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Abstract: Dye-sensitized solar cells (DSSCs) are a very promising solution as remote sustainable low
power sources for portable electronics and Internet of Things (IoT) applications due to their room-
temperature and low-cost fabrication, as well as their high efficiency under artificial light. In addition,
new achievements in developing semitransparent devices are driving interest in their implementation
in the building sector. However, the main obstacle towards the large-scale exploitation of DSSCs
mainly concerns their limited long-term stability triggered by the use of liquid electrolytes. Moreover,
the device processing generally involves using a thick adhesive separator layer and vacuum filling or
injection of the liquid polymer electrolyte between the two electrodes, a method that is difficult to scale
up. This review summarizes the advances made in the design of alternative (quasi-)solid polymer
electrolytes, with a focus on polysiloxane-based poly(ionic liquid)s. Their behavior in full DSSCs is
presented and compared in terms of power generation maximization, advantages and shortcomings of
the different device assembly strategies, as well as polymer electrolyte-related processing limitations.
Finally, a fair part of the manuscript is allocated to the assessment of liquid and gel polymer electrolyte
printability, particularly focusing on polysiloxane-based electrolytes. Spray, blade (slot-dye), screen
and inkjet printing technologies are envisaged considering the polymer electrolyte thermophysical
and rheological properties, as well as DSSC processing and operating conditions.

Keywords: DSSCs; polymer electrolyte; polysiloxane; thermophysical and rheological properties;
printing

1. Introduction

The worldwide power consumption is expected to increase by 47% in the next 30 years
due to population and economic growth [1]. Hence, there is a growing interest in renewable
energy sources and, more precisely, solar energy, which is readily available and abun-
dant. Apart from the abundance of potentially exploitable solar energy, photovoltaic (PV)
cells have competitive maintenance costs and can operate silently off-grid, making them
ideal for usage on remote sites or mobile applications. According to Greenpeace Interna-
tional, solar PV cells could provide 14% of total electricity generation by 2030 and employ
10.3 million people [2]. More than 80% of the PV market for terrestrial applications is
currently dominated by mono- and polycrystalline (c-Si) bulk silicon solar cells, which
offer the best compromise between cost and performance. To date, this is the most ma-
ture PV technology with terrestrial cell efficiencies between 12% and 25% [3]. However,
although silicon is abundant, a consequent energy budget is consumed for silicon purifi-
cation [4]. Furthermore, recycling is not easy as lower Si grades are obtained but further
powder engineering can allow its exploitation in other energy-related domains such as
batteries [5,6].
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Beside bulk silicon solar cells, a second generation of thin film PV devices has been
developed, which includes amorphous Si, CdS, CdTe, CuInSe2 (CIS), CuInGaSe2 (CIGS)
and Cu2ZnSnS4 (CZTS) [7,8]. Thin-film technology has always been cheaper but less
efficient than conventional c-Si technology. Terrestrial cell efficiencies between 7% and 21%
have been established [3,7], but their large-scale exploitation has been hindered by the high
toxicity of constituent materials.

Apart from their lower fabrication cost, third-generation solar cells, including per-
ovskite solar cells, organic solar cells and dye-sensitized solar cells, are appealing nowa-
days for their tunable color/transparency and the flexible substrate-compatible deposition
processes [9].

Record efficiencies of up to 25.7% at lab scale were reported for perovskite solar
cells [10], which still remain environmentally hazardous due to their content in toxic lead
and saltlike minerals, and are unstable when exposed to air moisture [11].

After more than 20 years of research, a new generation of dye-sensitized solar cells
(DSSCs) emerged on the PV market [12], striving to level Si-based technology and to target
greener processing technologies. Since the first report of O’Regan and Grätzel in 1991 on
DSSCs based on liquid electrolytes with the standard I−/I−3 mediator and a Ru complex as
sensitizer reporting modest performances [13], the technology has come a long way and
performance has doubled. The introduction of new redox couples based on Co-complexes
and porphyrin dyes contributed to achieving the benchmark value of 14.7% [14]. Indeed,
cobalt or copper complex redox mediators have a more positive redox potential and thus
enable a higher theoretical maximum photovoltage [15–18]. Recently, that benchmark was
overpassed with 15.2% efficiency being reported for Co-cosensitized DSSCs for which the
TiO2 photoanode was preconditioned with hydroxamic acid [19]. Although the power
conversion efficiency of DSSCs is not as good as that of perovskite or organic solar cells in
outdoor sunlight conditions, they outperform them under indoor artificial illumination [20],
with a 34.5% efficiency record reported [21] for cells comprising Cu-redox mediator-based
liquid electrolytes. DSSCs can therefore be a solution to the increasing demand for portable
and indoor power generation as reflected by the current trends of the indoor photovoltaic
market, which was predicted to reach 109 USD in 2021 [21]. However, fulfilling that
challenge is not straightforward due to the rather slow progression of DSSC efficiency over
the last decade, as illustrated in Figure 1 [20–36].
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In addition to their outstanding indoor performance, DSSCs manufacturing mostly
involves normal atmosphere chemical processes with few limitations on materials avail-
ability. DSSCs are nearly temperature-independent in the normal operating temperature
range of 20–70 ◦C, being able to radiate heat away much more efficiently than traditional
silicon cells [37].

So far, the main obstacles towards the emerging of the DSSC technology in the PV
market are electrolyte-related instability issues and tedious multistep cell assembly proce-
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dures that will be discussed in detail below with a focus on current polymer electrolyte
recipes and deposition method trends. Indeed, indoor and outdoor applications of DSSCs
based on liquid electrolytes are limited due to some practical problems, such as leakage and
volatilization of solvent, photodegradation and desorption of dye and counter electrode
corrosion [38].

A significant number of reviews and publications summarize the advances made
in preparing gel or (quasi-)solidlike polymer electrolytes and their use implementation
in DSSCs while principally using injection or vacuum filling during mounting. None or
few reports [39–41] analyze the thermophysical and rheological properties of the polymer
electrolytes with the goal of applying them through scalable spray or printing processes and
fitting the different device designs. This review particularly addresses these issues with a
focus on a new and less-studied class of polymer electrolytes for DSSCs, the polysiloxanes.

As further developed in this review, polysiloxane-based electrolytes have great poten-
tial of exploitation by DSSCs due to their thermal and chemical resistance and their high
compatibility with common electrolyte additives (ionic liquids, low/high boiling point
solvents, fillers or other polymers) used for tuning the ink rheology for printing.

2. DSSC Operation and Configuration
2.1. DSSC Operation

A DSSC is a photoelectrochemical device in which several electron transfer processes
run in parallel and in competition. In contrast to the semiconductor p-n junction solar
cells, where light absorption and charge transport occur in the same material, the DSSC
separates these functions: photons are absorbed by the dye molecules and photogenerated
charges are transported through the photoanode and electrolyte. In DSSCs, the photoanode
is a mesoporous semiconducting oxide layer, usually TiO2, composed of nanometer-sized
particles deposited on a transparent conductive substrate and sintered to allow the elec-
tronic conduction (Figure 2a). A monolayer of dye-sensitizer (S) molecules is attached to
the surface of the oxide. The counter electrode (CE) is composed of a thin catalyst layer,
typically Pt or C, deposited on a conducting substrate (Figure 2a). A redox electrolyte
allows the transport of electrical charges between the dye-sensitized photoanode and the
CE, thus closing the cycle. Upon light absorption, the dye (S) wrapping the TiO2 particles
is excited to a higher energy state S* (reaction 1 and Figure 2b). Through electrons transfer,
the dye is oxidized, whereas the electrons are transferred to the conduction band (CB) of
the photoanode semiconductor (reaction 2 and Figure 2b). The electrons diffuse across
the semiconductor toward the external circuit and reach the counter electrode where they
react with the electrolyte that fills the space between the two electrodes (Figure 2a). The
original state of the oxidized dye is subsequently restored by electron acceptance from
the reduced redox couple (I−) in the electrolyte (reaction 3 and Figure 2b), which is itself
regenerated at the platinum counter electrode (reaction 4 and Figure 2b) by reduction of
the triiodide (I−3 ) [42–45]. In addition to the forward electron transfer and ionic transport
processes, several competing electron recombination pathways evolve at the same time:
the recombination of the injected electrons with the dye cations (reaction 5 and Figure 2b)
or the recombination of the injected electrons with the triiodide redox mediator (reaction 6
and Figure 2b).

(1) S + hv→ S*
(2) S*→ S+ + e−

(3) S+ + 3/2 I− → 1/2 I−3 + S
(4) I−3 + 2e−CE → 3 I−

(5) S+ + e−CB → S
(6) I−3 + 2e−CB → 3 I−

The overall sunlight-to-electric power conversion efficiency (PCE) of DSSC (ï) is
defined by the potential difference between the semiconductor Fermi energy and the redox
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potential of the electrolyte mediator (the open-circuit potential—VOC) and calculated from
Equation (1):

ï = Pmax/Pin = JscVocFF/Pin (1)

where Pmax is the maximum obtainable power, Pin is the incident light intensity, Jsc is the
photocurrent for zero potential, Voc is the photovoltage measured at open circuit, and FF is
the fill factor. The fill factor ranges from 0 to 1. It reflects the parasitic electrochemical and
electrical losses in the cell and is easily noticeable as a deviation from an ideal rectifying
I–V behavior (Figure 3).
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Figure 3. Maximum power calculation based on the I-V curve registered under light irradiation.

The ratio of the produced monochromatic photocurrent (Jsc in mA/cm2) and the cor-
responding incident wavelength photon flux (Pin in mW/cm2) as a function of wavelength
(λ in m) is named incident photon-to-current efficiency (IPCE) (Equation (2)) and literally
predicts the PCE evolution [46].

IPCE = 1240× Jsc/λPin (2)

For better comparison, the cell efficiency parameters are referenced to a standard
1000 sun (W/m2) incident radiation, under standardized air mass coefficient AM1.5.

2.2. DSSC Configuration

As illustrated in Figure 2, DSSCs are generally sandwich-type structures with different
configurations depending on the type of materials used, with the substrate characteris-
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tics (e.g., flexibility, conductivity, optical properties, etc.) having a major impact on the
configuration choice and on the components’ preparation methods.

Conventionally rigid glass substrates were used for building DSSCs with a bifacial
configuration [47,48] (Configuration A in Figure 4). In addition to the good oxygen and
moisture impermeability and chemical inertness, the glass substrate can support harsh
processing conditions as required for the TiO2 layer fabrication, from solutions or suspen-
sions by spin-coating, dip-coating or blade-coating [49–51]. Indeed, the high temperature
annealing of the TiO2 layer is necessary to remove the solvents and the organic binders
present in the solution but also to sinter the particles together in the benefit the charge
transfer process. When these devices are front illuminated, the incoming radiation first
meets the transparent conductive glass substrate (e.g., the fl-uorine-doped tin oxide—FTO),
which is covered by the semitransparent TiO2 photoanode impregnated with the dye. The
absorption of radiation related to the FTO is negligible. These devices can also operate
in a reverse-illumination configuration provided a transparent counter electrode is used,
but less efficiently [47,52] due to light absorption by the counter electrode and the elec-
trolyte before reaching the photoactive dye. The rigid configurations are those holding
record efficiencies exceeding 13% [14,53], although they are still based on liquid electrolytes
comprising volatile solvents such as acetonitrile and 3-methoxypropionitrile (Table 1).
Unsurprisingly, these devices suffer from the well-known liquid electrolyte-related stability
issues. Moreover, liquid electrolytes are vacuum filled between the electrodes, a bottleneck
process with regard to industrial mass production.

The ambition to constantly make the photovoltaic technology evolve, particularly
with a view to adapting it to increasingly complex architectural constraints, has also driven
the interest in lightweight and cheap substrates, such as polymer substrates or metal
foils [49,52,54], which are compatible with roll-to-roll processes, essential for moving to-
ward mass production and blending with the building environment. The window electrode
of a flexible DSSC is usually made of indium tin oxide (ITO)-coated polyethylene terephtha-
late (PET) or polyethylene naphthalene (PEN) [55–57]. Likewise, self-supported electrodes
such as titanium foil [58–60] are also used (Table 1). The counter electrode catalyst layer
based on Pt, carbon nanotubes, graphene or carbon black are supported either on the
same type of polymer substrates or metal substrates such as steel, graphite or titanium
foils [52,56,57,61,62]. If a metallic substrate is used to support the dye-sensitized TiO2
photoelectrode, back illumination (configuration B in Figure 4) is required for device opera-
tion [27]. As opposed to glass, plastic substrates have high moisture transmission rates [62]
and extra encapsulation methods are required for securing device stability [63–65]. In addi-
tion, low temperature chemical methods have to be applied for TiO2 synthesis (pressing, UV
laser sintering, microwave radiation, electrodeposition, hydrothermal growth [51,56,57,66],
which most often leads to less adherent electrodes with poor charge transport efficiency.
Physically deposited TiO2 photoanodes have been tested as alternatives [67] but their
performance is still limited due to the reduced specific surface and the high film reflectivity.
The plastic substrates are also sensible to the harsh organic solvents usually used in the
composition of liquid electrolytes, such as acetonitrile (ACN) or valeronitrile (VN) [49].
Thus, using flexible configuration comes with several challenges.

For flexible devices fabrication, the titanium foil substrate remained the first choice for
high-temperature TiO2 photoanode processing due to its suitable chemical and thermal
stability. Metal foil-supported TiO2 photoanodes combined with plastic counter electrodes
are the key solution for developing highly efficient, fully flexible DSSCs by using a single,
online and up-scalable printing process.

