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Review

Poly(3,4-ethylenedioxythiophene) in Dye-Sensitized Solar 
Cells: Toward Solid-State and Platinum-Free Photovoltaics

Lucia Fagiolari, Erica Varaia, Nicole Mariotti, Matteo Bonomo, Claudia Barolo, 
and Federico Bella*

DOI: 10.1002/adsu.202100025

Dye-sensitized solar cells (DSSCs) have become a strong reality in the field of 
hybrid photovoltaics. Their ability to operate in diffused light conditions and 
the possibility of fabrication of modules bearing different colors make these 
cells attractive for different applications, for example, wearable electronics, 
building integration, etc. This review focuses on one of the compounds rather 
often studied for DSSCs, namely, poly(3,4-ethylenedioxythiophene) (PEDOT). 
It has been introduced both as a substitute for liquid electrolytes, in order to 
facilitate cells fabrication and increase their durability, and as an alternative to 
platinum for counter electrodes. The literature counts many studies on PEDOT 
and this manuscript collects them following a classification criterion based on 
applications, functionalization/doping strategies, and deposition methods. In 
addition to comparing the performance obtained for PEDOT-based systems 
with those of traditional cells (i.e., assembled with liquid iodine-based elec-
trolytes and platinum cathodes), the manuscript also offers a brief analysis of 
costs and sustainability aspects, built up on experimental data found in the 
literature; this latter is expected to constitute a precious resource to catalyze 
the attention of the scientific community on relevant and preliminary aspects 
when figuring out the industrial scalability of newly proposed cell components.
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1. Introduction

The scientific community agrees that 
photovoltaics (PV) represents the strategy 
capable of guaranteeing the production 
of energy in a geographically distributed 
way and without generating a consider-
able environmental impact.[1,2] Academic 
and industrial activities over the last 50 
years have been very intense and today 
PV has become the cheapest source of 
energy in many countries (often costing 
less than 0.015 USD kWh−1, i.e., 0.23 USD 
Wp−1).[3,4] The leading technology on the 
market is that based on silicon and the 
production of solar panels has seen a sig-
nificant decrease in manufacturing costs 
in the last decade.[5,6] Today, solar panels 
are placed in areas intended for electricity 
generation, integrated into buildings, on 
floating platforms, etc., and their diffusion 
is definitely growing.[7,8]

However, in this scenario some critical 
points are present, starting with the dis-
posal of the panels at the end of their life 

and the need to integrate generation systems with storage units 
(given the intermittency of the solar source).[9,10] Nowadays, the 
scientific community is quite active in this direction and the 
numbers regarding energy production from PV are concretely 
promising.[11] Indeed, the International Energy Agency has 
recently predicted a growth by 700–880 GW from 2019 to 2024, 
that would make PV the technology with the largest installed 
capacity since 2025.[12] This well couples with another brilliant 
figure of merit, that is, the recovery of the manufacturing cost: 
right now, considering a rooftop PV system, this value is equal to 
1.3 years in Canada, 0.9 years in Italy, and 0.4 years in India.[13,14]

Besides the evolution of Si-based market, other technolo-
gies have been developed, each of them for a specific applica-
tion target or to propose a solution for one of Si-based cells 
issues.[15–19] Among these technologies, dye-sensitized solar 
cells (DSSCs) represent one of the most intriguing and scien-
tifically stimulating challenges in the PV context.[20–22] 2021 will 
celebrate the 30th anniversary of their invention,[23] which has 
led to the generation of new knowledge in the field of mole-
cular dyes, semiconductors and electrolytes formulations.[24–28] 
Their transition at an industrial scale was delayed for many 
years, and this was mainly due to the desire to consider DSSCs 
as alternatives to Si-based cells;[29] however, these technologies 
differ greatly in terms of materials, performance, costs and 

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-
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end-of-life disposal.[30–34] In the last decade, the scientific com-
munity has focused the attention on the strengths of DSSCs, 
namely operation in diffused light conditions, the possibility of 
creating flexible devices and the tunable aesthetic aspect.[35–39] 
This has clearly led to the identification of commercially attrac-
tive products based on the DSSC technology, such as windows 
for buildings and colored panels for city/highway environ-
ments, self-powered wearable devices, smart objects for indoor 
environments being capable of producing energy, integrated 
energy conversion/storage devices, etc.[40–44] All these features 
make DSSCs complementary devices with respect to silicon in 
the PV scenario. Also, some companies have already started 
attending international conferences presenting prototypes, the 
industrialization of which is underway.[45]

DSSCs are considered as an emerging PV technology.[46] 
Their working principle is usually considered as an artificial 
photosynthesis in which a photon is converted into current 
instead of into a chemical species. A typical DSSC is based on 
a mesoporous semiconductor oxide, onto which a photosen-
sitizer (acting as light catcher) is chemically bound; when the 
radiation shines onto the device, an electron is promoted from 
the highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital of the sensitizer and an exciton 
(i.e., a charge-hole separation) is created; this electron is then 
injected into the semiconductor and flows throughout the latter 
till it reaches the substrate and it is inserted into an external 
electric circuit; simultaneously, a redox mediator is employed 
to regenerate the steady state of the sensitizer by an electron 
transfer; in order to close the electronic (electric + ionic) circuit, 
the electron flows through the external circuit to the counter-
electrode, where it is employed to regenerate the pristine state 
of the redox mediator.[21] Along with DSSCs, perovskite solar 
cells (PSCs) and organic PV belong to the emerging PV and 
the former one exhibits the best performance. However, PSCs 
are lead(II)-based halide perovskites and the presence of lead 
hampers the market acceptance.[47] Additionally, DSSCs could 
be easily integrated in building integrated PV (BIPV) projects 
(facades, green-houses, etc.) and could be effectively exploited 
in indoor applications or when diffuse light sources are 
required; indeed, PV conversion efficiencies (PCEs) up to 30% 
have been obtained in these conditions.[48,49] Also, they were 
recently exploited to power the Internet of Things.[50]

Among the open challenges in the DSSCs field, the removal 
of the liquid electrolyte and the replacement of the Pt-based 
cathode are the main ones,[51–55] as well as the most difficult. 
The goal is to increase the safety and ease of production of 
DSSCs (by replacing a liquid electrolyte based on organic 
solvents with a solid conduction system),[56–60] as well as to 
reduce the cost of the raw materials used for cells fabrication 
(by replacing platinum with less expensive alternative and car-
rying out accurate life cycle assessment—LCA—analysis).[61–65] 
The scientific community has proposed numerous solutions to 
these purposes, which are summarized in various reviews pre-
sent in the literature.[66–70]

In this sector, poly(3,4-ethylenedioxythiophene) (PEDOT) 
plays an important role.[71] It was invented at the Bayer AG 
research laboratories around 40 years ago[72] and its excellent 
conductivity (300–500 S cm−1), high flexibility, excellent transpar-
ency in visible light, remarkable stability, and low cost (even if an 

accurate and comparative LCA is still missing) make it among 
the most desired polymeric organic conductors of interest 
for electronic, antistatic and optoelectronic applications.[73–75] 
PEDOT is an insoluble polymer and it leads to difficult deposi-
tion processes from solution, but this issue was fixed by using a 
water-soluble polyelectrolyte, for example, poly(styrene sulfonic 
acid) (PSS), as the charge-balancing dopant during polym-
erization; as a result, PEDOT:PSS was obtained from the reac-
tion.[76–78] The product of this important technical breakthrough 
(water processability) was sold as Baytron P™.

