication process on cellulose has been optimized
and their efficiency rivals that of PSCs built on PET and PEN,
their costs and sustainability need to be quantified. Adapting
technoeconomic207,208 and life-cycle assessments209,210 of
PSCs on PET and PEN would be good starting points to show
the benefits and future challenges of using bio-based
substrates.

Maintaining sustainability in mind. The goal is to have solar
cells that abide by circular economics. Using expensive or

scarce materials and wasteful fabrication techniques under-
mines the purpose of substituting the substrate. Efforts to
improve the properties of cellulose must be guided by a strong
commitment to sustainability.

Summary

Over the last decade, PSCs have been considered promising
options for circumventing the costly and energy-intensive fab-
rication of silicon. PSCs have undergone huge leaps in
efficiency and stability, and now, before they enter the market,
the question of their sustainability is taking center stage.
Science and industry are increasingly aiming to integrate PSCs
into a circular economy model, and cellulose might be one of
the key factors. However, combining cellulose and PSCs comes
with many intricacies that have rarely been explored; it is not
as easy as merely swapping one material for another. A suc-
cessful outcome requires both the cellulose and the PSC fields
to come together and understand the other’s needs and limit-
ations, including acceptable gas barrier levels, appropriate
transparency and conductivity values, and the solvent resis-
tance of cellulose films, among others.

Cellulose has the potential to be a sustainable substrate but
only after careful modifications and optimization. What would
PSC fabrication on cellulose look like? First, cellulose needs to
be crosslinked to increase its solvent resistance and reduce its
CTE and water uptake. Next, plasticizers and other compounds
have to be included to increase the flexibility of cellulose films,
and coatings are needed to reduce gas permeation. Cellulose
needs to be dried properly during casting for maximum trans-
parency and minimum surface roughness. The most critical
point arises during the deposition of the bottom electrode and
the first CTL, as these have the biggest impacts on the depo-
sition of the next layers and the overall quality of the device.
Solvent compatibility and an appropriate surface morphology
are crucial parameters at this stage. Finally, cleaning treat-
ments, ink deposition, and annealing treatments need to be
adapted to PSC processing to avoid damaging the substrate.

The traditional PSC processing route has to evolve to
accommodate more sustainable approaches. Here, we offer
some realistic solutions for most of the steps involved, which
can be implemented with varying levels of engineering and
optimization. The most challenging aspect is ensuring that the
gas barrier properties of cellulose, particularly the oxygen
barrier, surpass those of PET and PEN; OTR and WVTR levels
need to improve to ensure that solar cells are both sustainable
and long lasting. Otherwise, this technology would only be
suitable for applications with short lifespans, such as some
sensors and indoor photovoltaics. Gas barriers can be
improved by pairing cellulose-based PSCs with biobased
encapsulants, which would ensure the recyclability of the
devices. Environmental, social, and economic sustainability
and the high-throughput production of PSCs is within reach,
and the methods have been laid out in this article. We hope
that the outlined recommendations help perovskite and cell-
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ulose experts come together in bringing forth the next gene-
ration of solar technology.
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