As for the rigid substrates, liquid electrolytes are mostly used in flexible devices.
Glass–glass encapsulations (by using either thermoplastic or glass frit-based sealings), glass–
plastic or all-plastic specific sealing procedures are adopted for the different DSSC designs
to achieve notable stability under natural and simulated environmental conditions [68].
Apart from electrolyte leakage and evaporation, sensitizer photodegradation and counter
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electrode corrosion have to be addressed as well. Finally, there is a high risk of electrodes
short-circuiting while bending the liquid flexible devices.
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To address these issues, gel or solid-state polymer electrolytes have been proposed
for DSSC [17,69,70]. In the case of gel electrolytes, the electrolyte is trapped inside the
physically (temperature, photoinitiation) or chemically (inorganic—SiO2, TiO2 and organic
gelators–polymers) crosslinked polymer matrix, thus inhibiting its evaporation. The use of
polymer gel electrolytes has opened up the path to other, more scalable deposition and cell
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assembly procedures. The polymer gel is typically screen-printed on the photoanode, then
the counter electrode is pressed over and polymer crosslinking occurs at room temperature,
RT [71,72], through heating [73], cooling [74] or UV-curing [75] (Table 1). Recently, I-Ping
Liu et al. [41] reported a double-layered electrolyte DSSC configuration (Configuration C
in Figure 4) where the gel electrolyte is coated on both electrodes before device lamination,
reaching 8.5% efficiency under artificial light due to the improved contact between the
electrolyte and the counter electrode. Vacuum filling was also used [76] for polysiloxane
gel electrolytes, proving remarkable efficiency long-term stability, which in this particular
case was also related to the use of an iodine-free electrolyte. It is worth mentioning that the
electrolyte/electrode interfacial contact and ion diffusion properties are determined by the
small liquid quantity present in the gel composition and, therefore, a suitable sealing of the
device is required to prevent excessive drying.

In parallel, solid-state electrolytes have been developed [77–79] (Table 1), showing,
however, lower efficiencies due to limited electrolyte penetration into the (meso)porous
TiO2 and reduced ionic conductivity. The polymer crosslinking is achieved through am-
bient soaking or hot pressing and efficiencies similar to quasi-solid-state devices have
been achieved.

A simplified version of the DSSC has been proposed to minimize the redox mediator
diffusion path and simplify cell processing by coating both electrodes on the same substrate,
leading to a monolithic structure as illustrated in configuration D in Figure 4. The counter
electrode material is deposited on the previously dye-sensitized TiO2 covered by a porous
separator layer to prevent short circuit, and afterward, the whole structure is flooded with
the liquid electrolyte. However, monolithic DSSCs do not equalize the liquid devices per-
formance [34,80,81] due to the higher charge transfer resistance at the spacer layer/counter
electrode interface, spacer layer opacity and poor counter electrode reflectivity.
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Table 1. Summary of the best performing DSSCs as a function of configuration and type of substrate. The electrolyte composition, nature (liquid, gel or solid) and
deposition methods are emphasized in particular. Please consult corresponding references for acronym definitions.

Type of
Device Photoelectrode Counter Electrode Electrolyte Electrolyte

Deposition
Type of

Illumination Efficiency (%) Stability Ref.

C
on

ve
nt

io
na

ll
iq

ui
d

de
vi

ce
s

High temperature porous TiO2
screen-printed on FTO glass

PEDOT electrochemically
polymerized onto

FTO glass

0.16 M [Cu(I)(tmby)2] TFSI and 0.08 M
[Cu(II)(tmby)2] (TFSI)2 along with 0.1 M

NaTFSI and 0.45 M NMP in ACN
Vacuum filling Front illuminated 15.2 1000 h at

1000 lux LED [19]

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer

Graphene nanoplatelets of
Au/FTO glass

0.20 M [Co2+(phen)3] (PF6)2, 0.05 M
[Co3+(phen)3](PF6)3, 0.07 M LiClO4,

0.02 M NaClO4, 0.03 M TBAPF, 0.01 M
TBPPF, 0.01 M HMImPF, 0.30 M TBP,

0.1 M TMSP, 0.10 M MP, 0.05 M CPrBP,
0.1 M CPeBP, and 0.05 M COcBP

in MeCN

Vacuum filling Front illuminated 14.3 Not assessed [14]

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer

Graphene drop casted on
FTO glass

0.25 M Co(bpy)3(TFSI)2, 0.06 M
Co(bpy)3(TFSI)3, 0.1 M LiTFSI, and 0.5 M

TBP in ACN
Vacuum filling Front illuminated 13.0 500 h at 25 ◦C

1000 W m−2 [53]

TiO2 nanotubes by anodization
on FTO glass Pt-coated FTO (Solaronix) 0.60 M BMIMI, 0.03 M I2, 0.1 M GTC in

ACN/VN (85:15 vol%) Vacuum filling Front illuminated 10.2 24 h at RT [56]

TiO2 screen-printed on Ti foil Pt spray coated on
ITO-PEN

0.6 M PMII, 0.03M I2, 0.06 M LiI 0.1 M
GuSCN, and 0.05 M TBP in ACN Vacuum filling Back illuminated 8.46 Not assessed [58]

TiO2 screen-printed on
ITO-PEN with scattering layer Pt sputtered on ITO-PEN

0.6 M 1,2-dimethyl-3-propylimidazolium,
0.05 M I2, 0.1 M LiI, iodide and 0.5M TBP

in ACN
Vacuum filling Front illuminated 8.1 Not assessed [26]

High temperature porous TiO2
screen-printed on FTO glass

Pt screen-printed on
FTO glass

0.6 M PMIMI, 0.03M I2, 0.06 M LiI 0.1 M
GuSCN, and 0.05 M TBP in ACN Vacuum filling Front illuminated

Back illuminated
6.04
4.71 Not assessed [55]

TiO2 spray-coated on ITO-PEN
and pressed

Carbon black spray-coated
on AgNWs-PEN 10 mM LiI, 1 mM I2 and 0.1 M TBAMtf Vacuum filling Front illuminated 5.9 Not assessed [57]
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High temperature po-
rous TiO2 screen-

printed on FTO glass  

PEDOT electro-
chemically pol-
ymerized onto 

FTO glass 

0.16 M [Cu(I)(tmby)2] TFSI and 
0.08 M [Cu(II)(tmby)2] (TFSI)2 
along with 0.1 M NaTFSI and 

0.45 M NMP in ACN 

Vacuum filling 
Front illumi-

nated 
15.2 

1000 h at 1000 
lux LED 

[19] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Graphene nano-
platelets of 

Au/FTO glass 

0.20 M [Co2+(phen)3] (PF6)2, 0.05 
M [Co3+(phen)3](PF6)3, 0.07 M 

LiClO4, 0.02 M NaClO4, 0.03 M 
TBAPF, 0.01 M TBPPF, 0.01 M 
HMImPF, 0.30 M TBP, 0.1 M 

TMSP, 0.10 M MP, 0.05 M CPrBP, 
0.1 M CPeBP, and 0.05 M COcBP 

in MeCN 

Vacuum filling 
Front illumi-

nated 
14.3 Not assessed [14] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Graphene drop 
casted on FTO 

glass 

0.25 M Co(bpy)3(TFSI)2, 0.06 M 
Co(bpy)3(TFSI)3, 0.1 M LiTFSI, 

and 0.5 M TBP in ACN 
Vacuum filling 

Front illumi-
nated 

13.0 
500h at 25 °C 
1000 W m−2 

[53] 

TiO2 nanotubes by ano-
dization on FTO glass 

Pt-coated FTO 
(Solaronix) 

0.60 M BMIMI, 0.03 M I2, 0.1 M 
GTC in ACN /VN (85:15 vol%) 

Vacuum filling 
Front illumi-

nated 
10.2 24 h at RT [56] 

TiO2 screen-printed on 
Ti foil 

Pt spray coated 
on ITO-PEN 

0.6 M PMII, 0.03M I2, 0.06 M LiI 
0.1 M GuSCN, and 0.05 M TBP in 

ACN 
Vacuum filling 

Back illumi-
nated 

8.46 Not assessed [58] 

TiO2 screen-printed on 
ITO-PEN with scatter-

ing layer 

Pt sputtered on 
ITO-PEN 

0.6 M 1,2-dimethyl-3-propylimid-
azolium, 0.05 M I2, 0.1 M LiI, io-

dide and 0.5M TBP in ACN 
Vacuum filling 

Front illumi-
nated 

8.1 Not assessed [26] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 

Pt screen-printed 
on FTO glass 

0.6 M PMIMI, 0.03M I2, 0.06 M LiI 
0.1 M GuSCN, and 0.05 M TBP in 

ACN 
Vacuum filling 

Front illumi-
nated  

Back illumi-
nated 

6.04  
4.71 

Not assessed [55] 

TiO2 spray-coated on 
ITO-PEN and pressed 

Carbon black 
spray-coated on 

AgNWs-PEN 

10 mM LiI, 1 mM I2 and 0.1 M 
TBAMtf 

Vacuum filling 
Front illumi-

nated 
5.9 Not assessed [57] 
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High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

PEDOT electro-
deposited on FTO 

glass 

0.1 M [Cu(I)(tmby)2] TFSI and 
0.04 M [Cu(II)(tmby)2](TFSI)2 

complexes with 0.1 M LiTFSI and 
0.6 M NMB in ACN 

Vacuum filling 
followed by UV 

curing 

Front illumi-
nated 

13.5 
1000 h at 45 °C 

1000 W m−2 
[21] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 

Pt sputtered on 
FTO glass 

0.1 M LiI, 0.6 M PMIMI, 0.05 M I2, 
0.1 M GuSCN, 0.5 M TBP, and  

ACN + 20 wt.% P(VA-co-MMA) + 
5% TiO2 filler 

Screen printing 
and pressing 

Front illumi-
nated 

9.4 1000 h at 30 °C [71] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 

Pt drop-casted 
FTO glass 

0.53 g PEO, 0.2 g of LiI, 0.04 g I2 
and 5% acetamide in ACN: PC 

(20:1, v/v) 

Screen printing 
and pressing 

Front illumi-
nated 

9.01 Not assessed [72] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Pt sputtered on 
FTO glass 

0.1 M LiI, 50 mM I2, 0.8 M 
DMIMI, 0.5 M TBP, 0.1 N GuSCN 

in MPN + 9% PEO/PVDF + 4% 
TiO2 

Screen printing 
+ hot pressing 

at 100 °C 

Front illumi-
nated 

8.91 500 h at 60 °C 
in dark 

[68] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Pt sputtered on 
FTO glass 

0.1 M LiI, 50 mM I2, 0.8 M 
DMIMI, 0.5 M, tBP and 0.1 M 

GuSCN into a MPN solvent + 9 
wt.% PEO/PVDF with 0.6 wt.% 

ZnO 

Screen-printed 
on both elec-

trodes 

Front illumi-
nated 

8.50 1200 h at RT [41] 

High temperature po-
rous TiO2 screen-

Pt drop-casted on 
FTO glass PS3 polysiloxane/EC Vacuum filling 

Front illumi-
nated 8.3 >2000 h at RT [76] 

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer

PEDOT electrodeposited
on FTO glass

0.1 M [Cu(I)(tmby)2] TFSI and 0.04 M
[Cu(II)(tmby)2](TFSI)2 complexes with
0.1 M LiTFSI and 0.6 M NMB in ACN

Vacuum filling
followed by
UV curing

Front illuminated 13.5 1000 h at 45 ◦C
1000 W m−2 [21]

High temperature porous TiO2
screen-printed on FTO glass Pt sputtered on FTO glass

0.1 M LiI, 0.6 M PMIMI, 0.05 M I2, 0.1 M
GuSCN, 0.5 M TBP, and ACN + 20 wt.%

P(VA-co-MMA) + 5% TiO2 filler

Screen printing
and pressing Front illuminated 9.4 1000 h at 30 ◦C [71]

High temperature porous TiO2
screen-printed on FTO glass Pt drop-casted FTO glass 0.53 g PEO, 0.2 g of LiI, 0.04 g I2 and

5% acetamide in ACN: PC (20:1, v/v)
Screen printing

and pressing Front illuminated 9.01 Not assessed [72]



Coatings 2023, 13, 1164 9 of 49

Table 1. Cont.

Type of
Device Photoelectrode Counter Electrode Electrolyte Electrolyte

Deposition
Type of

Illumination Efficiency (%) Stability Ref.

C
on

ve
nt

io
na

lq
ua

si
-s

ol
id

de
vi

ce
s High temperature porous TiO2

screen-printed on FTO glass
with scattering layer

Pt sputtered on FTO glass
0.1 M LiI, 50 mM I2, 0.8 M DMIMI, 0.5 M

TBP, 0.1 N GuSCN in MPN +
9% PEO/PVDF + 4% TiO2

Screen printing + hot
pressing at 100 ◦C Front illuminated 8.91 500 h at 60 ◦C

in dark [68]

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer
Pt sputtered on FTO glass

0.1 M LiI, 50 mM I2, 0.8 M DMIMI, 0.5 M,
tBP and 0.1 M GuSCN into a MPN solvent
+ 9 wt.% PEO/PVDF with 0.6 wt.% ZnO

Screen-printed on
both electrodes Front illuminated 8.50 1200 h at RT [41]

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer

Pt drop-casted on
FTO glass PS3 polysiloxane/EC Vacuum filling Front illuminated 8.3 >2000 h at RT [76]

TiO2 nanotubes by anodization
on Ti foil

Pt sputtered on FTO glass
0.6 M BMIMI, 0.0 1M I2, 0.1 M LiI 0.1 M

GuSCN, and 0.5 M TBP in ACN +
7% PMMA-EA

Injection filling than
cooling at −4 ◦C Back illuminated 7.1 1000 h at 52 ◦C [74]

C
on

ve
nt

io
na

ls
ol

id
-s

ta
te

de
vi

ce
s

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer
Pt screen-printed on FTO

0.6 M BMIMI, 0.03 M I2,
0.5 M TBP and 0.1 M GuSCN in

ACN:VN (v/v, 85:15),
20 mol% MMA/HDDA crosslinked on

the surface of dye-sensitized TiO2

Dripping and
RT soaking Front illuminated 10.6 580 h at RT [77]

TiO2 spray-coated on FTO glass Pt-coated FTO glass

0.4 g, EC, 0.2 g PC, 0.225 g PAN,
0.249 g 1-N-butyl-3-hexyl imidazolium

iodide, 0.008 g I2 and carbon
in ACN: THF

Hot pressing Front illuminated 8.42 Not assessed [79]