Wen and Xu illustrated two different synthetic routes to obtain 
PEDOT:PSS.[79] The first one involves the chemical oxidative 
polymerization of both PEDOT and PEDOT:PSS starting from 
3,4-ethylenedioxythiophene (EDOT) monomer and poly(4-sty-
renesulfonic acid) (PSSH).[80] The final product is a metastable 
suspension obtained through a homogenization process. The 
second method involves an initial formation of PEDOT powder 
from EDOT and its subsequent dispersion in PSSH. Both the 
routes lead to PEDOT formation through an oxidative polym-
erization of EDOT monomer: the classical oxidizing agents 
employed are FeCl3[80,81,92] and Fe(OTs)3

[80] along with Na2S2O8.
EDOT monomer can be synthesized through different 

strategies (see Figure  1A).[82] The route suggested by Zhan 
et  al. involves 3,4-dibromotiophene as starting material,[83] 
while Jonas et  al. developed a synthetic pathway from 
thiodiglycolic acid, obtaining EDOT through the decar-
boxylation of 3,4-ethylenedioxythiophene-2,5-dicarboxylic 
acid.[84] In 2004, von Kieseritzky et  al. obtained EDOT from 
2,3-dimethoxy-1,3-butadiene.[85]

Besides the oxidative polymerization of EDOT, there are 
two further approaches to polymerize PEDOT: i) the electro-
chemical polymerization of EDOT and ii) the transition metal-
mediated coupling of dihaloderivatives of EDOT. The former 
requires the use of small quantities of monomer and relatively 
short reaction time, while the latter gives the neutral polymer 
taking advantage of the dehalogenation-polycondensation 
method suggested by Yamamoto et  al.[86–88] It is important to 
notice that PEDOT obtained through the oxidation method 
leads to p-doped polymers and the de-doping is not straight-
forward,[87] while the transition metal-mediated coupling leads 
to neutral polymers available for characterizations. However, 
the stable and easy-to-process PEDOT:PSS (Figure  1B) (that is 
water dispersible) is the preferable and most useful product.

PEDOT, PEDOT:PSS, and other doped PEDOT-based com-
pounds have been widely investigated in the DSSCs field, with 
a double ambition, that is, replacing both the liquid electrolyte 
and the Pt-based cathode. Indeed, PEDOT-based materials can 
promote an efficient hole transporting (through a mechanism 
based on charge hopping) between cell electrodes, as well as an 
efficient electrocatalytic activity as cathodes in redox shuttles-
based DSSCs.

This manuscript offers a literature review on the above men-
tioned two roles of PEDOT in the DSSCs field. The contents 
are presented according to a thematic overview based on the 
role and functionalization/formulation process applied to the 
PEDOT compound, also highlighting the relevant points in 
terms of cell performance (PCE, stability) and processability. 
Furthermore, we also present a section regarding the sustain-
ability aspects and the industrial scalability issues of PEDOT 
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and PEDOT-based DSSCs, trying to check where the scientific 
community is placed within the transition process toward solid-
state and/or Pt-free DSSCs. We can anticipate that in literature 
papers it is always claimed that PEDOT and PEDOT-based 
compounds would reduce the cost and/or the overall impact of 
the DSSC technology, but an accurate LCA study to consolidate 
this concept has not yet been carried out.

2. Current Trends and Challenges in Electrolytes 
and Cathodes for Dye-Sensitized Solar Cells
Although research efforts in the DSSCs field have been focused 
for many years on the development of new dyes with the aim 
of maximizing sunlight absorption and minimizing recom-
bination phenomena,[89–91] the electrolyte has later come out 
due to its relevant role when long-term stability issues are 
considered.[92–94] In the standard device configuration, the elec-
trolyte consists of a redox shuttle dissolved in an organic sol-
vent along with additives conceived to boost photocurrent and 
voltage of the DSSC.[95,96] Overall, the electrolyte takes care of 

oxidized dye regeneration, a milestone step to make these solar 
cells regenerative, and guarantees an efficient charge transfer 
between the electrodes.[70] Last, but not least, electrolyte compo-
nents should be designed to be easily upscaled at a large scale 
in terms of processability, abundancy and end-of-life disposal.[97]

Liquid-state electrolytes have been the first (and unique) 
choice in the DSSCs field for many years, due to their ability 
to ensure proper ionic conductivity and effective permeation 
throughout the nanostructured photoanode.[98,99] In terms of 
photoelectrochemical properties, the electrolyte must guarantee 
high stability under sunlight and cell voltage (≈1 V), while the 
redox shuttle potential has to be properly placed with respect to 
the HOMO level of the chemisorbed dye molecules to assure 
efficient sensitizer regeneration; other features include the best 
transparency as possible in the visible region (aiming at BIPV) 
and the low corrosiveness toward metal counter electrodes and 
charge collectors (long term stability).[100,101]

Redox shuttles based on iodine or cobalt represent the most 
studied systems for DSSCs electrolytes.[102] The former typically 
leads to fast dye regeneration, high ionic conductivity, and effi-
cient permeation of the mesoporous photoanode: these features 
ensure an almost quantitative dye molecules regeneration.[103] 
However, iodine-based electrolytes have often been criticized 
for their corrosive action toward cell metals components;[104] 
other drawbacks are I2 volatility, its competition with dye mole-
cules for visible light absorption (due to I3

−) and the overall 
high redox potential of this shuttle, that limits achievable open-
circuit voltage (Voc) values.[105]

As a valid alternative, Co-based organometallic complexes 
allow chemists to precisely tuning the electrochemical potential 
and optical properties of the redox mediator by designing dif-
ferent ligands around the metal center.[106,107] Voc values close to 
1 V were demonstrated by different groups, boosting the overall 
cell PCE in many cases.[108] However, these redox couples suffer 
of mass transportation issues due to their large molecular size, 
thus impacting on short-circuit current density (Jsc) values. 
Besides this, the scientific community is also considering the 
fact that cobalt is a critical raw material (CRM, with an abun-
dance of 0.003% in the Earth crust and mined in few specific 
places); this implies that Co-based shuttles cannot be consid-
ered a winning solution for a large-scale diffusion of DSSCs.[109] 
In the recent years, some efforts have been spent on alterna-
tive redox mediators and the most promising are those based 
on copper complexes[110,111] and on sulfur-based compounds.[112] 
The former also led to solid-state devices, deriving from solvent 
evaporation, called zombie-cells.[113]

Solvent leakage, volatilization, and the ineffective sealing of 
liquid electrolytes-based DSSCs make these devices far from 
the long-term stability requirements for commercial purposes. 
This pushed the scientific community to develop quasi-solid 
electrolytes, that is, systems possessing—at the same time—
the cohesive properties of a solid and the ionic conduction of 
a liquid.[114–116] Three main strategies are now established when 
proposing quasi-solid DSSCs: i) The solidification of a liquid 
electrolyte through an organic polymeric gelator, obtaining ther-
moplastic or thermosetting systems;[117,118] ii) the solidification 
of a liquid electrolyte by inorganic nanoparticles (NPs), leading 
to composite systems;[119] iii) the use of ionic liquids to replace 
organic solvents (and sometimes also the redox shuttle), with 

Figure 1.  A) Three different starting compounds for EDOT synthesis, as 
presented in refs. [83–85]. B) Structure of PEDOT:PSS.
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the subsequent solidification with organic or inorganic gela-
tors;[120] ionic liquids benefit from very low volatility and chem-
ical stability, but their use is still controversial due to the often 
impactful synthesis. Overall, quasi-solid DSSCs have often dem-
onstrated a promising long-term stability and rather high PCE 
values;[121–124] on the other hand, the permeation of these elec-
trolytes in the whole thickness of nanostructured photoanodes 
has rarely been demonstrated, this latter representing a relevant 
pitfall in this field (i.e., only the first few layers would work in 
the TiO2-based photoanode). If the upscalability of these elec-
trolytes is further guaranteed by printing techniques, their use 
in commercial DSSCs could be reached within some years. In 
parallel, the scientific community is also studying the replace-
ment of organic solvents with water, to fabricate both liquid and 
quasi-solid cells with a markedly improved safety and environ-
mental friendliness.[125,126] Even if tailoring interfaces and cell 
components in water is a huge work under an experimental 
viewpoint, this will lead to a true concept of sustainable PV.[127]

In all the quasi-solid systems proposed right now, a liquid 
is still present and some criticism versus the unavoidable 
liquid exudation from the cells upon years is forcing a part of 
the scientific community to identify truly solid-state electro-
lytes.[69,128,129] The same criticism has been raised in the lithium 
batteries field.[130–135] Anyway, a first class of liquid-free systems 
is that of polyelectrolytes,[136] where charged anionic or cati-
onic groups are chemically bonded to a macromolecular chain, 
leading the counterions to freely move between cell electrodes, 
undertaking charge carriers transportation. Besides polyelectro-
lytes, also plastic crystals (e.g., succinonitrile) were proposed as 
solid-state ion conductors.[137]

As a remarkable step forward, the redox shuttle can be com-
pletely replaced by a p-type semiconductor, working as hole-
transporting material (HTM); in this system, charge transpor-
tation occurs by hole hopping between neighboring molecules 
or moieties.[138] This represents a typical electronic transport, 
markedly different from the ions-based conduction where 
mass transportation is required. Among the requirements of 
HTMs, the main ones are the deposition in the amorphous 
state within the mesoporous photoanodes (to guarantee an 
efficient pore filling), a high hole mobility and a wide trans-
parency in the visible range. Cu-based compounds (e.g., CuI, 
CuBr, CuSCN) were demonstrated to this scope in DSSCs, and 

the best performances were obtained with the orthorhombic 
perovskite polymorph of CsSnI3, able to reach PCE higher than 
10%.[139]

As regards organic HTMs, they are polymers or molecules 
soluble or dispersible in organic solvents, thus spin-coating 
can be used for simple lab-scale preparation;[140] anyway, in 
situ formation by means of electrochemical or photo(electro)
chemical polymerization methods were also proposed.[141] 
PEDOT, poly(aniline), poly(3-hexylthiophene), poly(3-octylth-
iophene), polycarbazoles, triarylamine-based polymers, and 
poly(thiophene) represent the most frequently used polymeric 
HTMs in solid-state DSSCs.[142] As regards molecular com-
pounds, 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-
spirobifluorene (spiro-MeOTAD) represents the main choice 
nowadays,[143] even if it is rather expensive and requires precise 
doping conditions to properly work in DSSCs.

Even if these solid-state systems guarantee the absence of 
any leakage or volatilization phenomena, state-of-art perfor-
mances are still far from those achieved with liquid electro-
lytes. The main issue of HTMs is the poor interfacial contact 
with cell electrodes and permeation throughout the mesoscopic 
structure of the photoelectrode; these characteristics are of fun-
damental importance for hybrid PV technologies. Many efforts 
are currently spent to make steps forward developing HTMs-
based DSSCs.

A list of the principal keywords representing the state-of-art 
research in the field of DSSCs electrolytes is shown in Figure 2.

Counter electrodes (or cathodes in n-type cells) are a key 
component in DSSCs, working not only as a charge collector, 
but also playing an active role in the efficient regeneration of 
the redox mediator. Since the seminal work of O’Regan and 
Grätzel,[23] counter electrodes are commonly made of platinum. 
Albeit this metal shows an excellent catalytic activity (especially 
toward the classical I-based redox couple), it presents some 
important drawbacks both concerning costs, device scalability 
and environmental issues, being it considered as a CRM.[144] 
Therefore, the research started to focus on alternative mate-
rials that should, however, fulfil some key requirements: They 
should i) be catalytically active toward a selected redox pair; ii) 
be obtained in thin films with large surface area to increase the 
electrode/electrolyte interface; iii) be chemically, thermally, and 
physically stable; iv) be CRMs-free and obtainable by means of 

Figure 2.  Main keywords of current research efforts in the development of electrolytes for DSSCs.
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cheap and easy approaches. Additionally, some other properties 
are requested for specific application such as high transparency 
or the ability of standing on plastic substrates for BIVP, wear-
able electronics and indoor application.

Aiming at replacing platinum, but keeping high PV per-
formances, several materials have been exploited, and can be 
categorized in two main classes: transition metals-based (inor-
ganic) compounds and carbonaceous materials. The former 
class could be further divided in oxides, sulfides, and sele-
nides,[145,146] whereas the latter includes different inorganic 
C-based compounds.[147–149] Given to the topic of the present 
review (i.e., PEDOT-based materials), a detailed description of 
different compounds developed and tested as Pt-free counter 
electrodes falls outside the scope of this work. Albeit a general 
description of the principal employed materials is proposed 
hereafter, the reader is kindly addressed so some accurate 
reviews giving an exhaustive overview on the topic.[150–152] 
Moreover, throughout this section, we limit our analysis to 
liquid-based DSSCs.

Indeed, to pick the best Pt-free counter electrode is not an 
easy (but somehow interesting) task, being the final application 
of the DSSC of pivotal importance to drive the selection. Addi-
tionally, the most interesting cathodes should be thoughtful 
chosen considering the redox couple to be coupled with. Yet, 
some advantages or issues related to each material could be 
drawn. Starting from carbonaceous materials,[153] some inter-
esting results have been obtained by employing carbon nano-
tubes (CNTs),[154] that couple good electrochemical features with 
an extremely wide active area, assuring an efficient regenera-
tion of the redox couple, especially if the latter is based on metal 
complexes. Yet, CNTs perform worst when a classical I-based 
electrolyte is employed; additionally, they are often produced 
by the exploitation of expensive and harsh templates.[155] This 
could make ineffective (from a sustainable point of view) their 
employment as deputy of platinum. Very recently, scientists 
started to exploit the use of organic waste materials as a carbon 
source to obtain Pt-free counter electrodes,[156–158] obtaining 
similar results compared to those of Pt-based devices. It should 
be pointed out, however, that the mere waste-derived origin 
is not enough to justify their employment; indeed, if the pro-
cesses required to transform the carbon-based waste in a valu-
able cathode are expensive (e.g., high temperatures are used) 
or by-products (e.g., CO2) are released during the process, the 
replacement of the platinum becomes pointless. Unfortunately, 
all carbonaceous materials sizeably suffer of instability toward 
the corrosive I-based electrolyte[151] that, notwithstanding the 
well-known and previously mentioned drawbacks, is the one 
actually employed in conventional and commercial DSSCs 
modules.

Due to the relative short stability assured by carbonaceous 
counter electrodes (at least in conventional devices), other 
classes of materials have been successfully investigated.[149] 
Among them, transition metals-based compounds are the 
materials of election because they couple remarkable catalytic 
activity (toward the most employed redox couples) and good 
charge transport properties with chemical, physical and (photo)
electrochemical stability. Moreover, transition metals-based 
inorganic compounds are widely known to be very robust and 
cheap; additionally, they could be obtained as quasi-transparent 

thin films (transmittance values higher than 90% have been 
reported),[159–161] opening the door to the application in both 
indoor and BIPV. As a matter of fact, they could be considered 
as the best trade-off between PCE, stability, and environmental 
impact. The only concern related to this class of material lies in 
the choice of the metal to be employed. For example, the use of 
substances known as CRMs (e.g., chromium or cobalt) is not in 
line with large-scale production.