High temperature porous TiO2
screen-printed on FTO glass

PEDOT spin-coated on the
polyethylene separator

0.6 M BMIMI, 0.03 M I2,
0.1 M GuSCN, and 0.5 M TBP in

ACN:VN (v/v, 85:15)
Soaking Front illuminated 7.73 Not assessed [78]
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High temperature po-
rous TiO2 screen-

printed on FTO glass  

PEDOT electro-
chemically pol-
ymerized onto 

FTO glass 

0.16 M [Cu(I)(tmby)2] TFSI and 
0.08 M [Cu(II)(tmby)2] (TFSI)2 
along with 0.1 M NaTFSI and 

0.45 M NMP in ACN 

Vacuum filling 
Front illumi-

nated 
15.2 

1000 h at 1000 
lux LED 

[19] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Graphene nano-
platelets of 

Au/FTO glass 

0.20 M [Co2+(phen)3] (PF6)2, 0.05 
M [Co3+(phen)3](PF6)3, 0.07 M 

LiClO4, 0.02 M NaClO4, 0.03 M 
TBAPF, 0.01 M TBPPF, 0.01 M 
HMImPF, 0.30 M TBP, 0.1 M 

TMSP, 0.10 M MP, 0.05 M CPrBP, 
0.1 M CPeBP, and 0.05 M COcBP 

in MeCN 

Vacuum filling 
Front illumi-

nated 
14.3 Not assessed [14] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Graphene drop 
casted on FTO 

glass 

0.25 M Co(bpy)3(TFSI)2, 0.06 M 
Co(bpy)3(TFSI)3, 0.1 M LiTFSI, 

and 0.5 M TBP in ACN 
Vacuum filling 

Front illumi-
nated 

13.0 
500h at 25 °C 
1000 W m−2 

[53] 

TiO2 nanotubes by ano-
dization on FTO glass 

Pt-coated FTO 
(Solaronix) 

0.60 M BMIMI, 0.03 M I2, 0.1 M 
GTC in ACN /VN (85:15 vol%) 

Vacuum filling 
Front illumi-

nated 
10.2 24 h at RT [56] 

TiO2 screen-printed on 
Ti foil 

Pt spray coated 
on ITO-PEN 

0.6 M PMII, 0.03M I2, 0.06 M LiI 
0.1 M GuSCN, and 0.05 M TBP in 

ACN 
Vacuum filling 

Back illumi-
nated 

8.46 Not assessed [58] 

TiO2 screen-printed on 
ITO-PEN with scatter-

ing layer 

Pt sputtered on 
ITO-PEN 

0.6 M 1,2-dimethyl-3-propylimid-
azolium, 0.05 M I2, 0.1 M LiI, io-

dide and 0.5M TBP in ACN 
Vacuum filling 

Front illumi-
nated 

8.1 Not assessed [26] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 

Pt screen-printed 
on FTO glass 

0.6 M PMIMI, 0.03M I2, 0.06 M LiI 
0.1 M GuSCN, and 0.05 M TBP in 

ACN 
Vacuum filling 

Front illumi-
nated  

Back illumi-
nated 

6.04  
4.71 

Not assessed [55] 

TiO2 spray-coated on 
ITO-PEN and pressed 

Carbon black 
spray-coated on 

AgNWs-PEN 

10 mM LiI, 1 mM I2 and 0.1 M 
TBAMtf 

Vacuum filling 
Front illumi-

nated 
5.9 Not assessed [57] 
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High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

PEDOT electro-
deposited on FTO 

glass 

0.1 M [Cu(I)(tmby)2] TFSI and 
0.04 M [Cu(II)(tmby)2](TFSI)2 

complexes with 0.1 M LiTFSI and 
0.6 M NMB in ACN 

Vacuum filling 
followed by UV 

curing 

Front illumi-
nated 

13.5 
1000 h at 45 °C 

1000 W m−2 
[21] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 

Pt sputtered on 
FTO glass 

0.1 M LiI, 0.6 M PMIMI, 0.05 M I2, 
0.1 M GuSCN, 0.5 M TBP, and  

ACN + 20 wt.% P(VA-co-MMA) + 
5% TiO2 filler 

Screen printing 
and pressing 

Front illumi-
nated 

9.4 1000 h at 30 °C [71] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 

Pt drop-casted 
FTO glass 

0.53 g PEO, 0.2 g of LiI, 0.04 g I2 
and 5% acetamide in ACN: PC 

(20:1, v/v) 

Screen printing 
and pressing 

Front illumi-
nated 

9.01 Not assessed [72] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Pt sputtered on 
FTO glass 

0.1 M LiI, 50 mM I2, 0.8 M 
DMIMI, 0.5 M TBP, 0.1 N GuSCN 

in MPN + 9% PEO/PVDF + 4% 
TiO2 

Screen printing 
+ hot pressing 

at 100 °C 

Front illumi-
nated 

8.91 500 h at 60 °C 
in dark 

[68] 

High temperature po-
rous TiO2 screen-

printed on FTO glass 
with scattering layer 

Pt sputtered on 
FTO glass 

0.1 M LiI, 50 mM I2, 0.8 M 
DMIMI, 0.5 M, tBP and 0.1 M 

GuSCN into a MPN solvent + 9 
wt.% PEO/PVDF with 0.6 wt.% 

ZnO 

Screen-printed 
on both elec-

trodes 

Front illumi-
nated 

8.50 1200 h at RT [41] 

High temperature po-
rous TiO2 screen-

Pt drop-casted on 
FTO glass PS3 polysiloxane/EC Vacuum filling 

Front illumi-
nated 8.3 >2000 h at RT [76] 

M
on

ol
it

hi
c

qu
as

i-
so

li
d

de
vi

ce

TiO2/ZrO2/C by
screen printing

Glass cover
0.1 M LiI, 0.45 M NMBI, 0.4 M DMPIMI,

20 wt.% polymer in MeCN
Screen printing

and pressing Front illuminated 6.97 Not assessed [80]
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Table 1. Cont.

Type of
Device Photoelectrode Counter Electrode Electrolyte Electrolyte

Deposition
Type of

Illumination Efficiency (%) Stability Ref.

M
on

ol
it

hi
c

li
qu

id
de

vi
ce

High temperature porous TiO2
screen-printed on FTO glass
with scattering layer, ZrO2

spacer layer on top

Graphite/carbon black on
FTO glass

0.165 M Co(II) and 0.045 M Co(III)
tris(bipyridyl)tetracyanoborate

complexes, 0.8–1.4 M TBP,
and 0.1 M LiClO4

Vacuum filling Front illuminated 9.5 200 h at RT [81]

High temperature porous TiO2
screen-printed on FTO glass.

CuFeS2 + carbon black
drop casted on FTO glass

0.6 M BMIMI, 0.03 M I2, 0.5 M TBP and
0.1 M GuSCN in ACN Vacuum filling Front illuminated 8.05 Not assessed [34]

Ju
nc

ti
on

de
vi

ce
s

High temperature porous TiO2
screen-printed on FTO glass

PEDOT electrodeposited
on FTO glass

0.1 M [Cu(I)(tmby)2] TFSI and 0.04 M
[Cu(II)(tmby)2](TFSI)2 complexes with
0.1 M LiTFSI and 0.6 M NMB in ACN

Vacuum filling Front illuminated 13.1 10 h at 45 ◦C
1000 W m−2 [33]

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer
Pt foil Solid state electrolyte HTM deposited on

the photoelectrode by drop casting, CuI Pressing Front illuminated 10.1 Not assessed [82]

High temperature porous TiO2
screen-printed on FTO glass

with scattering layer

PEDOT electrodeposited
on FTO glass

Solid state electrolyte HTM deposited on
the photoelectrode, Cu(tmby)2] (TFSI)2

and [Cu(tmby)2](TFSI) 0.1 M LiTFSI and
0.6 M TBP in ACN

Vacuum filling and
solvent evaporation Front illuminated 11.7 1000 h at RT

1000 W m−2 [83]
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For all the above configurations, a 10 to 45 µm thick separator film [15,84] is used
to avoid short-circuiting the electrodes, to define the thickness of the polymer electrolyte
layer and also to prevent any leakage before electrolyte gelation or solidification. In case of
monolithic devices, redox mediator diffusion path length and mass transport are governed
by the thickness of the inorganic porous separator film. The separator extends the redox
mediator diffusion path and can lead to a decrease in charge collection efficiency when the
DSSC operates under highly intense illumination [33].

A new device design was proposed, which eliminates the need for a spacer layer and
relies on using hole collecting materials as the counter electrode and redox mediator, a
configuration known as junction DSSC (Configurations E and F in Figure 4). Inorganic
(CuI, CuSCN) or organic (PEDOT, PANI, Spiro-OMeTAD) hole transporting materials,
HTM [21,33,82,83], have notably been reported. Usually, the photoanode and hole-
transporting layer are coated separately on the substrates and structure connection is
performed by using a sealant and liquid electrolyte (Configuration E in Figure 4). A revolu-
tionary solid-state cell design was proposed, which eliminates the sealant layer by coating
the CuI or the amorphous Cu(I)/Cu(II) HTMs directly on the photoelectrode, just after dye
sensitization (Configuration F in Figure 4) [82,83].

The same strategy was also reported for the fabrication of DSSCs based on spiro-
MeOTAD as HTM [85]. However, this approach is not very practical because it requires
long evaporation times and it is difficult to control this process on a large scale. In addition,
the HTM must be photoelectrochemically stable, a good hole conductor, processable with a
photoanode/sensitizer compatible method and with a lower HOMO level than the dye.

DSSC upscaling relies, among other things, on polymer optimization for better perfor-
mance (ideal ionic conductivity, suitable viscosity for electrode penetration, transparency,
thermal stability) and facile device assembly (suitable properties for printing and wet film
hardening adapted to electrodes nature). Screen printing is the most reported method for
the photoanode fabrication on polymer, metal or glass substrates [15,51]. Inkjet printing
was successfully tested for depositing TiO2 photoanodes and for the photosensitization step
where a fine spatial control over the dye loading was proven [86]. In addition, printing tech-
nologies have proven their effectiveness for carbon-based and conductive polymer-based
counter electrode fabrication [49,87,88].

Besides stability, color and transparency are two important design criteria for DSSC
building integration. The optical properties of DSSCs can be modified by tuning several
parameters such as the dye, the electrolyte or the electrodes thicknesses [89–91]. Referring
to the electrolyte, which is the main scope of our review, most devices contain iodine, which
not only affects durability [92] but is also responsible for incident light absorption. Further-
more, the different I2 concentration in the electrolytes influence the charge transportation
and electron recombination dynamics in DSSCs [93]. Thus, iodine-free polymer electrolytes
have been developed [76,94], leading to remarkable performances in terms of efficiency
and stability.

Efforts should be further focused on optimizing and developing new roll-to-roll
printing-like processes (spray, blade, inkjet or screen printing) for the polymer layer deposi-
tion and device lamination without spacer.

3. Quasi-Solid and Solid-State Electrolytes

The electrolyte is a key component in the DSSCs, determining not only the performance
of the cell but also its scalability. As such, the intrinsic electrolyte properties govern the
charge and mass transfer processes in the cell but also the electrode compatible assembly
method. In this section, we will focus on describing the state-of-the art polymer electrolytes
and corresponding deposition methods.

Quasi-solid-state (semisolid-state) electrolytes (QSSEs) are presented as an alternative
between solid and liquid states with synergetic properties from the two phases, i.e., the
cohesive property of solid and the diffusive property of liquid with ionic conductivities
reaching ~10−3 S cm−1 [95–97]. Although the efficiencies of the DSSCs with QSSEs are
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often lower than those of the DSSCs with liquid electrolytes (Table 1), they continue to be
very promising, owing to their improved stability and better sealing ability.

QSSEs are divided into four main types: thermosetting [1], thermoplastic [98], com-
posite [99], ionic liquid [100], and poly(ionic liquid) electrolytes [2]. This classification is
based on the features, formation mechanisms and physical states of the electrolytes.

3.1. Thermosetting Polymer Electrolytes

Thermosetting gel electrolytes are prepared by soaking the synthesized copolymer in
liquid electrolyte followed by thermo- [101–104] or photopolymerization [105–107] in situ.
Table S1 in Supplementary Materials summarizes the latest achievements of thermosetting
polymer electrolytes use in DSSCs.

All these electrolytes contain the iodine–iodide redox couple. In these electrolytes, the
change is thermally irreversible. Despite having a solid-like appearance, they are classified
as quasi-solid-state electrolytes because of the liquid phase [17] coexisting in the electrolyte.

Once hardened, these polymer electrolytes have exceptional thermal and chemical
stability, making them ideal candidates for use in photovoltaic devices [108]. The greatest
challenges when using UV-cured electrolytes lie in ensuring the UV inertness of the dye
and the electrolyte ambient light stability while coating.

3.2. Thermoplastic Polymer Electrolytes

These electrolytes are prepared by mixing a polymeric matrix with a liquid electrolyte,
which contains, apart from the redox mediator, ionic salts that boost the ionic conduc-
tivity [72,73,109–112]. Linear polymers are often used as matrix, including poly(ethylene
oxide)—PEO, poly(acrylonitrile)—PAN, poly(vinyl pyrrolidinone)—PVP, polystyrene—PS,
poly(vinyl chloride)—PVC, poly(vinylidene ester)—PVE, poly(vinylidene fluoride)—PVDF,
poly(methyl methacrylate)—PMMA, etc. [113]. Many of these matrices have no solvation
ability versus ionic species; thus, the ionic conduction is assumed by the ionic salts and re-
dox mediator through the solvent, whereas the polymer governs the mechanical properties.
This type of electrolyte can reversibly change from soluble state to a gel state or vice versa
by controlling the temperature.

In order to manage the functional properties of the electrolyte, and in particular
to reduce the viscosity, polymer blends were also tested including PEO/PVP, PEO/PAN,
PEO–PVDF [72,113] or Poly (vinylidenefluoride-co-hexafluropropylene) (PVDF-HFP) [114].

Plasticizers [74], natural polymers [111,115,116] or inorganic fillers [41,73,117–119] are
added to decrease the polymer–polymer chain interaction leading to improved ion mobility.

These electrolytes are easily mounted in devices by pressing the preformed gel sheets
between the electrodes [72,111,120–123], but that does not always guarantee a proper inter-
facial contact with the photoanode. The vacuum-filled thermosetting electrolytes [109,119]
are most likely richer in solvent.

Generally, compared to the DSSCs based on liquid electrolytes, the DSSCs assembled
with polymer gel electrolytes have lower Jsc and higher Voc; the former is due to the lower
mobility of redox couple components, and the latter is due to the suppression of dark
current by polymer chains covering the surface of TiO2 electrode [124] and, thus, screening
the electron recombination between the photoanode and the dye.

3.3. Ionic Liquid Electrolytes

Ionic liquids are molten salts at ambient conditions and are used as solvents in the
preparation of liquid electrolytes as an alternative to highly volatile acetonitrile. They are
also used as ionic conductors in DSSCs (Table S2 in Supplementary Materials) due to their
higher chemical, electrochemical and thermal stability [17].

They are composed of an organic bulky cation and an anion (Figure 5) with ionic
conductivity decreasing generally with the side-chain length [125,126]. Their physical
properties can easily be tuned by modifying the ionic functionality [127] with important
consequences for ion diffusivity and cell efficiency [125]. To confront the mass transport
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limitation observed for pure ionic liquids, highly viscous ionic liquids are often blended
with less viscous ionic solvents as illustrated in Table S2 in Supplementary Materials.
However, liquid state prevails and vacuum or injection filling remains the most used
cell assembly approach, as for “classical” liquid electrolytes [31,125,128–132]. Adding
polymers, dielectric solvents and/or inorganic fillers to ionic liquids turns them into
gels [133] or solids [134,135], thus reducing the leakage risks and accessing other, more
scalable, electrolyte deposition methods such as screen printing or (hot)pressing. Inorganic
fillers, in addition to thickening the electrolyte mix, have an important role in enhancing the
ionic mobility through the electrolyte gel/membrane by reducing the interaction between
the polymer chains and blocking the iodide to interact with the TiO2 photoelectrode.
Adding polymers also leads to a similar anticorrosion effect, which explains why polymer
electrolytes have a slightly higher Voc than liquid ones [71,73,135,136]. However, lower Jsc is
generally observed compared to liquid counterparts, owing to the low polymer electrolyte
penetration into the TiO2 pores.
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Figure 5. Chemical structures of the most common ionic liquids with varying anionic functionali-
ties (DMIMI—1,3-dimethylimidazolium iodide, PMIM-TFSI—1-propyl-3-methylimidazolium trifluo-
romethanesulfonyl)imide, EMIM-TFSI—1-ethyl-3-methyl imidazolium trifluoromethanesulfonyl)imide,
PMIMI—1-propyl-3-methylimidazolium iodide, BMIM-PF6—1-butyl-3-methylimidazolium hexaflu-
orophosphate, EMIM-BF4—1-ethyl-3-methyl imidazolium tetrafluoroborate, EMIM-TCB—1-ethyl-3-
methyl imidazolium tetracyanoborate, P1222-TFSA—Triethylmethylphosphonium bis (trifluoromethane-
sulfonyl)amide).

Most of these polymers are thixotropic, meaning their viscosity decreases with increas-
ing share rate, which is ideal for printing process compatibility [41,73]. However, little
progress is reported on flexible DSSCs based on this type of electrolyte, with all the devices
presented in Table S2 in Supplementary Materials, being prepared on rigid substrates with
a sealant in between, indicating the persistence of a liquid phase in the electrolyte after
device assembly.

3.4. Composite Electrolytes

Composite polymer electrolytes (CPE) have been prepared by the addition of inorganic
fillers such as TiO2 [71,73,134], ZnO [41], SiO2 [132], carbon derivates [137–139] or natural
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phylosilicate-based clays [140,141] in the polymer or ionic liquid-based electrolytes. The
addition of such fillers permits improving the mechanical, interfacial and ionic conductivity
properties of the polymer electrolytes.

3.5. Poly(ionic liquids)

In recent years, polymeric ionic liquids or poly(ionic liquids) (PILs) have attracted
growing attention as they combine both the novel properties of ionic liquids and improved
mechanical durability and dimensional control of polymers, as shown in Figure 6 [142–144].
PILs are typically solid or viscous liquids, depending on their structure, glass transition
temperature (Tg) and molecular weight. Although the cations are bound to the polymer, the
redox species (I− and I−3 ) are mobile. The ionic liquid part of the PILs gives rise to a high
ionic conductivity and tunable chemical structure and redox potential (Figure 6) [42,145].
Due to these unique properties, PILs are used as electrolytes in DSSCs in various forms:
additives in liquid electrolytes [35,146], membranes [73,147,148], blends with well-matched
ILs [102] or even in the pure form [149,150].
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Table S3 in Supplementary Materials summarizes the best achievements in DSSCs
with PIL-based electrolytes in liquid or (quasi-)solid-state form. None of the summarized
liquid poly(ionic liquid) electrolytes were designed for printing, as they are generally used
in their liquid form in the devices [102,151,152]. The few reported solid devices are based
on electrolyte-swelled membranes [148] and device assembly is done via a separator.

Among poly(ionic liquids), a new category of polysiloxane-based electrolyte has
emerged from the batteries field showing incredible potential for solid film prepara-
tion [153], which is further highlighted in Section 4.

4. Polysiloxane-Based Electrolytes
4.1. State-of-the-Art of Polysiloxane-Based Electrolytes in DSSCs

Although they have a slightly lower ionic conductivity than previously presented
electrolytes (10−4–10−5 S/cm2), polysiloxane electrolytes are appealing for DSSC imple-
mentation as they present high chemical and thermal stability, as well as low toxicity [154].

As shown in Figure 7, along the years, different polysiloxanes have been prepared for
DSSC application owing to their highly flexible backbone, with the barrier energy to bond
rotation being only 0.8 kJ mol−1, as well as their very low Tg (−123 ◦C), high free volumes
and polar side chains [155].

As for poly(ionic liquids), the nonpolar polymer backbone is bulky and determines
the electrolyte viscosity and, consequently, the mass transport, whereas the ionic species
move more or less freely among the siloxane chains, contributing to the ionic conductivity.
The viscosity of polysiloxane increases linearly with the average molecular weight, branch
content and branch length [156], as further detailed in Section 4.3.
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In 2001, Ren et al. [157], introduced for the first time the use of polysiloxane-based
electrolytes for DSSC applications. The novel electrolyte (Si-1 in Figure 7) was crosslinked with
PEO chains. Briefly, polymethylhydrosiloxane precursor with Si-H and PEO (macromonomer)
were mixed with LiI (20 wt.%), EC/PC (3:1, v:v) and a crosslinker and heated at 80 ◦C for
30 min. Then, I2 (5 wt.%) was added. The electrolyte was casted on the photoanode and
joining with the Pt counter electrode was realized by in situ crosslinking at 60 ◦C. The energy
conversion efficiency of the DSSC was very low, 2.9%, due to low ionic mobility (Table 2).

In 2004, a similar efficiency was reached (2.67%) for a polysiloxane electrolyte plasticized
with 10% PAN [158]. Figure 8 displays the yearly evolution of the photovoltaic parameters
for the polysiloxane-based electrolytes in liquid, quasi-solid or solid-state devices.
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The lowest reported efficiencies for polysiloxane-based DSSCs were based on solid
electrolytes or very viscous ones (Figure 8 and Table 2) with obvious limits in terms of mass
and ionic transfer properties. At the opposite end, as expected, much higher efficiencies
were reported for polysiloxane-based liquid-state DSSCs (Figure 8).

Much more development was realized for the quasi-solid (gel-like) electrolytes, with
record efficiencies of 6.8% and 8.3% reported for iodine containing [158] and iodide-free [76]
electrolytes (see Figure 8). Relying on their high flexibility in terms of side-chain grafting,
several ways were explored for controlling viscosity and crosslinking.

As such, low viscosity ionic liquids [30,159–162] or polymer crosslinkers [157] were
blended with the polysiloxane electrolytes to reduce polymer interchain interaction and
facilitate ion percolation [163].

In 2004, polysiloxane containing quaternary ammonium group (Si-2 in Figure 7),
I2 and 50 wt.% of EC/PC (8:2) (w/w) was used as an electrolyte. The ambient conductivity
of this plasticized electrolyte reached up to 1.9 × 10−3 S cm−1 and the DSSC showed
performances comparable to liquid electrolyte [24].

In 2011, Yang et al., grafted imidazolium iodide moieties to the polysiloxane by simply
mixing TESPIm+I− ionic liquid with tetraethoxysilane (TEOS) in ethanol in the presence of
HCl [160]. It is the first report of polysiloxane electrolyte modification with ionic liquids
for DSSC application. To obtain a membrane, the previously prepared composition was
mixed with PVDF in a 2/1 weight proportion and an antisolvent. Membrane crosslinking
was achieved by heating at 80 ◦C (Table 2). The membrane swelled with an iodide-based
liquid electrolyte sandwiched between the photoanode and the counter electrode without a
separator, but modest PCE values were reported (3.61%). The same year, Jung et al. [27]
reached higher efficiencies, 5.2% (Table 2), for DSSC comprising a new ionic siloxane
hybrid electrolyte. The iodide-oligosiloxane monomer was synthesized by a simple sol gel
condensation of 3-iodopropyltrimethoxysilane and diphenylsilanediol and the membrane
crosslinking was achieved through thermal excitation in the presence of 2-benzimidazolone
(Si-3 in Figure 7). They concluded that both the composition and concentration of the
oligosiloxane used in the electrolyte affect the performance of the DSSCs.

In 2012, Bae et al. [28] fabricated an oligosiloxane gel electrolyte by introducing a novel
in situ gelation of the liquid electrolyte (Si-4 in Figure 7). The alkoxysilane monomers are
capable of gelling the liquid electrolyte through a sol–gel reaction, resulting in an effective
infiltration and contact. The DSSC showed reduced charge recombination and an improved
PCE of 5.8% (Table 2) with long-term stability (1000 h at 50 ◦C).

Table 2. Best yearly reported photovoltaic parameters for the DSSCs (liquid, quasi-solid and solid)
based on polysiloxane electrolytes. Please refer to corresponding references for electrolyte components
abbreviation full description.

Electrolyte Composition
Ionic

Conductivity
(mS/cm)

Viscosity
(cPs)

Deposition
Method

Jsc
(mA cm−2)

Voc
(V)

FF
(%)

PCE
(%) Ref.

Polymethylhydrosiloxane + PEO,
20 wt% LiI, EC/PC (3:1, v:v),

5 wt% I2

1.1 Blade-casting
+ pressing 1.7 0.72 69 2.90 [157]

1 M PSQAS, 0.05 M I2, 50 wt% of
EC/PC (8/2) (w/w) 1.9 - - 16 0.56 50 7.70 [24]

1 M PSQAS, 0.05 M I2, 50 wt% of
EC/PC + 10% PAN 2.97 Blade-casting

+ pressing 7.5 0.63 57 2.67 [158]

Il-SiO2/PVDF (1:2) with 0.5 M
NaI, 0.05 M I2, 0.1 TBP in

PC: EC 4: 6 (w/w)
3.4 - Pressing 11.19 0.70 50 3.61 [160]
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Table 2. Cont.

Electrolyte Composition
Ionic

Conductivity
(mS/cm)

Viscosity
(cPs)

Deposition
Method

Jsc
(mA cm−2)

Voc
(V)

FF
(%)

PCE
(%) Ref.

0.6 M ID33, 0.1 M LiI, 0.5 M TBP,
0.05 M I2 in MPN + BI - - Injection +

in situ curing 10.30 0.76 68 5.20 [27]

0.25 M ECTS, 0.75 M FTMS, 1.5 M
DPSD, 0.7 M BMIMI, 0.14 M I2,
0.1 M LiI, 0.25 M TBP in MPN

0.19 15,700 Injection filling +
T polymerization 10.9 0.79 68 5.83 [28]

PSEO+ 10% PMIMI, 0.5 M NH4I,
0.1 M TBAI, 0.5 M DMPII,

0.1 M LiI, 0.2 M I2

0.1 320,000 Injected at 70 ◦C 1.74 0.47 0.41 0.33 [161]

0.5 M SiDiII1 or 0.5 M SiDII2 or
0.5 M SiDII3 with 0.05 M I2, 0.5 M

TBP, 0.1 M GuSCN, in MPN

3.9 1312
-

12.9 0.72 67 6.2
[164]4.0 1125 12.5 0.72 67 6.0

2.8 843 11.5 0.71 62 5.0

0.03 M SiDPI2, 0.6 M PPI, 0.1 M
GNCS, 0.05 M I2, 0.5 M (TBP)

in MPN.
3.1 - - 15.85 0.70 61 6.8 [159]

40 wt% GL11_Q55, 0.15 M I2,
0.27 M LiI in MPN 0.6 - Injection + in situ

curing at 75 ◦C 13.84 0.63 67 5.84 [30]

40 wt% IP-PDMS, 0.9 M DMPII,
0.15 M I2, in MPN 8.42 20,000 Injection + in situ

curing at 60 ◦C 13.2 0.69 70 6.37 [32]

ImIPDMS1 *
ImIPDMS2 *
ImIPDMS3 *

ImIPDMS2:MPITFSI (1:1) *
ImIPDMS2:MPII (1:1) *
ImI-PDMS3:EC (3:1) *

0.9 × 10−2 13,000

Injection

4.2 0.65 62 2.5 [165]
0.8 × 10−2 127,000 5.7 0.56 63 3.0
1.6 × 10−2 1,200,000 5.9 0.11 25 0.2

0.8 490 9.0 0.61 66 5.6 [162]
0.2 3600 9.9 0.62 62 5.9
1.1 - 9.8 0.65 64 6.3

ImIPDMS2:MPII (1:3) * 0.35 1200 Injection 9.69 0.61 62 5.80 [166]

ImI-PDMS3:EC (3:1) 1.1 - Injection 5.48 0.69 58 3.55 [59]

ImI-PDMS3:EC (2:1) *
ImI-PDMS3:EC (2:1) 2.1

-
Injection

15.35 0.64 66 6.50
[76]

- 19.40 0.70 61 8.30

* These electrolytes contain 0.05 M I2.