Sulfides,[162] especially the ones based on molybdenum,[163] 
iron,[164] copper,[165] titanium,[166] or nickel,[160] have been 
exploited due to low cost and easy synthesis: indeed, they could 
be obtained by chemical bath deposition,[163] atomic layer depo-
sition,[167] hydrothermal approach,[168] and spin-coating of pre-
formed NPs.[169] The tunability of synthetic approaches allow to 
obtain materials with tailored properties optimizing—simulta-
neously—morphological features and chemical bonding with 
the substrate. Studies on the long-term stability of S-based 
counter electrodes are not available, but it could be likely 
expected that they could undergo some unwanted reaction 
when in contact with metal-based redox couples (e.g., based on 
copper, cobalt or iron), due to the formation at the electrode/
electrolyte interface of metallic sulfides. One strategy to avoid 
this is the replacement of sulfur with selenium, that it is chemi-
cally homologous.[170] Deposition approaches could be easily 
borrowed from sulfides ones,[171] but electrochemical methods 
have also been exploited.[172] The best results have been obtained 
with tin, vanadium and nickel selenides,[171–173] being the latter 
of particular interest also for the application in BIPV projects.

In DSSCs, transition metal oxides are usually employed as 
semiconductor electrode to be sensitized in order to harvest 
the largest portion of the solar radiation. Whereas n-type oxides 
(e.g., TiO2) are employed as photoanodes in classical devices, 
p-type counterparts have been also exploited in inverted 
DSSCs.[174] The latter, being able to effectively collect and 
transfer holes (i.e., regenerate the oxidized species of the redox 
couple), could also be implemented as counter electrode in 
conventional devices. Compared to their Se- and S-based ana-
logues, they are more robust, inert and easier to produce; on 
the other hand, they suffer for reduced surface area and mor-
phological tunability. Copper is the element of election for this 
role, mainly due to its low cost and large availability:[175] indeed, 
both single,[176] double,[177] and ternary oxides[178] have been suc-
cessfully tested.

As briefly discussed above, both the carbonaceous mate-
rials and the transition metals-based compounds present 
some advantages and drawbacks. To boost the former and 
minimize the latter, scientists effectively tested composite 
materials in which the electronic properties of carbona-
ceous materials are coupled with the robustness of inor-
ganic sulfides and oxides. Usually, 2D scaffolds, such as gra-
phene,[179,180] reduced graphene oxides (rGO),[181] or CNTs,[182] 
in which NPs are dispersed, are used. Albeit PCE values com-
parable or even better than those of Pt-based devices have 
been obtained with the use of composites, the latter are quite 
expensive and relatively hard to be recycled, jeopardizing 
their application at a large scale devices.[183,184]

A list of the principal keywords representing the state-of-art 
research in the field of DSSCs counter electrodes is shown in 
Figure 3.

Adv. Sustainable Syst. 2021, 5, 2100025
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In the following sections of this review, we will focus our 
attention on the implementation of a specific class of poly-
meric materials, based on PEDOT, as both counter electrode  
(Section 3) or solid-state conductor (Section 4) in DSSCs.

3. Poly(3,4-ethylenedioxythiophene) and Poly(3,4-
ethylenedioxythiophene)-Based Systems for  
Dye-Sensitized Solar Cells Counter Electrodes

As described in the previous section, the most used counter 
electrode for DSSCs is platinum: a nanometric film of this 
metal can be deposited on F-doped SnO2 (FTO) by means of 
different techniques, such as sputtering or thermal decompo-
sition of H2PtCl6.[185,186] Despite its high work function and 
strong catalytic activity, the main problems associated with 
the use of Pt are given by its scarcity, high-temperature dep-
osition and corrosion by I-based redox couple.[187] The latter 
leads to the formation of soluble PtI4

−, thus reducing the 
number of iodide ions addressed to the regeneration of the 
oxidized dye molecules.[188] Therefore, the replacement of Pt-
based cathodes is necessary for the large-scale fabrication of 
DSSCs.

PEDOT could be a suitable alternative to platinum, due to 
its low cost, ease of deposition, high transparency and suitable 
potential. In this section, the main application of PEDOT and 
PEDOT-based material as counter electrodes in the DSSCs field 
are reviewed.

3.1. Pure Poly(3,4-ethylenedioxythiophene)

One of the first examples of the use of pure PEDOT as cathode 
for DSSCs was reported by Pringle et  al. in 2009.[189] It led to 
remarkable PCE values in cells assembled with both acetoni-
trile- and ionic liquids-based electrolytes, that is, 7.82% and 
4.78%, respectively, performance comparable to those provided 
by Pt-based devices, that is, 7.90% and 5.06%, respectively. The 
good behavior of PEDOT as counter electrode material was also 
confirmed in the presence of gel electrolytes,[190] even if with 
PCE values slightly lower (6.4%) due to slower charge transfer 
in the quasi-solid state electrolyte.

In the following years, many synthetic strategies were 
explored, such as chemical synthesis,[191] electropolymeri-
zation,[192–196] solid state polymerization,[197] and oxidative 
molecular layer deposition.[198] In particular, the role of polymer-
ization time, precursor concentration, substrates and templating 
agents was explored. Electrochemical synthesis is a low-cost and 
low energy demanding technique, that allows the deposition of 
a thin film on a conductive solid substrate. It is more effective 
and rapid with respect to traditional chemical route. In addition, 
it allows a strict control over the film morphology.

Pringle et  al. were the first authors reporting the electro-
deposition of PEDOT onto conducting flexible substrates, 
that is, poly(ethylene naphthalate) (PEN) made conductive 
with In-doped SnO2 (ITO), demonstrating that this strategy 
was also valid for industrial scale roll-to-roll technique.[192] 
The effect of deposition time (ranging from 5 to 45 s) was 
investigated. A deposition time of 5 s generated a compact 
and dense PEDOT film, as confirmed by scanning electron 
microscopy (SEM) analysis (Figure 4A). When the deposition 
time was increased to 45 s, the surface became granular and 
rough. PEDOT/ITO-PEN cathodes reached comparable PCE 
values to those provided by Pt/FTO: 8.0% versus 7.9%, 5.0% 
versus 4.8%, and 5.7% versus 5.6% in electrolytes formulated 
with acetonitrile, [C2mim][SCN], and [C2mim][B(CN)4] sol-
vents, respectively.

The effect of the polymerization time was also explored by 
Ahmad and coworkers.[193] The electrochemical synthesis was 
performed on FTO immersed in ionic liquid, where EDOT pre-
cursor was dissolved. The polymerization time was explored 
between 30 and 120 s. However, in this case, no evident influ-
ence of the reaction time was observed: as a matter of fact, in 
both cases a homogeneous morphology with porous structure 
was observed. The PCE values ranged from 7.86% to 7.93%, in 
accordance to what reported by Pringle et al.[192]

Xiao et  al. reported three different electrochemical tech-
niques for the synthesis of PEDOT onto FTO glass:[194] Cyclic 
voltammetry (CV), constant potential and constant potential 
pulse. The layer surface of the sample obtained by CV was 
flaky and nonuniform, whereas the other two strategies led to 
uniform morphologies. PEDOT electrodes synthesized by con-
stant potential pulse exhibited also the higher redox activity, the 
lowest charge-transfer resistance (Rct, 1.27 vs 1.56 Ω cm2 of Pt) 
and the highest PCE (6.40%).