The same year, a PSEO gel was synthesized by Wand et al. [161] through the hy-
droxilation of poly(methylhydrosiloxane) (PMHS) and poly(ethyl glycol) methyl ether
methacrylate (PEGMEMA), followed by the addition of 0.5 M NH4I, 0.1 M TBAI, 0.5 M
DMPII, 0.1 M LiI, 0.2 M I2 and solvent evaporation. However, poor PCE performances
(0.33%, see Table 2) were obtained, most certainly due to the high viscosity of the gel
electrolyte, which was not able to properly penetrate into the TiO2 photoanode network.

In 2013, Lee et al. [164] used oligosiloxanediimidazolium iodides (SiDII1, SiDII2, and
SiDII3) having different viscosities (Si-5 in Figure 7). The electrolytes based on SiDII1 and
SiDII2 showed a maximum efficiency of 6.2% and 6.0% (Table 2), respectively, owing to
their superior ionic conductivity. Later the same year, Lee’s group developed electrolytes
based on functionalized oligosiloxane by replacing the oligosiloxanediimidazolium iodides
with pyridinium iodides (Si-6 in Figure 7 [159]. The SiDPI2 electrolyte showed a maximum
efficiency of 6.8% due to its superior diffusion coefficient and 60 days of device stability
at RT.

In 2014, Manca et al. [30] reported the implementation of poly[(3-N-methylimidazolium-
propyl)methylsiloxane-co-dimethylsiloxane]iodides (Si-7 in Figure 7) as suitable polymeric
hosts for a novel class of in situ crosslinkable iodine/iodide-based gel electrolytes for DSSCs.
The polymer gel electrolytes were prepared by dissolving the poly(3-iodopropylmethy
lsiloxane-co-dimethylsiloxane) polymer (40 wt.%) in the liquid electrolyte consisting of I2,
LiI, 1,2-dimethyl-3-propylimidazolium iodide (DMPII) in MPN. The overall value of the
iodide species in electrolyte was around 1 M. A stoichiometric amount of bis(3-aminopropyl)-
terminated poly(dimethylsiloxane) was then added to the polymeric solutions, acting as a
crosslinking agent. The electrolyte was injected between the two electrodes and cured in
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situ at low temperature (75 ◦C), showing a maximum efficiency of 5.84% for an electrolyte,
which is rather viscous. Interestingly, this high viscosity and its Newtonian behavior (lower
viscosity for higher shear rates) indicate compatibility with blade-coating processes and
hot lamination is possible as the electrolyte thermal stability exceeds 250 ◦C. Recently, the
same group reported the synthesis of an ion conductive polysiloxane, named poly[(3-N-
methylimidazoliumpropyl)methylsiloxane-co-dimethylsiloxane]iodide (IP-PDMS) (Si-8 in
Figure 7) [32]. The electrolyte was prepared by dissolving about 40 wt.% of synthesized
IP-PDMS in liquid electrolytes consisting of 0.9 M DMPII ionic liquid and 0.15 M I2 in MPN.
The final amount of solvent in the prepared electrolyte was rather high, about 60 wt.%,
which allowed facile cell filling. The electrolyte was cured in situ at 60 ◦C and conversion
efficiencies of about 6.45% and stable operation over 1000 h under light soaking at 40 ◦C at
0.44 sun could be achieved.

In 2017, new poly(1-N-methylimidazolium-pentylpolydimethylsiloxane)iodide elec-
trolytes were prepared by Bharwal et al. [165] with different degrees of ionic functional-
ization (low—ImIPDMS1, medium—ImIPDMS2 and high—ImIPDMS3, Si-9 in Figure 7).
This proved to be an effective way of controlling both viscosity and Tg, i.e., with increasing
functionalization, the Tg decreased and the viscosity increased (Table 2). Unfortunately,
low photovoltaic performances were obtained due to the poor electrolyte penetration into
the photoanode and the low ionic mobility (Table 2). In order to decrease the PILs viscosity
and improve the ionic transport, MPITFSI and MPII ionic liquids were added [162]. The
functional properties of these different blends depend on both the IL nature (Figure 9a)
and its concentration (Figure 9b) [165]. A large improvement of the ionic conductivity was
obtained for ImI-PDMS2:MPITFSI (1:1) and ImI-PDMS2: MPII (1:1) mixes with efficiencies
reaching 5.6%–5.9% (Table 2).
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poly(ionic liquids) and (b) variation of the diffusion coefficient with the EC amount reproduced with
permission from the S.I. of [165]. Copyright 2023, Elsevier.

In addition to their good solubility in ionic liquids, polysiloxanes are also highly
soluble in high-boiling solvents such as PC (propylene carbonate) and EC (ethylene carbon-
ate). Even more, adding EC as plasticizer to ImI-PDMS3 increased the ionic diffusion by
facilitating the ions dissociation [162] following a Grotthuss mechanism with conduction
taking place through the iodide ions (see Section 4.3).

Due to the high nonpolar and hydrophobic character of the siloxanes backbone and
high ionicity of side chains in ImI-PDMS3, hydrophobic/hydrophilic phase-separated
domains (Figure 10) are formed with ionic imidazolium groups solvated and favorably
dissociated by the highly polar EC solvent. A record PCE value and outstanding long-term
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stability were obtained for the optimized ImI-PDMS3:EC 3:1 ratio, 6.3% and 250 days aging
in ambient conditions, respectively.
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Figure 10. Thermogravimetric plots (a) and variation of dynamic viscosity with temperature of
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In 2019 [166], comparable efficiencies (5.8%) were reported for the ImI-PDMS2/MPII
containing a higher proportion of MPII (1:3 weight ratio) in combination with a double
porosity (8–10 nm mesopores + 60–70 nm macropores) home-designed TiO2, as opposed
to the commercial mesoporous (20 nm pore size) TiO2 [162]. It was the first time that the
influence of porosity was studied for DSSCs based on polysiloxane polymer electrolytes,
thus illustrating the importance of effective electrolyte penetration and interfacial contact
for device performance.

These polysiloxanes are very attractive for future printing processes as they are ther-
mally and (electro)chemically stable, have good ionic conductivity, can act both as elec-
trolyte and redox mediator [76], are good solvents for other polymers [157,160] and ionic
liquids [28,32,161,162] and are compatible with high-boiling solvents like MPN.

4.2. Iodine-Free Polysiloxane Electrolytes

The presence of elemental iodine (I2) in standard liquid electrolytes generates visible-
light-absorbing I−3 species, which competes with the photosensitizer (dye) adsorbed on
the TiO2 surface, reducing the maximum Jsc that can be achieved by DSSC [94]. Because
of the proximity effect, the oxidized dye and the surplus I−3 may form an ion pair, which
speeds up the electron recombination process. In order to reduce the resistance of DSSCs
and increase the overall conversion efficiency, metal counter electrodes are commonly used
for large-scale commercial DSSCs modules. However, scaling up DSSCs is complicated
due to the corrosion of the I−3 /I− redox couple with the metallic counter electrodes, which
could also affect the stability of DSSC modules. It is crucial to create I2 free electrolytes to
counteract these drawbacks.

An important breakthrough for the development of iodine-free DSSCs was reported
in 2021 by Bharwal et al. [59], which reported high efficiencies (3.55%, Table 2) for the ImI-
PDMS3:EC iodine-free electrolyte in back-illuminated flexible devices with TiO2 nanotubes
on Ti foil as photoelectrodes. Even more, outstanding long-term stability was reported
under accelerated aging, 500 h under 1 sun and 50 ◦C, owing to the reduced charge
recombination and extended electron lifetime. In 2022, the same authors published the
highest ever reported efficiency for iodine-free polysiloxane, 8.3% (Table 2) [76], for the same
type of EC modified ImI-PDMS3 polysiloxane electrolyte used with traditional mesoporous
TiO2 photelectrodes. The devices retained 84% of their initial efficiency after ambient aging
for 26 months.
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Following, the thermophysical, rheological and electrochemical properties, as well as
the mass and ionic transport properties, of polysiloxane-based electrolytes are described in
view of their future exploitation using up-scalable deposition techniques.

4.3. Properties of Polysiloxane-Based Electrolytes
4.3.1. Thermophysical Properties

The polysiloxanes are thermally stable well above 200 ◦C, when dehydration and
then decomposition occur [24,157,164]. However, the upper limit of the thermal stability
range of DSSCs is determined by the dye sensitizer, whose stability is generally below
100 ◦C [167] but well above the normal DSSC-operating temperature.

Thermogravimetric analysis of the pure polysiloxane-based electrolytes have shown
that the glass transition temperature (Tg) is lower than −100 ◦C [165], meaning poor chain
mobility with negative consequences on mass and ion transport but also on the final
electrolyte film flexibility. The Tg of polysiloxanes could be increased by simply function-
alizing [67], modifying the siloxane chain length [164] or mixing the polysiloxanes with
ionic liquids [162]. These additives act as spacers between the polymer chains, reducing the
interactions between them and leading to reduced viscosity and improved electrolyte film
processability along with improved ionic conductivity. Thus, they represent viable strate-
gies for controlling the viscosity in view of printing. Similarly, adding plasticizers [168,169]
or inorganic fillers [124,170,171] increase the Tg with a positive effect on ionic conductivity.

Polysiloxane-based gel electrolytes with good thermal stability were prepared by
Cipolla et al. [32] by mixing various amounts of IP-PDMS (50%–80%) with 0.9 M of DMPII,
0.15 M of I2 in 3-methoxypropionitrile. Thermal stability (Figure 10a) up to 270 ◦C and only
a slight drop in viscosity with heating from RT to 50 ◦C followed by a steady variation up to
80 ◦C (Figure 10b) reported for the gel electrolytes containing at least 50% of PGE polymer.

4.3.2. Ionic Conductivity

The polysiloxane-based electrolytes are amorphous at room temperature [153], and
the Vogel–Tammann–Fulcher (VTF) model was used to explain the ionic conductivity
variation with temperature [24,67,162]. According to the VTF model (Equation (3)) the
charge transport through the free volume is favored by polymer segments movement.

σ =
A√

T
exp(

−Ea

R(T− T0)
) (3)

In this formula, A is a pre-exponential factor related to the number of charge carriers
(S cm−1 K1/2), Ea is pseudo activation energy (J mol−1) corresponding to ion-carrier diffu-
sion, and T0 is the ideal glass transition temperature at which ion mobility goes to zero (K).
Above T0, thermal motion of the polymer chains initiates the transportation of ions. The
value of T0 is usually 50 K or 25 K below Tg. The nonlinearity seems to be more noticeable for
highly functionalized polysiloxane electrolytes, as illustrated in Figure 11a [172]. The trend
does not change after mixing the same polysiloxanes with ionic liquids (Figure 11b) [172].
Nevertheless, the type of solvent or plasticizing agent seems to have a different effect on the
ionic conductivity variation with temperature (Figure 11c) [76]. It is interesting to notice in
Figure 11a that the highly functionalized ImI-PDMS3 polymer has a higher ionic conductiv-
ity despite its higher viscosity (Table 2). In highly viscous systems, carrier transportation
through an electron exchange mechanism (Grotthus-like mechanism) was proposed [76].
This mechanism relies on the hole hopping and bond exchange between the polyiodide
species grouped in the hydrophilic domains (Figure 11d), owing to the high ionicity of the
side chains. The hydrophilic domains are thus enclosed between the hydrophobic domains
constituted by the polysiloxane backbone. Polyiodide dissociation can be encouraged by
using highly polar solvents such as EC [162].
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Figure 11. Ionic conductivity variation with polysiloxane degree of functionalization (a), reproduced
with permission from [76], Copyright 2023, Elsevier, with the quantity of low-viscosity ionic liquid
(b), adapted with permission from [165]. Copyright 2023, Elsevier and as a function of the type of
plasticizer used (c), reproduced with permission from [24]. Copyright 2023, John Wiley. Illustration
of the hydrophobic/hydrophilic domains separation according to the Grotthus mechanism for the
ImI-PDMS3: EC (3:1) mixture (d), reproduced with permission from [162]. Copyright 2023, ACS.

According to the Einstein–Stokes formula (Equation (4)) the ionic conductivity and
diffusion coefficient of the electrolytes largely depend on the viscosity [173,174]. Here, k is
the Boltzmann constant, T is the temperature, µ is the viscosity of the solvent and Rion is
the spherical radius of diffusion species. Thus, a large solute ion radius and high fluidity
(1/µ) are expected to cause high ion mobility.

Dgen ∝
kT
µRion

(4)

To understand how structural parameters affect ionic conductivity, the relationship
between the conductivity and viscosity (the ionicity concept) of the polymer blends can
be examined according to Walden’s rule, i.e., mobility (µ) and molar conductivity (Λ) are
proportional to fluidity according to µ∼1/η and Λïα = constant (α is the slope of the
Walden line) [174,175]. Ideally, for α > 1, the polymer segmental relaxation phenomena
do not influence the ionic conductivity of the electrolyte. When the slope equals to unity
(α = 1), the polymer electrolyte is fully dissociated with no ion–ion interaction, as for
classical dilute KCl solution.

Bharwal et al. studied the influence of polysiloxane degree of functionalization and
ionic liquid proportion on the viscosity–ionic conductivity decoupling [165]. The lower
functionalized ImIPDMS1 and ImIPDMS2 electrolyte points are below the ideal Walden
line (Figure 12a), indicating that the ionic conductivities are somewhat decreased as a
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result of ion-pair interaction, meaning the polymer chain movement due to shear stress or
temperature factors are involved in the ion percolation mechanism.
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By increasing the polysiloxane functionalization, a decoupling of the viscosity and
ionic conductivity could be achieved (point above the KCl line) owing to a nanoscale phase
separation between the hydrophobic polymer backbone and hydrophilic ionic groups,
following the previously mentioned Grotthuss mechanism. The same authors showed that,
with increasing ionic liquid amount, the ionicity of the electrolyte increases with points
remaining below the ideal KCl line (Figure 12b).

Ideal Walden behavior was reported for polysiloxane electrolytes based on oligo/poly
(methyl(2-(tris(2-H methoxyethoxy)silyl)ethyl)siloxane mixed with the LiTFSI, LiFSI and
LiPF6 ionic liquids [176]. Indeed, for these systems, the rate of ionic diffusion is much
faster than the rate of structural relaxation of polymer molecules. A better decoupling was
observed with increasing polymer chain length.

4.3.3. Rheological Properties

As a matter of fact, all the polysiloxane-based electrolytes are characterized by non-
Newtonian behavior [32,165] i.e., the viscosity decreases with the increasing shear rate, with
a shift in the yield point as a function of composition. Wang et al. [167] have demonstrated
that the presence of Newtonian or non-Newtonian behavior is highly dependent on the
degree of functionalization of polysiloxane-based liquid electrolytes used in DSSCs. They
reported a rather Newtonian behavior up to 90 ◦C for solvent-free low functionalized
polysiloxane electrolytes and temperature-dependent non-Newtonian (shear-thinning)
behavior for highly functionalized counterparts.

Polymer gel electrolytes were prepared by Cipolla et al. [32] by dissolving IP-PDMS
into an ionic liquid consisting of 0.9 M of DMPII, 0.15 M of I2 in 3-methoxypropionitrile.
The yield point (the lowest shear stress above which the electrolyte will behave like a liquid)
increased with increasing polymer content (Figure 13). With the increasing polymer amount,
the chain-packing density increases with less free volume available for the alignment of
polymer chains, thus pushing the flowing point toward higher shear rates.
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Figure 13. Example of shear-thinning behavior in polysiloxane-based gel electrolytes containing
different amounts of polymer, measured at room temperature. Reproduced with permission from [32].
Copyright 2023, Elsevier.

The polymer amount affects the viscoelastic properties during printing as well as
the green properties, such as the strength, density and topological structure after drying.
Rheological measurements using either rotational and oscillation tests are used to determine
the flow behavior when stress is applied onto the sample or to study the viscoelastic
behavior, respectively. The plot between storage modulus (G′) and loss modulus (GG′′)
versus the shear strain provides the linear viscoelastic region in the amplitude sweep test
and gives information about the polymer gel or membrane stability as well as on the elastic
properties domination over the viscous properties. The storage G′ and loss G′′moduli are
the real and imaginary parts of the complex modulus (Figure 14a). The storage modulus
G′ represents the elastic portion of the viscoelastic behavior, which partly describes the
solid-state behavior of the sample. The loss modulus G′′ characterizes the viscous portion
of the viscoelastic behavior, which can be attributed to the liquid-state behavior of the
sample. Otherwise, the complex shear modulus G* (in Pa) is defined by Equation (5), where
ζ is the shear-stress amplitude (ζ = F/A) in Pa and γA is the strain amplitude which is
dimensionless or expressed in % (γ = s/h, where s is the liquid plates deflection path and
h is the distance between the plates (Figure 14b) [177].

G* = ζ/γ (5)
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The shear-thinning effect is less important for screen or blade-coating deposition
techniques, for which rather low deposition speeds are used and thick wet layers are
deposited. However, the same phenomenon becomes important in spray or inkjet printing
processes, as it prevents spraying/printing head clogging, enables obtaining a continuous
jet while maintaining a high throughput and controls the printing resolution. The influ-
ence of polymer ink rheological properties on the quality of the inkjet-printed pattern is
clearly highlighted in Figure 15. For the polymer ink without the S-hBN (sulphonated–
hexabornnitride) filler addition, the loss modulus (G′′) dominates in the range of shear
stress from 0.1 to 100 Pa, revealing a liquidlike behavior, which leads to the collapse of the
printed pattern due to the low storage modulus (Figure 15a) [178]. Once the S-hBN filler is
added, different viscoelastic properties are observed: the storage modulus (G′) of the inks
is higher than the loss modulus (G′′) in the region of 10−1 to 10 Pa, indicating a solid-like
behavior (Figure 15b,c) with an increase of 3–4 orders of their values. Beyond the yield
point (point where the G′ decreases), the viscous characteristic becomes dominant in the
high shear stress region. With increasing filler concentration, chain alignment is hampered
due to the strong filler–polymer interaction at low shear stress, thus explaining the increase
in the static viscosity. However, at high shear stress, this interaction is weaker, allowing the
orientation of the polymer chains along the flow.
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Figure 15. Storage (G′) and loss (G′’) moduli as a function of the complex share stress for composite
polymer electrolytes with various filler contents ((a)—without filler, (b)—1% of S-hBN filler and
(c)—2% of S-hBN filler) and its influence on the quality of the printed pattern. Adapted with
permission from [178]. Copyright 2023, John Wiley.

In conclusion, the polymer inks with S-hBN filler could be extruded smoothly through
the nozzle at high shear stress with structure recovery after stress release. The polymer
ink containing 2% of filler showed the highest storage modulus (>5 × 103 Pa) with a
high difference between G′ and G′′, and, thus, a stiff structure after printing enabling the
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maintenance of the printed architecture (Figure 15c) as well as satisfying ionic conductivity
(0.47 mS cm−1).

Solvent-free polysiloxane-based gel electrolytes were prepared by the sol–gel reaction
of PEG-functionalized polymethylsiloxane, followed by dissolution of LiTFSI and radical
polymerization of terminal vinyl moieties for Li-based battery applications [130]. The rheo-
logical analysis highlights that the size of the methoxy-terminated chains and the addition
of an inorganic filler can influence the structural integrity. The density of crosslinking is
higher in the electrolyte HP5 containing shorter PEG side chains compared to HP3, leading
to a higher plateau storage modulus. This is constant over the studied temperature domain
(Figure 16a), proving a solid elastic behavior.
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Figure 16. Plateau storage modulus variation as a function of temperature for the polysiloxane-based
HPE3, HPE5 and HPE9 electrolytes (a), storage (G′) and loss (G′′) moduli variation as a function of
the shear stress in the same temperature domain for HPE3 (b) and HPE9 (c) electrolytes. Reproduced
with permission from [130]. Copyright 2023, ACS.

Both the storage (G′) and loss (G′′) moduli increase with temperature, with G′ always
higher than G′′ in the 0.1 to 100 Pa shear stress domain (as expected for a crosslinked
polymer), and with no visible flow/melting point up to 100 ◦C (Figure 16b). However, when
TiO2 is added as a filler in the same electrolyte, the polymer electrolyte loses rigidity with
the plateau shear modulus decreasing (Figure 16c) and the appearance of an inflexion point
at temperatures higher than 60 ◦C. The electrolyte application domain is slightly limited,
as abrupt falls in G′ and G′′ are noticed for shear rates above 40 s−1 at RT (Figure 16c),
indicating gel structure corruption.

Chen et al. [179] studied the linear viscoelastic properties of polysiloxane electrolytes
with phosphonium and oligo(ethylene oxide) side chains containing ionic monomers. They
observed that, by increasing the ionic content, the polymer relaxation is delayed (λ = 1/ωc,
in s), thus extending the solidlike elastic behavior (G′ > G′′), with no flow point limit visible
at temperatures around Tg and high deformation frequencies.

Iodopropyl-branched polysiloxane gel electrolytes (Figure 17a) with low temperature
thermal crosslinking were reported by De Gregorio et al. [30]. At the initial stage, these
electrolytes appear as viscous liquids but after a few minutes curing at 75 ◦C, an abrupt
increase of both moduli is observed with G′ crossing G′′ (Figure 17b), which then reaches
a plateau marking the end of the crosslinking process. The elastic modulus (G′) reaches
a maximum value of around 1.1 kPa after 240 min of curing and the electrolyte ionic
conductivity stabilizes at 6.65 × 10−2 mS cm − 1 (Figure 17c) for lower quaternization rates
(GL11_Q55◦). The amount of unquaternized iodopropyl influenced both the viscoelastic
properties and the ionic conductivity of these systems. The polysiloxane electrolyte gelation
time depends on the chain length and crosslinker [180]. Shi et al. [181] showed that
the polysiloxane electrolyte flexibility can be improved by increasing the poly(ethylene
glycol) diacrylate—PEGDA reticulation precursor chain length owing to Tg decreasing, as
highlighted by the blue shift of the loss tangent (tan δ = G′/G′′) peak maximum (Figure 18).



Coatings 2023, 13, 1164 26 of 49

Coatings 2023, 11, x FOR PEER REVIEW 25 of 48 
 

 

Chen et al. [179] studied the linear viscoelastic properties of polysiloxane electrolytes 
with phosphonium and oligo(ethylene oxide) side chains containing ionic monomers. 
They observed that, by increasing the ionic content, the polymer relaxation is delayed (λ 
= 1/ωc, in s), thus extending the solidlike elastic behavior (G′ > G″), with no flow point 
limit visible at temperatures around Tg and high deformation frequencies. 

Iodopropyl-branched polysiloxane gel electrolytes (Figure 17a) with low tempera-
ture thermal crosslinking were reported by De Gregorio et al. [30]. At the initial stage, 
these electrolytes appear as viscous liquids but after a few minutes curing at 75 °C, an 
abrupt increase of both moduli is observed with G′ crossing G″ (Figure 17b), which then 
reaches a plateau marking the end of the crosslinking process. The elastic modulus (G′) 
reaches a maximum value of around 1.1 kPa after 240 min of curing and the electrolyte 
ionic conductivity stabilizes at 6.65 × 10−2 mS cm ̶ 1 (Figure 17c) for lower quaternization 
rates (GL11_Q55°). The amount of unquaternized iodopropyl influenced both the viscoe-
lastic properties and the ionic conductivity of these systems. The polysiloxane electrolyte 
gelation time depends on the chain length and crosslinker [180]. Shi et al. [181] showed 
that the polysiloxane electrolyte flexibility can be improved by increasing the poly(eth-
ylene glycol) diacrylate—PEGDA reticulation precursor chain length owing to Tg decreas-
ing, as highlighted by the blue shift of the loss tangent (tan δ = G′/G″) peak maximum 
(Figure 18). 

Polymer inks’ gelation temperature- and time-dependent behavior significantly af-
fect their printability and shape retention performance, whereas the mechanical strength 
of the ink is important for the structural stability of the entire DSSC. There are not enough 
reports on the viscoelastic properties of the polysiloxane-based nor other types of polymer 
electrolytes used in DSSCs. Thus, much research is needed to optimize the viscoelastic 
properties of the electrolytes to fit the different spraying or printing techniques and to 
fulfill the temperature, ionic-conductivity, chemical and electrochemical operating condi-
tions. In this review, we attempt to shed some light on this topic and the desired polymer 
electrolyte ink properties for a spray or specific printing process are further discussed in 
Section 5.2.  

 
Figure 17. Synthetic procedure adopted for the preparation of the 3-iodopropyl-branched polysilox-
ane electrolytes (a), evolution of the storage and loss moduli upon oscillatory strain (b) and evolu-
tion of the ionic conductivity (c). Adapted with permission from [30]. Copyright 2023, RSC. 

Figure 17. Synthetic procedure adopted for the preparation of the 3-iodopropyl-branched polysilox-
ane electrolytes (a), evolution of the storage and loss moduli upon oscillatory strain (b) and evolution
of the ionic conductivity (c). Adapted with permission from [30]. Copyright 2023, RSC.
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Figure 18. Variation of the loss tangent tanδ of dual functional crosslinked solid polysiloxane-based
electrolytes (noted with SPE) with temperature as a function of crosslinker—TMPMP or—PETMP
and PEGDA chain length—200, 400 or 600, showing the glass transitions as the peak maximum.
Reprinted with permission from ref. [181]. Copyright 2023, Elsevier.

Polymer inks’ gelation temperature- and time-dependent behavior significantly affect
their printability and shape retention performance, whereas the mechanical strength of
the ink is important for the structural stability of the entire DSSC. There are not enough
reports on the viscoelastic properties of the polysiloxane-based nor other types of polymer
electrolytes used in DSSCs. Thus, much research is needed to optimize the viscoelastic
properties of the electrolytes to fit the different spraying or printing techniques and to fulfill
the temperature, ionic-conductivity, chemical and electrochemical operating conditions. In
this review, we attempt to shed some light on this topic and the desired polymer electrolyte
ink properties for a spray or specific printing process are further discussed in Section 5.2.
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4.3.4. Electrochemical Stability and Redox Potential

The electrochemical stability of the electrolyte impacts the stability of DSSCs. A
number of factors affect the electrochemical stability of redox active ions and molecules
in an electrolyte solution. They are connected with (i) the intrinsic electronic properties
of both oxidized and reduced forms of a given redox couple, and (ii) their interactions
with the environment. The latter are largely determined by the structural changes of the
surrounding electrolyte solution accompanying the electron transfer reaction.

All the polysiloxane electrolytes prepared so far for DSSCs rely on the iodine/iodide
redox couple as redox mediator. The usable electrochemical window is determined by the
potential at which the oxidation/reduction reactions of the electrolyte occur and can be
determined by cyclic voltammetry. An example of cyclic voltammetry curve is shown in
Figure 19a for the ImIPDMS2-MPII electrolyte, for which oxidation/reduction processes
occur outside the −1.0 and 0.8 V vs. Ag/Ag+ (−2.25 and 3.85 V vs. Li/Li+) potential
window, thus, a comfortable working potential range [76].
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Figure 19. I-V plot of the PS2-MPII electrolyte without I2 in inert atmosphere (a) (reproduced with
permission from the S.I. of ref. [76], Copyright 2023, Elsevier) and redox potential shift as function of
polysiloxane degree of substitution or the type of ionic liquid grafted (b) [145]. In Figure 19b, the
shift in the oxidation and reduction peaks values is indicated through dotted lines.

The polysiloxane electrolytes redox potential gives an indication of the expected open-
circuit potential and the projected cell performance. The lower the redox potential, the
higher the open-circuit potential. In iodine-containing polysiloxane, the redox potential
depends on the chemical environment. As such, shifting of the I−/I−3 redox potential
with the degree of polysiloxane substitution or the type of ionic liquid could be observed
(Figure 19b) and related to a more or less facile redox species dissociation [x]. In their
study, Assary et al. [182] have shown that various electron-donating and withdrawing
substituents influence the oxidation potential of polysiloxanes. Thus, we expect changes to
occur as a function of the type and quantity of plasticizing agent or viscosity controlling
agent, which are common practices for tuning the printable ink properties.