Figure 3.  Main keywords of current research efforts in the development of counter electrodes for DSSCs.
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A further upgrade to the electrochemical technique is the 
use of low environmental impact solvents. As a matter of 
fact, ionic liquid or volatile organic solvents are often used 
for the preparation of PEDOT. As a better solution, water 
can be potentially used, as reported by Gao et  al.[195] and 
Ellis et  al.[199] According to what previously reported,[192] the 
porosity of the surface increased with the polymerization 
time. The PV parameters found for PEDOT-based devices 
were even better than those of Pt-based counterparts: 0.68 V, 
16.66 mA cm−2, 0.57 (fill factor, FF) and 6.46% with PEDOT-40 s,  
versus 0.68  V, 15.27  mA cm−2, 0.61 and 6.33% with Pt.[195] 
Ellis et al. got a homogeneous PEDOT films on both FTO and 
flexible plastic substrates,[199] as shown in Figure 5A,B. Elec-
trochemical impedance spectroscopy (EIS) measurements 
showed that the Rct increased with the thickness of the layer; 
however, all measured Rct values were smaller than those of 
Pt-based cathodes. The best PCE recorded in this work was 
6.2%.

Solid-state polymerization represents an alternative, less 
scalable fabrication technique. In 2013, Yin et  al. developed a 
spin-coating deposition for the precursor 2,5-dibromo-3,4-ethyl-
enedioxythiophene precursor on both FTO and ITO-PEN sub-
strates.[197] The deposition was followed by a low temperature 
annealing (80 °C), allowing the formation of solid PEDOT. The 
corresponding cell produced a PCE of 7.04%. Later, the influ-
ence of the annealing temperature was studied as well.[200] At 
the lowest temperature (40 °C), the resulting polymer presented 
a porous structure, with small NPs (50–80  nm diameter). A 
more uniform morphology was obtained by increasing the 
temperature till 80  °C. In addition, the film was thinner and 
showed a better adhesion on FTO. However, the best PCE 
reached by Chen et al. was 4.9%,[200] lower than that previously 
reported.[197]

In an interesting paper, Kim et al. used the oxidative mole-
cular layer deposition to form a PEDOT film on an ITO sub-
strate.[198] As clearly sketched in Figure 5C, the EDOT precursor 

Figure 4.  A) SEM images of PEDOT films on ITO-PEN, grown for (left to right) 5, 10, 15, 30, and 45 s; the corresponding digital pictures of the elec-
trodes are shown below. B) Schematic illustration of honeycomb PEDOT fabrication, by using PMMA as sacrificial templating agent. Reproduced with 
permission.[192,205] Copyright 2010, RSC. Copyright 2017, Elsevier.
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was deposited on the surface of mesoporous ITO spheres and 
then treated with the oxidizing agent MoCl6. Characterization 
revealed that the cathode material possessed high surface area 
and improved electron transport properties; a PCE of 7.18% was 
achieved. In an analogous way, the influence of PEDOT amount 
onto FTO glass was explored,[201] by using different EDOT 
precursor concentrations. The best performing device outper-
formed the one assembled with platinum (6.73%), reaching a 
PCE of 7.32%. Moreover, this cathode demonstrated a lower Rct 
(1.00 Ω) with respect to that of Pt (2.55 Ω).

The effect of PEDOT nanostructure was investigated by 
Trevisan et  al.[202] Since the counter electrode is involved in 
an electrocatalytic reaction, the surface area must be opti-
mized. The author tested two PEDOT morphologies, that is, 
flat and nanostructured arrays, using the electropolymeriza-
tion method in both cases. The two devices were filled with 
an I-based electrolyte, containing a mixture of acetonitrile 
and valeronitrile as solvent. As expected, the nanostructured 
cathode slightly outperformed the flat one (8.3% vs 7.9%). 
The PV performances of the nanostructured PEDOT were 
strongly influenced by the electrolyte: as a matter of facts, 
the PCE decreased to 6.3% when methoxypropionitrile was 
used as electrolyte solvent. This drop was due to both a 
decrease of Voc (from 0.72 to 0.68  V) and Jsc (from 16.24 to 
13.13 mA cm−2). The latter electrolyte exhibited also a higher 
Rct from EIS study.

Another fundamental aspect to be considered is the effi-
ciency in transporting charges from the FTO to the electrolyte. 
In this sense, a 1D nanostructure could be more effective with 
respect to the bulk material or 0D NPs. Lee et  al. reported a 
PEDOT nanofiber (NF)-based counter electrode obtained in 
water by using sodium dodecyl sulfate and FeCl3 as surfactant 
and initiator, respectively.[203] The resulting material had a 
porous channels structure, which could facilitate the penetra-
tion of the liquid electrolyte. In addition, the electron transfer 
from the FTO to the electrolyte was faster with respect to what 
observed for the bulk material, because of a reduction of grain 
boundaries and internal resistance. Consequently, the PCE of 
the PEDOT:NF-based device (9.2%) was far above that of the 
bulk PEDOT-based one (6.8%) and outperformed also the state-
of-art Pt-based system (8.6%).

In general, in a liquid or gel-polymer electrolyte both anions 
and cations move within the two electrodes. This phenomenon 
causes a polarization of the electrolyte media, with an increase 
of the internal resistance. On the other hand, polymeric ionic 
liquids (PILs) are single-ion conductors in which anions or cat-
ions are chemically bonded to the polymer backbone, therefore 
reducing the internal resistance. Jeon et al. used a PIL as elec-
trolyte and coupled it with a PEDOT:NF cathode.[204] Different 
amounts of the single-ion conductor poly(1-methyl-3-(2-acrylic 
oxypropyl) imidazolium iodide (PMAPII) were introduced into 
the liquid electrolyte. A remarkable PCE of 8.12% was reached, 

Figure 5.  Photographs of PEDOT (obtained by aqueous micellar electrodeposition) onto A) FTO-glass and B) flexible ITO-PET substrates. C) Scheme 
for the preparation of PEDOT-coated mesoporous ITO films for a cathode in DSSCs using oxidative molecular layer deposition: 1) Cleaned FTO glass,  
2) spun-cast ≈3 µm-thick mesoporous ITO onto FTO glass, c) PEDOT deposition, d) ≈20 nm-thick PEDOT film after 25 cycles of deposition. Repro-
duced with permission.[199,198] Copyright 2013, Elsevier. Copyright 2015, ACS.
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when PMAPII content was 16 wt%, whereas Pt-based device 
showed a PCE of 6.85% under the same conditions. The PCE 
was comparable to that of the fully liquid cell (8.34%).

Another kind of morphology was investigated by Li et al.[205] A 
PEDOT cathode with honeycomb-like morphology was synthe-
sized by using poly(methyl methacrylate) (PMMA) mould as tem-
plating agent (Figure 4B). Three different amounts of PMMA were 
used: h-PEDOT-1 (6 wt% PMMA), h-PEDOT-2 (8 wt% PMMA), 
h-PEDOT-3 (10 wt% PMMA). For comparison also flat PEDOT 
was tested (f-PEDOT). Field emission SEM (FESEM) images 
showed that h-PEDOT-2/PMMA had a diameter of 150–200  nm 
and a thickness of 150 nm. After depositing PEDOT and removing 
PMMA-2, the remaining thickness was 80 nm, with honeycomb-
like morphology and high surface area. CV measurements 
showed that the order of cathode current densities was as follows: 
h-PEDOT-2 > h-PEDOT-3 > h-PEDOT-1 > f-PEDOT. Thus, the 
h-PEDOT-2 conformation was the most electrochemically active. 
EIS measurements also confirmed that the sample with the lowest 
internal resistance was the h-PEDOT-2. The results obtained from 
PV characterization of DSSCs assembled with for h-PEDOT-2 
were: Jsc = 17.72 mA cm−2, Voc = 768 mV, FF = 0.67, and PCE = 
9.12%, and were the highest ever among all the different types of 
counter electrodes tested and mentioned in the article.