5. Current DSSC Modules Fabrication and Device Configurations
5.1. Progress in Large Scale DSSCs Modules Development

Transferring from lab scale to an industrial printing process manufacturing is not
yet straightforward from the point of view of the types of electrolytes and device config-
urations tested so far. Although much progress has been achieved for the deposition of
the TiO2 photoelectrodes by using printing techniques (Table 3) at high or low processing
temperature as a function of the type of substrate, the traditional electrolyte vacuum or
injection filling method is still recurrently used for building devices on rigid or flexible
substrate. The electrolyte is mainly used in its liquid form [183–192] or is further solidified
through heating [193,194] or UV exposure [195] after filling.
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Table 3. State-of-the art in DSSC modules fabrication. Classification as a function of configuration. Copyright obtained for each module picture, copyright 2023,
Laura Manceriu.

Configuration Substrate
Electrodes
Deposition

Method

Electrolyte
Composition Electrolyte Deposition Module Size Picture Performance/

Stability Ref.

M
on

ol
it

hi
c

Glass/
FTO Screen printing

0.1 M I2, 0.8 M BMII,
0.1 M GuSCN, 0.5 M

N-butylbenzimidazole
in MPN

Drop-casted

3.38 cm2 active TiO2
area/cells

17 cm2 module total area
13.5 cm2 active TiO2

area/module
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<2.5% (es-
timated) 
2000 h at 
60 °C un-
der 1 sun 

[184] 

Pa
ra

lle
l 

ITO/ 
PET 

Screen printing 
Liquid electrolyte 
SB-163 (IoLiTec) 

Injection 
followed by 
hot lamina-

tion at 
110 °C 

10 cm × 10 cm 

 

 
 

3.61% [194] 

ITO/ 
PET 

Screen printing 

0.4 M I2, 0.4 M LiI 
0.4 M TBAI and 

N-methylbenzim-
idazole in 0.3 M 

MPN 

Vacuum 
filling 

10 cm × 10 cm 

 

 
 

2.95% un-
der 1 sun 

[187] 

Glass/ 
FTO 

Screen printing 
0.8 M PMII, 0.1 M 
I2, and 0.5 M TBP 

in MPN 
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filling 
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48.7 cm² active area 
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81.3 cm² active area 
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8.06% (10 
cm × 15 

cm) 
600 h at 
60 °C, 

60% RH 
and 1 sun 
(stability 
test on 5 

cm × 5 cm 
module). 

[188] 

5.2% at AM1.5 200 W/m2

2000 h at 50 ◦C
under 1 sun

at Voc

[183]
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FTO Screen printing PEO/PVDF/LiI/I2

Vacuum filling + thermal
curing at 80 ◦C for 24 h 61.1 cm2 active TiO2 area
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Table 3. Cont.

Configuration Substrate
Electrodes
Deposition

Method

Electrolyte
Composition Electrolyte Deposition Module Size Picture Performance/

Stability Ref.

ITO/
PET Screen printing

0.4 M I2, 0.4 M LiI 0.4 M
TBAI and

N-methylbenzimidazole in
0.3 M MPN

Vacuum filling 10 cm × 10 cm
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FTO
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and sputtering I−/I−3 redox couple Injection filling 5.0 cm × 5.3 cm

25.45 cm2 aperture area
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Table 3. Cont.

Configuration Substrate
Electrodes
Deposition

Method

Electrolyte
Composition Electrolyte Deposition Module Size Picture Performance/

Stability Ref.

Glass/
FTO Screen printing HSE-GreatCell Solar

liquid electrolyte Vacuum filling
20 cm × 19.2 cm

312.9 cm2 aperture area
221 cm2 active area
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FTO Screen printing

0.1 M I2, 0.1 M GuSCN, 0.5
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The current processing of larger scale DSSCs has not evolved much yet. The pho-
toanode and counter electrode are each separately deposited on the substrate, usually by
screen printing, followed by thermal annealing for particle sintering (Figure 20) in case
of glass substrates [196,197]. Obviously for multiple DSSC cells connection in series or
parallel, conductive buss bars, usually Ag, are printed followed by protective layer coating
to prevent corrosion. After dye sensitization, the photoanode is assembled with the counter
electrode via a separator, which also plays the role of sealant (Figure 20), and then the
electrolyte is filled in between.
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Figure 20. Current processing steps for the fabrication of conventional DSSCs comprising a
redox mediator.

The screen-printing method is by far the most exploited for the photoelectrode and
counter electrode deposition, but not for the electrolyte; even if based on the reported
rheological properties, the gel-like electrolytes should be compatible with such deposition
methods. Roll-to-roll processing has so far been tested only for solid state DSSCs [198],
where the redox mediator is replaced by a hole collector. From the commercial point of
view, options exist on the market as thoroughly summarized by Aslan et al. [197] with
companies like GCell, NREL, Konarka, Dyenamo or 3G Solar already offering solutions
for portable electronic devices, Internet of Things and sensors. However, it is hard to
gather information on the current state of development in electrolyte formulations and
deposition technologies.

5.2. DSSC Module Configuration

Different DSSC module connections were reported (refer to Table 3), including series or
parallel configurations, for maximizing the voltage or the current output, respectively. Three
types of configurations are generally exploited for the series connection: the monolithic
(Figure 21a), the W-series (Figure 21b), the Z-series (Figure 21c) and parallel connection
(Figure 21d).

The monolithic configuration (Figure 21a) is economically more interesting as only
one conductive substrate is used and the fabrication process is much simplified since
components are stacked one by one on the substrate. However, cell operation relies on
proper electrolyte infiltration in the dye-sensitized TiO2 and the porous barrier layer. For
this reason, the operation of this type of device relies on uniform liquid electrolyte injection
filling [183,184]. Therefore, any of the polysiloxane-based electrolytes with lower viscosity
(<10,000 cPs) can be used in such devices, since effective pore filling in standard [162]
or porosity-tuned [199] TiO2 electrodes has already been proven. Most of the time, the
electrolyte remains in its liquid form; however, the use of thermosetting PEO/PVDF-based
electrolytes, which are liquid when injected and become solid after thermal treatment,
was also reported [193] in large surface modules. Encouraging results were also obtained
on lab-scale devices containing such thermosetting electrolytes based on polysiloxane
polymers [27,30,32]. The advantage of this configuration is that no special care must
be given to electrolyte volume contraction since device sealing from UV and ambient
factors is realized after polymerization. However, special attention must be given to
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the sealing-processing temperature which should be lower than the dye-degradation
temperatures (<100 ◦C).
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For the W-series connection, a higher active surface can be attained as no conductive
interconnections have to be printed in between the two opposite electrodes lines [191].
However, cell separation is required, as illustrated in Figure 21b. The difficulty of this
design lies in matching the performance of each cell as front and back illumination are
alternating, with reversed-side illuminated cells having a lower short-circuit current due to
light absorption by the electrolyte and the counter electrode. In terms of electrolyte printing,
the W-series configuration needs more precision in masking and in controlling the printed
layer thickness since the electrolyte has to be correspondingly deposited on each side, on
top of the TiO2 electrode, and ensures a proper interface contact with both the C/Pt and
FTO-coated substrates. This would also imply matching TiO2 layer printing quality on the
two substrates. This is why viscoelastic thermosetting electrolytes, which are injected after
heating (60 ◦C < Tflow < 100 ◦C) and which solidify after cooling, are more easily manipu-
lated for building such device configurations. The gelation point should lie somewhere
between −10 and 50 ◦C, which corresponds to the DSSC operational range [200], espe-
cially for vertically mounted large-scale DSSCs where failure owing to gravity-entrained
electrolyte flow or phase separation represents a high risk. Photo crosslinking can also be
envisaged [201,202] as long as both sides of the device are irradiated.

The Z-series configuration consists of similar electrode configurations interconnected
through conductive buss bars, as shown in Figure 21c. Each cell is also isolated to prevent
buss-bar corrosion by the redox electrolyte [186,190,192]. The advantage of the Z-contact
module is the high voltage output, while the disadvantages are the small active area
due to the three layers (sealing/conductive/sealing) needed between the cells and the
low fill factor deriving from the conductive layer series resistance. As for the W-series
connection, matching the cells thickness is important; thus, good control over the electrolyte
layer printing thickness must be ensured. For this module design specifically, since thick
conductive buss bars (30–50 µm) must be deposited in between each cell, the electrolyte
film volume variations must be minimized. Consequently, solvent-poor or solvent-free
polymer electrolytes with thermosetting or thermoplastic properties should be used. As
opposed to the W configuration, the Z-series structure should be simpler to fabricate by
using current in-line printing processes since the electrolyte is printed on the same electrode
(TiO2 photoelectrode). For this configuration, ensuring counter electrode layer flexibility
and minimizing the TiO2 and electrolyte layer thickness is very important when aiming for
stable devices.

Finally, for parallel connected modules, the voltage output is maximized. The cells
are connected topwise and bottomwise (Figure 21d) through the counter electrode and
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the conductive substrate, respectively [187,188,194]. In addition, electron collectors are
deposited in the form of grids surrounding the individual cells to maximize the charge
collection and by pass the conductive layer series resistance.

For parallel connected modules, as for those in a series, viscous (polysiloxane) elec-
trolytes with thermosetting or thermoplastic properties should be targeted for effective
photoelectrode penetration and for facile device lamination. Photopolymerization would
only be possible through the transparent counter electrode, provided that the used sensitizer
is UV-stable.

5.3. Polysiloxane Viable Printing Technologies

As detailed earlier, polysiloxane electrolytes are ideal candidates for the development
of printing processes owing to their favorable thermal, chemical and electrochemical stabil-
ity but also due to their high versatility in solubilizing ionic liquids and compatibility with
other polymers and organic solvents. The methods used for controlling the polysiloxane
viscosity were already described in Section 4.3. As follows, the printability of the polymer
electrolytes, including those that are polysiloxane-based, is further evaluated with regard
to the different printing technologies and device designs. The rheological properties of the
electrolyte inks and the mechanical properties of the resulting films in view of the different
printing technologies are further discussed.

A simplified representation of scalable electrolyte layer deposition technologies is
presented in Figure 22, whereas Table 4 gathers the operation limits characteristic of each
printing technology, including the electrolyte ink rheology, printing throughput and printed
layer thickness and resolution. Based on the viscosity values reported in Table 2 and rheolog-
ical properties presented in Section 4.3.3, spraying and inkjet printing of polysiloxane-based
electrolytes are very challenging in terms of viscosity and surface tension adjustment. Blade,
slot or screen printing are better suited and more easily transposed to continuous online
roll-to-roll processes, as detailed further.
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Table 4. Polymer ink and printed layer properties.

Printing Technology Wet Layer
Thickness

Layer Thickness
Resolution

Viscosity
(cPs)

Surface Tension
(mN/m) Deposition Speed

Blade-coating/flatbed
screen printing/
slot-dye coating

10–150 µm ±1 µm 1000–50,000 25–500 <20 m/min

(Rotary) Screen printing 5–100 µm ±100 nm 500–10,000 20–60 50 m/min

Gravure and
Flexographic printing 1–50 µm ±1 µm 10–1000 <40 100 m/min

Inkjet printing <10 µm ±100 nm <20 <30 200 m/min

Spray coating 0.2–10 µm ±500 nm 10–150 <30 <10 m/min

5.3.1. Blade Coating

Blade coating is a very versatile deposition technique, compatible from medium
viscous to thick pastes, with viscosities ranging from 1000 to 50,000 cPs [203] (Table 4).

The blade-coating technique involves spreading the material with the help of a sharp
blade that is never in direct contact with the substrate (Figure 22a). Substrate heating is
often used to encourage film reticulation especially when consecutive layers have to be
deposited. The wet layer thickness is determined by the blade distance to the substrate, the
coating speed and the paste viscosity [41]. Typically, thick wet layers (10 to 150 µm) are
deposited with a modest layer uniformity (±1 µm.) (Table 4). Substrate patterning can be
realized by using a mask with a predefined pattern and thickness as illustrated in Figure 22a
or by pumping the ink through patterned coating heads (also called slot-dye coating). For a
traditional blade-coating process, the presence of a shear-thinning effect is not wanted as it
will destabilize the coating by increasing the minimum wet layer thickness [204]. Neither is
the surface wetting, as large quantities of polymer electrolyte are poured on the substrate.
Liquid wetting can be easily fixed by corona or plasma treatment while decreasing the
coating gap allows depositing thinner films and working at higher coating speeds [205].

The shear stress (
.
γ in s−1) for blade and slot-dye coating can be calculated according

to Equations (6) and (7) [206], where υ is the coating speed (cms−1), h is the slot height (cm),
Q is the solution flow (cm3 s−1) and b is the slot width (cm).

.
γ =

υ

h
(6)

.
γapp =

6·Q
b h2 (7)

The shear stress typically lies in the range of 103–104 s−1. The thickness t of the
deposited layer is given by Equation (8) [207]:

t =
F

υ·w ·s% (8)

where Fis the flow rate of the paste coming out from the leak, υ is the speed of the system,
w is the width of the coated surface and s% is the solid content.

For blade-coating processing of viscous polysiloxane inks, viscosity stabilization
should be checked for shear rates superior to 50 s−1 [208,209] and a viscoelastic behavior
(elastic modulus exceeding the loss modulus) confirmed in the processing frequency do-
main, with a storage modulus exceeding 10 Pa for structural stability. Whenever the ink is
supplied through a coating head as in slot-dye coating, the liquid surface tension should be
kept between 25 and 50 mN/m [210]. For uniform wet film application, proper leveling
and smooth crack-free layer development, the polymer ink should present a thixotropic
behavior with a medium recovery time (solid-like behavior recovery after the blading shear
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stress is removed) (Figure 23). A too fast recovery rate for such thick wet layers, as those
obtained by blade coating, might cause ribbing effects (Figure 24), whereas fast solvent
evaporation can lead to film cracking. Ideally, the recovery time should be in the range of
few minutes [211].
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For both blade and slot-dye coating, high-boiling solvents should be chosen to avoid
film cracking and layer thickness inhomogeneity due to fast solvent evaporation, as well as
to avoid injection-slot clogging.