The effect of the substrates was investigated as well. In the 
different papers described below, PEDOT polymer was depos-
ited on carbon,[206] antimony-doped SnO2 (ATO),[207] and Pt.[208]

Thompson et al. deposited PEDOT by electropolymerization 
on C-based cathodes in a monolithic DSSC.[206] The advantage 
of this architecture is the halved need for expensive FTO glass. 
SEM images confirmed that the polymer forms an intercon-
nect network within carbon particles. Therefore, additional 
conductive pathways and particles adhesion were provided. As 
a matter of fact, the presence of PEDOT decreased the series 
resistance (Rs) from 52 to 12 Ω cm−2 and the FF of the corre-
sponding devices was improved from 0.29 to 0.67. Finally, the 
PCE was almost doubled passing from the PEDOT-free device 
(2.3%) to the PEDOT-based one (5.2%).

In the work by Xia et  al., PEDOT was deposited on ATO 
NPs.[207] The ATO layer was porous and the average NPs dimen-
sion was 20 nm. This high surface area structure was retained 
after the polymerization of EDOT, as reported by SEM images. 
The CV analysis demonstrated the high electrocatalytic activity 
and reversibility of PEDOT/ATO with respect to Pt and bare 
ATO and PEDOT; in fact, the ratio between the anodic and the 
cathodic current peak reached the lowest value for PEDOT/ATO. 
The PCE values of the corresponding devices were 7.54, 7.47, 6.09, 
and 2.07% for Pt, PEDOT/ATO, PEDOT, and ATO, respectively.

In a similar way, Ma et  al. used Pt NPs anchored on the 
surface of ITO-PEN, and then added a thin layer of porous 
PEDOT.[208] SEM characterization further confirmed the inter-
connected assembly between Pt and PEDOT, with positive con-
sequence on charge transport.

3.2. Poly(styrene sulfonic acid)-Doped 
Poly(3,4-ethylenedioxythiophene)

Pure PEDOT is supposed to work as HTM. When doped with 
anions, such as PSS, it can work also as electrons carrier, thus 

improving its efficiency as cathodic material in DSSCs. In this 
section, the used of anion-doped PEDOT counter electrodes is 
reviewed.

One of the first examples of PEDOT:PSS used as counter 
electrode for DSSCs was reported by Balraju et al., with a poor 
PCE of 4.10%.[209] Similar PCE were obtained also with polymer 
electrolytes based on poly(ethylene oxide) (PEO, 4.08%) and 
poly(ethylene glycol) (PEG, 3.87%).[210] However, when PMMA 
and poly(vinyl acetate) were used in the electrolytes, a drop of 
PCE was observed (PCE < 1%). In fact, when the latter polymers 
were used, the Rct at the cathode/polymer electrolyte interface 
was really high, as confirmed by EIS studies. The PMMA-based 
electrolyte was also studied by Biancardo et  al.;[211] the electro-
catalytic activity of the PEDOT:PSS was appropriate, but PCE 
values were still low, ranging from 0.20 to 0.37%.

Despite its demonstrated working activity, the main draw-
backs when using PEDOT:PSS as counter electrode material is 
still its low conductivity (commonly measured as ≤ 1 S cm−1), 
due to the disordered PSS chains within the PEDOT matrix. 
Anyway, the conductivity of PEDOT:PSS can be enhanced by 
three orders magnitude, by following several routes, such as 
thermal treatments,[212,214] acid treatment,[215] solvent treat-
ment,[216] or by increasing the molecular weight. Other-
wise, PCE values remain low, since the conductivity—even if 
improved—is still low. The impact (on costs and environment) 
of each of these processes has not been addressed in the litera-
ture, even if use of solvents and high temperature steps must 
be carefully evaluated and correlated with the resulting cell sta-
bility and PCE.

Park et  al. first explored the effect of temperature on the 
morphology and electrocatalytic properties of PEDOT:PSS.[212] 
The annealing temperature ranged between 45 and 60  °C 
and the thermal treatment lasted 20  min. However, no evi-
dent effect was observed in terms of PCE (2.48–2.49%). Only 
when the thermal treatment was extended up to 720 min cells 
with PEDOT:PSS treated at 45 °C gave the best PCE of 3.22%. 
However, the increase of the thermal treatment time has a 
negative effect, considering the sustainability of the whole 
fabrication process, due the increased energy demand. SEM 
characterization revealed that, at that temperature, the sur-
face had a granular structure that, potentially, increased the 
surface area and the number of active sites. Similar results 
have been obtained also by Shenouda et  al.[213] Chou et  al. 
further investigated the effect of the annealing duration and 
temperature.[214] Authors treated the PEDOS:PSS thin layer at 
80, 100, and 120 °C for 0–15 min. It was found out that, at a 
fixed annealing temperature, increasing the duration of the 
thermal treatment made the morphology of the PEDOT:PSS 
film evolve from drop-like particles, randomly dispersed on 
the FTO glass, into earthworm-like bars, homogenously 
dispersed in the film. Therefore, the longer annealing time 
facilitated the cross-linking of well-conducting PEDOT moie-
ties in the less conducting PSS matrix. As a matter of fact, 
the best PCE (6.37%) was reach for the PEDOT:PSS treated at 
120 °C for 15 min.

The main drawbacks of the thermal treatment are high 
energy demand, poor safety, and reproducibility. Yeon et  al. 
obtained a high conductive PEDOT:PSS polymer by using a 
HNO3 treatment at room temperature;[215] anyway, the potential 
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release of NOx was not assessed in the study. The conduc-
tivity of HNO3-treated PEDOT:PSS was remarkably high 
(4100 S cm−1), with respect to the pristine or thermal treated-
ones. The effect of the acid treatment was the enlargement of 
the interlayer distance between PEDOT and PSS, as reported 
in Figure 6A; in fact, the strong coulombic attraction between 
positively-charged PEDOT and negatively-charged PSS can be 
shielded by the ionic species present in HNO3. The PEDOT-rich 
chains aligned along a preferred orientation and this resulted in 
a low energy barrier for the charge transport process. The con-
ductivity enhancement was due to an improvement of both the 
carrier concentration and their mobility. The best PCE reached 
in this work was 8.61%.

Another way to improve conductivity is solvent-treatment. 
This strategy is relatively simple and reproducible. In 2013, 
Chiang et  al. reported a counter electrode composed by 
PEDOT:PSS deposited onto a poly(ethylene terephthalate) 
(PET) substrate, thus avoiding the use of both Pt and FTO.[216] 
A solvent-treatment of PEDOT:PSS was performed with eth-
ylene glycol and hexafluoroisopropyl alcohol. The latter pos-
sesses a hydrophobic CF3 group that preferably interacts with 
the PEDOT chain, whereas the hydrophilic alcoholic hydroxy 
group effectively interacts with PSS. The phase segregation and 
ordered orientation between PEDOT and PSS was thus facili-
tated. In addition, the solvent-treated PEDOT:PSS had denser 
morphology, as demonstrated by X-ray diffraction (XRD) and 
atomic force microscopy (AFM) studies. Moreover, the sheet 
resistance of the solvent-treated PEDOT:PSS ranged from 1.30 
to 6.84 Ω sq−1, depending on the amount of solvents used (more 
solvent led to lower resistance values, but to a more impactful 
process). The sheet resistance of the pristine commercial 
PEDOT:PSS was five order magnitude higher (40 264 Ω sq−1). 
The PEDOT:PSS-based device demonstrated a PCE of 7.29%, 
which was close to that of the traditional Pt/FTO one (7.62%).