Composition tuning for attaining electrolyte film flexibility for plastic devices, but also
film cohesion and crack-free property, are key aspects for cell durability. For increasing film
flexibility, apart from the reticulating agents (PEO, PVA, PMMA, PAN, etc.), plasticizing
agents such as PVB, PVDF, PVA or PEG have to be added [186,194,210] in combination
with high-boiling solvents. PVB-based and PVDF-based electrolytes have higher stability
and processability, while PEO-based electrolytes provide the best ionic conductivity and
width of the electrochemical window. PVDF-based electrolytes can also offer high ironic
conductivity and a wide electrochemical window, as long as an effective electrode’s pore
filling is ensured [212–214].

5.3.2. Screen Printing

Screen printing allows better precision in the obtained layer thickness (±100 nm).
Materials deposition geometry is defined by a flexible mesh, or mask, having the desired
pattern through which the precursor paste is squeezed by a squeegee (Figure 22b). The wet
layer thickness can reach 500 µm, but lies typically below 100 µm, and is determined by
the mesh and screen geometry that defines the printed volume, the paste dry content and
rheology [215]. In rotary screen printing, the mesh is mounted on a roller and a squeegee
forces the ink through the mesh and onto the substrate.

If the printed polymer is to be deposited with high dimensional specificity, it must wet
the substrate, have a minimum viscosity of 500 cPs [216] and a fast recovery rate in order
to maintain its structural stability after deposition. As for the blade-coating technology, the
liquid surface tension is not so critical because the substrate surface tension can be easily
tuned by plasma [217] or corona [218] treatment. In general, the inks surface tension must
be 10 mN/m lower than that of the substrate [209,219].

Various large-area DSSC modules and panels based on screen-printing fabrication pro-
cesses have been reported (Table 3) for which the electrolyte was filled through a hole. Devel-
oping a fully screen-printed DSSC depends on developing a suitable polymer electrolyte.
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Electrolytes with a jelly structure are not suitable for screen printing because their
structure will be destroyed and they become liquid at very low shear-thinning rates.
Thermally or UV-curable polymer electrolytes with tuned viscoelastic properties adapted
to the processing deposition rates should be designed.

Fully continuous processing is best achieved through rotary screen printing, which uses
the same principle as blade coating, although in this case, the web of the screen is folded
onto a tube and the squeegee and the ink are placed inside the tube. As the screen rotates
with the same speed as the substrate, the ink is continuously pushed through the open area
of the screen by the stationary squeegee, making a full print upon every rotation. Much
higher processing speeds can be achieved by use of rotary screen printing (>50 m/min).
With the screen-printing process, a printing resolution of 50 lines/cm can be reached [220].

The deformation rates in screen printing are in the order of 103 s−1, whereas the
squeegee lift-off after pattern deposition is in the order of millisecond [221], meaning
that the polymer ink should be able to rapidly transit (within few dozens of seconds)
from liquid-like to solid-like behavior (i.e., have a fast recovery rate) when passing from
high (injection equivalent) shear-stress to static conditions. The recovery time is highly
dependent on the ink viscosity, as illustrated in Figure 24a, and should be in the range of
few seconds [222]. The yield point (transition from viscous to liquid-like behavior) should
be achieved for screen-printing corresponding shear rates (shear stress > 50 s−1), with
the storage modulus dominating over the loss modulus above the yield point (as for the
ink with 5.57 Pa·s viscosity, orange traces in Figure 24b), with values exceeding 10 Pa for
achieving pattern structural stability.
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5.3.3. Flexographic and Gravure Printing

In flexographic printing, the transfer of ink happens through direct contact of a soft
printing plate cylinder onto which the desired motif stands out as a relief. The ink is
transferred to the printing plate via a ceramic anilox roller with engraved microcavities
embedded into the exterior surface. The anilox cylinder is continuously supplied with ink
by contact with a fountain roller that is partly immersed in an ink bath. The excess ink is
removed by a blade ensuring good control of the wet layer thickness [223].

In gravure printing, an image is created by engraving a negative of the image being
printed onto a gravure cylinder, which is then coated with ink and the image is transferred
to the substrate using pressure.
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These methods allow printing layers of 1 to 50 µm thick [224] with a resolution
of 70 to 130 lines/cm, with superior resolutions for gravure printing [225]. The thicknesses
of the deposited layers depend on the speed of the press, the transfer characteristics of the
product, its viscosity (10–500 cPs) and the surface condition of the support.

In these inks, the solvents are temporary components since they are eliminated by evap-
oration and/or infiltration during the drying of the ink. They do not theoretically contribute
to the properties of the printed ink film. For polymer printing, the solvents used in gravure
should have a high-boiling point (toluene, glycol ethers, esters, 3-methoxypropionitrile—
MPN or N-methylpyrrolidone—NMP). Similar rheological properties as for screen-printed
inks should be targeted, with the difference that for this process, the polymer ink viscosity
should be lower.

5.3.4. Inkjet Printing

The inkjet printing technique involves release of small ink drops through a printhead,
controlled by the inkjet printer itself. This printhead contains a series of nozzles, which
allow the ink drops to be released on to the substrate (see Figure 22e). To produce and
control the droplets, two main methods are used, either continuous ink jet (CIJ) or drop-
on-demand (DOD). In the case of CIJ, each drop is electrostatically charged and then
accelerated by an electric field toward the substrate that slides along a plane, while the
drop generator ejects the ink drops. The DOD involves hardware/software techniques
for drop formation: the ejection occurs only when needed according to the pattern to be
printed. The DOD method is more suitable for patterns that are more complex since its
accuracy is much higher.

Ink stability at rest determines the shelf-life, whereas the rheological properties de-
cide the printing throughput and ink spreading on the substrate. Usually, the viscosity
required for inkjet printing is rather low (<20 cP) [226] and particle sizes should not exceed
200–500 nm to avoid printing-head clogging [227]. The ink surface tension should not
exceed 30 mN/m (Table 4).

The representative characteristic dimensionless numbers that affect the behavior
of the ink are the Reynolds number (Re), Weber number (We) and Ohnesorge number
(Oh) [133,134,228].

Re =
υρα

ï
(9)

We =
υ2ρα

γ
(10)

Oh =

√
We

Re
=

ï

(γρα)
(11)

In these equations, υ, α, ρ, ï and γ represent the velocity, characteristic length (typi-
cally drop diameter), density, dynamic viscosity and surface tension of the polymer ink,
respectively. Re and We refer to the ratio of the inertial force to the viscous force, and the
balance between the inertial force and the surface tension, respectively, while Oh relates the
viscous force to the inertial force and surface tension. The Z parameter (Z = 1/Oh) is a key
property for the inkjet process since it is directly connected to the rheological properties
of the polymer ink, such as dynamic viscosity (ï), density (ρ), surface tension (γ) and the
characteristic length (a), which is the diameter of the nozzle. Therefore, the Z parameter of
the electrolyte-based inks has to be optimized within the printability region determined by
Reis (1 < Z < 10) [212]. At low Z values, viscous dissipation prevents drop ejection, whereas
at high Z values, the primary drop is accompanied by a large number of satellite drops.

The minimum pressure required to start a flow for the ink with a yield stress can be
described by pmin =

(
4L
D

)
ζ [229,230] where pmin is the minimum pressure required, L is

the nozzle length, D is the nozzle diameter, and ζ is the yield stress of inks. The shear stress
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during inkjet printing can be calculated by using Equation (12), where Q is the polymer
ink-flow rate (mL/s) and R is the nozzle radius (mm).

.
γapp =

4·Q
πR3 (12)

The strong shear-thinning and fast recovery behavior (faster than for screen printing)
are highly desirable in injection-based printing processes as shear-thinning behavior enables
the easy extrusion of inks through a narrow opening and the rapid-recovery behavior allows
the inks to quickly achieve enough mechanical strength after printing to resist deformation.
During viscous polymer injection, a low yield stress is highly desirable as the injection
is not continuous but starts and stops frequently during printing. Yield stresses of inks
is determined as the crossover point where G′ equals to G′ ′, as previously illustrated in
Figure 13. The shear rate for spraying or the inkjet process is very high (104–105 s−1).

Generally, the clogging issue appears if an overlarge filler is used, solvent evaporates
too fast and/or the ink is poorly dispersed. To avoid these issues, the size of filler particles,
if present, should be less than 1/10th of the diameter of the printing head aperture [231],
high-boiling solvents should be used and polymer ink surface tension and viscosity should
be adjusted, respectively.

5.3.5. Spray Coating

The spray process is divided in three main steps: (a) transport of the precursor solution
toward the spraying nozzle; (b) atomization of the precursor solution that generates the
aerosol; and (c) precursor spreading and wet film formation on the substrate, as illustrated
in Figure 22e. During aerosol transport, the fine liquid droplets flow rate (Fa) is described
by Equation (13), where P is the vapor pressure, η the viscosity, σ the surface tension and K
a coefficient depending on the power used to generate the mist [232].

Fa = K

√
P

σï
(13)

The viscosity limit drops significantly for this process. Ideally, they should not ex-
ceed 150 cPs [233]. Of course, more viscous polymer inks can be sprayed if the proper
nozzle aperture is chosen, knowing that the spray-coating resolution decreases with the
aperture size.

Viscoelasticity, shear viscosity and surface tension have been reported as key prop-
erties affecting the spray performance with direct impact on the droplet size distribution
generated by either ultrasonic, two-fluid or pressure nozzles [234–236].

During mixing and pumping, the polymer ink (which might contain inorganic filler
particles) is exposed to shear rates between 1 and 100 s−1 or even higher, whereas during
airless spraying, shear-rates up to 105–106 s−1 are reached [237]. Wet layer levelling is very
important during spraying, as it determines the layer homogeneity and occurs for shear
rates between 10−2 and 1 s−1, as for blade-coating methods. The shear stress for spray
coating can be calculated according to Equation (12) [206], where Q is the solution flow.

The spraying of polymer electrolytes is carried out at room temperature with previous
solution heating (often reported for injecting thermosetting or thermoplastic polymer
electrolytes) for more facile injection. Solvent evaporation and film drying steps are required
to achieve layer crosslinking. Sometimes the substrates are slightly heated to achieve film
stabilization. As for slot-dye coating, medium recovery rates should be used to allow
proper liquid film leveling.

6. Summary and Prospects

Generally speaking, since the energy demand has increased significantly in the last
30 years, we are always in search of environmentally friendly, alternative sources of energy,
whether for high-, medium- or low-energy consumers, as any effort in this direction can
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lower the worldwide energy production impact. In this sense, dye-sensitized solar cells
(DSSCs) are an ideal alternative energy source exploiting both solar and artificial light with
a great potential for contributing to static or remote applications such as the Internet of
Things (IoT) or portable electronics.

Although the DSSC processing technology is quite mature for small- and medium-
scale devices based on liquid electrolytes, with efficiencies reaching competitive values as
those reported by traditional Si solar panels (15.2% reported in 2023), its mass production
is limited by the short-term stability induced by the electrolyte liquid usage itself. Likewise,
current device component fabrication and encapsulation cannot be adapted to an online
fabrication process. This also explains the rather slow progress in DSSC efficiency. Indeed,
the highest reported performances still refer to liquid or quasi-solid electrolyte-based elec-
trolytes with most advances mainly concerning the development of new (co)sensitization
methods enabling visible and near-infrared light harvesting; new electrolyte compositions
comprising jellifying agents, fillers or polymers that reduce the risk of leakage; and the
development of new redox couples with lower redox potential for increasing the open-
circuit potential or the development of solvent or iodine-free electrolytes for improved
device stability.

Nevertheless, in the majority of cases, the device encapsulation is based on joining the
chemically deposited dye-sensitized photoanode with the physically deposited counter
electrode via a separator, which also serves as sealant and adhesive, followed by elec-
trolyte filling in between. Even more, except the all-solid monolithic and junction DSSC
device designs, which lead to modest performances due to the lower photoanode specific
surface, poor electrolyte penetration and extended charge diffusion path, all the other
device structures proposed were mostly tested with liquidlike electrolytes. Consequently,
the development of judiciously tailored printable electrolytes to fit the different device
configurations is highly important for the rapid mass production and commercialization
of efficient and stable next-generation DSSCs. Thus, in the following years, we expect to
witness intensive and rapid development in the field of printable electrolytes capable of
meeting the current online roll-to-roll-like modules processing demand, with Z-series and
parallel configurations having the highest potential for high scale exploitation.

Related to this, we particularly highlight in this review the amazing properties and
versatility (compatible with high boiling-point solvents and ionic liquids) of polysiloxane-
based electrolytes. Indeed, their high thermal and electrochemical stability, low toxicity,
high ionic conductivity and their potential to act both as electrolyte and redox mediators
render them very attractive for the future development of printable electrolytes. Further-
more, high consideration is given to the printability of the polysiloxane-based electrolytes
with respect to roll-to-roll-like printing technologies and online device encapsulation. As
highlighted in the review, the polymer electrolyte, and in particular the polysiloxanes
rheological properties, can easily be tuned to fit almost all printing technologies by adding
ionic liquids and by tuning the type of side chain or the degree of functionalization. Adding
polymers and fillers is an imaginable strategy for tuning ionic conductivity and mechanical
properties, as well as the polymer reticulation mechanism, which has barely been explored,
even for common electrolyte compositions.

In terms of scalable deposition methods, the inkjet printing and spraying methods
impose the highest restrictions in terms of viscosity and are less suited for any polymer
electrolyte processing but are already explored for electrode dye sensitization and pho-
toanode deposition. Screen printing, blade or slot-dye coating or any combination of these
are the most promising electrolyte deposition processes for achieving precise substrates
patterning and a fine layer thickness control.

Once an online fabrication process is developed, the potential for exploiting this
technology for low-power consumers is endless, including displays, smart sensors, IoT,
portable electronics and smart windows.
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