Liu et  al. exploited PET-based flexible substrates for DSSCs 
as well.[217] PEDOT:PSS could be a suitable material because 
it does not require high temperature annealing. Therefore, its 
use allows i) the use of flexible substrates and ii) the use of the 
scalable roll-to-roll technique. PEDOT:PSS was deposited on 
PET substrate by roll-to-roll slot-die coating. To further increase 
the conductivity, an additional layer of PEDOT was deposited 
on the top of the PEDOT:PSS layer by electropolymerization. 
PEDOT:PSS/PET exhibited a flat surface, that did not offer 

enough reaction centres. On the other hand, the addition of an 
electropolymerized PEDOT layer increased the roughness and 
the surface area. The amelioration of the redox properties of the 
cathode was also confirmed by J–V measurements. The PCE 
values were 0.93 and 4.84% for PEDOT and electropolymerized 
PEDOT based cells, respectively.

3.3. Anion Doped-Poly(3,4-ethylenedioxythiophene)

Xia et  al. tested the effect of using different supporting elec-
trolytes during the electrodeposition of PEDOT films on FTO 
glass.[218] Therefore, three different kind of materials were 
obtained, namely PEDOT-ClO4, PEDOT:PSS and PEDOT-TsO 
(when ClO4

−, PSS−, and TsO− were used as counter ions, respec-
tively). SEM images revealed a homogeneous morphology in all 
these cases. The Pt-based cell reached the highest PCE of 4.3% 
(a good value in 2007), not so different from that achieved by 
the PEDOT-based devices (4.0–4.2%). This demonstrated that 
the counter ions had relatively low influence on PCE values, as 
long as an appropriate catalytic efficiency was provided.

Saito et  al. investigated the difference between PEDOT:PSS 
and PEDOT:TsO as well.[219] The CV was used to investigate the 
electrocatalytic properties of bare glass, platinum, PEDOT:TsO, 
and PEDOT:PSS. In the case of bare glass, the redox reaction 
was absent and there were no peaks in the curve. With PEDOT-
PSS, the oxidation current was lower with respect that of the 
Pt-based substrate. An explanation may be the reduction of the 
active sites of PEDOT, since PSS could preclude the access of 
the electrolyte to the PEDOT chain. Instead, the PEDOT-TsO 
promoted a regular exchange with the electrolyte. Consequently, 
PEDOT:TsO device exhibited a PCE (4.60%) double with respect 
to that of PEDOT:PSS-based counterpart (2.10%) and really 
close to that of Pt-based cell (4.67%). The same authors fur-
ther evaluated the influence of PEDOT:TsO film thickness.[220] 
CV measurements showed that the current density increased 
with the PEDOT thickness. The Rct decreased with the PEDOT 
thickness; in fact, an increase of the thickness resulted in an 
improvement of the surface area and, therefore, of the number 
of catalytic centers. Thus, the best PCE of 3.6% was reached 
with the highest PEDOT thickness (i.e., 2 µm).

A way to improve the performance of PEDOT:TsO is the 
enlargement of pore size, that causes the creation of a larger 

Figure 6.  A) Scheme of the structural rearrangement of the PEDOT:PSS film after the HNO3 treatment, where it is highlighted that the amorphous 
PEDOT:PSS grains are rearranged to a crystalline PEDOT:PSS structure through the selective removal of PSS by HNO3. B) CV curves of I−/I3

− redox 
couple with PEDOT- and Pt-based electrodes (scan rate: 50 mV s−1; electrolyte: LiI 10 mm, I2 1 mm, and LiClO4 0.1 m in acetonitrile). Reproduced with 
permission.[215,224] Copyright 2015, Wiley-VCH. Copyright 2015, Elsevier.
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number of active sites.[221] The pristine PEDOT:TsO forms an 
homogeneous film, with an average pore size of 10–20  nm. 
The latter can be enhanced by the chemical treatment with 
hydrazine and iodine. It was demonstrated that, after a reduc-
tion treatment with hydrazine, the pore size increased to 200–
300 nm. A subsequent oxidation treatment using iodine vapor 
further increased the pore size up to 300–500 nm, confirming 
that the treatments influenced the porosity. From the sustain-
ability point of view, this high temperature treatment with cor-
rosive I2 has surely a negative impact. The PEDOT:TsO treated 
with both hydrazine and I2 reached a remarkable PCE of 6.86%, 
while the pristine material had a PCE = 4.93%. In particular, 
the FF shifted from 0.48 to 0.64, evidencing the more proper 
operation of the cell with reduced sheet resistance and the 
better interface with the electrolyte.

Jiang et  al. prepared a PEDOT:ClO4 counter electrode by 
means of a facile electrochemical deposition method, by using 
EDOT and LiClO4 in acetonitrile as precursor and supporting 
electrolyte, respectively.[222] However, the obtained PCE was 
quite low (0.88%). To further improve charge transfer at the 
cathode and, therefore, the overall PCE, a layer of TiO2 was 
deposited on PEDOT:ClO4. The TiO2 deposition time was 
ranged between 5 and 35 s. EIS measurements showed that the 
Rct decreased with the TiO2 deposition time to a minimum of 
2.12 Ω cm2. The best PCE (1.23%) was obtained by a deposition 
duration of 25 s. To further increase this modest performance, 
the use of reflective light may be effective:[223] a suitable way to 
exploit the reflective light is to put a reflective material, such as 
TiO2, on the cathodic side of the cell. The same authors reported 
the deposition of both TiO2 particles and TiO2 thin film onto 
TCO glass by sol–gel technique. Then, a film of PEDOT:ClO4 
was deposited by electropolymerization to fabricate the counter 
electrode. In this way, the PCE was improved from 3.85% (pris-
tine PEDOT:ClO4) to 4.61% (TiO2 particles/PEDOT:ClO4) and 
4.55% (TiO2 thin layer/PEDOT:ClO4).

Han et  al. investigated the influence of EDOT monomer 
concentration on the performance of the counter electrode 
consisting of PEDOT:ClO4 electropolymerized in situ.[224] The 
influence of monomer concentration is reflected on growth, 
morphology, conductivity, and catalytic activity. SEM images 
showed that PEDOT generally exhibited a porous surface, but 
by increasing the monomer concentration from 0.01 to 0.2 m  
the morphology was flatter and the thickness increased: 1.55, 
2.46, 2.66, and 2.73 µm for PEDOT-0.01, PEDOT-0.05, PEDOT-
0.1, and PEDOT-0.2 (where the number indicates the molar 
concentration of EDOT). By increasing the amount of mon-
omer, it was observed that the conductivity decreased. It is well 
known that the conductivity of an organic polymer is correlated 
with the doping level, therefore—with the same amount of 
LiClO4—PEDOT derived from a lower initial EDOT concentra-
tion showed the highest conductivity; resistivity tests confirmed 
this thesis. CV measurements (Figure 6B) were carried out and 
it was observed that the peak-to-peak separation increased when 
raising the EDOT concentration, so PEDOT obtained from 
lower EDOT concentration values showed better electrocata-
lytic activity. EIS measurements showed that Rct increased with 
higher EDOT concentration values from 2.9 Ω (PEDOT-0.01) to 
5.9 Ω (PEDOT-0.2), so PEDOT derived from a lower EDOT con-
centration had a better charge transfer rate. PV performance 

confirmed that the best cathode was the one cured with 
EDOT 0.05 m, that showed Voc = 0.731 V, Jsc = 14.18 mA cm−2, 
FF = 0.68, and PCE = 7.42%.

3.4. Modified Poly(3,4-ethylenedioxythiophene)

Despite many PEDOT-based devices reported in the literature 
are assembled using liquid electrolytes, solid polymer electro-
lytes have also been reported. Most of these solid systems are 
based on PEO or its derivatives. They ensure better long-term 
stability with respect to liquid counterparts, even if their use 
results in high interfacial resistance. To improve the interfacial 
contact between the solid electrolyte and the and cathode, chem-
ical compatibility must be provided. For this reason, Kim et al. 
reported PEDOT-g-PEG as cathodic material for DSSCs.[225] The 
polymer was casted onto FTO to fabricate all-solid-state DSSCs, 
employing a PEO-based solid electrolyte. The modified PEDOT 
counter electrode led to high transparency, remarkable inter-
facial properties with the electrolyte, and good electrocatalytic 
behavior. As a matter of fact, the PCE was 8.45%, comparable to 
that of Pt (8.25%) and higher that than of PEDOT (7.83%).

Metal-ion doping is a possible strategy to improve the cata-
lytic activity of PEDOT. Wu et  al. studied the effect of metal-
ion doping (Mn2+, Co2+, Ni2+, and Cu2+) on PEDOT deposited 
on ITO-PEN substrates.[226] SEM images showed that pure 
PEDOT was irregularly sized, comprising stacked particles with 
no channels for charge transfer. PEDOT-Co2+ and PEDOT-Ni2+ 
presented an interconnected structure between the particles. 
PEDOT-Cu2+ and PEDOT-Mn2+ featured particles of various 
sizes (from 100 nm to 2.0 µm) with channels that also increased 
porosity and surface area. PEDOT-Mn2+ led to the best perfor-
mance (PCE = 5.19%). Finally, CV, EIS, and Tafel polarization 
tests were conducted to confirm the superiority of PEDOT-Mn2+ 
and confirmed the trend of Voc and Jsc values. In general, in all 
tests the trend of the obtained values (cathodic current density, 
peak-to-peak separation, Rct and exchange current density) fol-
lowed this order: PEDOT-Mn2+ > PEDOT-Ni2+ > PEDOT-Co2+ > 
PEDOT-Cu2+, confirming that PEDOT-Mn2+ possessed the best 
activity and reversibility. Nevertheless, the use of rare metals, 
such as cobalt, is controversial.

If solid-state electrolytes represent a good solution for stable 
DSSCs (even if some issues remain, as already described in pre-
vious sections), another promising challenge regards the use 
of water-based electrolytes. This would ensure a better DSSC 
technology in terms of sustainability, safety, and end-of-life dis-
posal.[125,126] PEDOT-based cathodes were explored also in this 
emerging field, addressing one of the issues regarding the use 
of PSS: it shows electrostatic repulsion between negatively with 
I3

−, that is, the ions that have to be reduced at the cathode. To 
overcome these issues, Bella et al. proposed a modified PEDOT 
with a cationic ammonium moiety and iodide as counterion, 
namely cPEDOT.[227] Since this polymer is water-soluble, it was 
mixed with (3-glycidyloxypropyl)trimethoxysilane to avoid any 
possible detachment from the FTO-glass electrode when an 
aqueous electrolyte was used. The mixture was deposited by 
spin coating; a subsequent thermal treatment resulted in the 
crosslinking of the FTO/silane/cPEDOT. The electrode showed 
remarkable cathodic current and small potential difference 
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between anodic and cathodic peaks, highlighting its good cat-
alytic properties. In addition, cPEDOT afforded a Rct (3.29 Ω) 
lower with respect to that of platinum (5.33 Ω). It was used to 
fabricate aqueous DSSCs and remarkable PV parameters were 
obtained (0.69 V, 12.41 mA cm−2, 0.77, 6.64%), also being better 
than those obtained with PEDOT:PSS (0.65  V, 8.88  mA cm−2, 
0.61, 3.53%) and platinum (0.66 V, 11.05 mA cm−2, 0.68, 4.95%).

3.5. Poly(3,4-ethylenedioxythiophene) Laden with Carbon-Based 
Materials

3.5.1. Graphite/Carbon

PEDOT and PEDOT:PSS are interesting and efficient counter 
electrode materials, due to their demonstrated electrocatalytic 
activity; however, the overall low conductivity may impede a 
fully successful use in DSSCs. The hybridization with C-based 
materials could be a suitable strategy for improving conduc-
tivity and efficiency of redox shuttle regeneration, even if the 
sustainability aspects of this approach must be evaluated as 
well. In a perspective of circular economy and environmental 
friendliness, the use of waste-derived carbon and low impact 
processes is preferable; some literature works are present with 
these aims, but a LCA study has never been provided.

A PEDOT:PSS/graphite/carbon black composite material 
was successfully created by Yue et al.[228] The CV measurements 
in I- and acetonitrile-based liquid electrolytes demonstrated 
higher current density peaks (for both oxidation and reduction 
processes) than those of state-of-art Pt-based electrodes. These 
results highlighted that PEDOT:PSS/C could lead to lower 
resistance and higher conductivity values, thus being a suit-
able replacement for platinum. The J–V measurements showed 
that the cathode composed by PEDOT:PSS/C led to PV perfor-
mances closer to those achieved in the presence of platinum 
(7.01 and 7.78%, respectively).

Other studies were carried on by the same group.[229] In par-
ticular, authors exploited PEDOT:PSS/C composites as cathodic 
materials for all-solid-state DSSCs. The cell architecture is 
reported in Figure  7A and different annealing protocols were 
adopted; the first type of cell was annealed under vacuum at 
80 °C, the second one in air at 80 °C. The J–V curves showed 
that PEDOT:PSS/C led to better performance than those 
obtained with Pt-based counterparts, with PCE of 4.11% and 
3.42% for the vacuum- and air-treated cells, respectively. The 
influence of the annealing conditions and temperature was fur-
ther investigated in a following paper.[230] Despite what already 
reported, it was observed that the annealing conditions had 
minimal influence on the conductivity and sheet resistance of 
the PEDOT:PSS/graphite composite, that assumed the values 
1.73 S cm−1, 11.94 Ω sq−1, 1.72 S cm−1, and 11.94 Ω sq−1 for the 
vacuum- and air-treated electrodes, respectively. Finally, PV per-
formances were studied for different annealing temperatures 
(40, 60, 80, 100, 120, and 140  °C), obtaining the best perfor-
mance always at 80 °C for both series.

Wang et  al. reported the deposition of PEDOT on carbon 
nanospheres.[231] The carbon layer was obtained by the deposi-
tion of a C-based ink, whereas PEDOT was electropolymerized 
on carbon. In their paper, for the first time the authors used 

PEDOT in combination with S-based ionic liquid electrolytes. 
It was demonstrated the ability of PEDOT/C composite to effec-
tively reduce the redox couple and therefore acting as proper 

Figure 7.  A) Scheme of TiO2/dye/PCBM/P3HT/PEDOT:PSS/C solar cell. 
B) Cross sectional images of 1) PEDOT:PSS and 2) PEDOT:PSS/GDs films, 
along with their 3,4) corresponding top view images. C) AFM images of 
GNPs, PEDOT:PSS (indicated as PP) and PEDOT:PSS/GNPs composites 
onto FTO glass. Reproduced with permission.[229,242,245] Copyright 2011, 
Springer. Copyright 2015, Elsevier. Copyright 2018, RSC.
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cathodic material. The optimized PCE was 6.5%, while the sta-
bility was not assessed.

Nagarajan et al. employed exfoliation as a strategy to boost the 
catalytic activity of graphite-based materials, testing for the first 
time a PEDOT/EFG (EFG = exfoliated graphite) as cathode for 
DSSCs.[232] High resolution transmission electron microscopy 
(TEM) showed that EFG sheets were crystalline with internal 
cracks, but when PEDOT was inserted the composite became 
flexible without showing cracks. The flexibility was attributed 
to the fibres of PEDOT that reinforced the surface, giving it 
more elasticity. SEM images showed that the cathode possessed 
a high surface area and a highly porous structure, indicating 
good catalytic activity. EIS confirmed that the internal cell 
resistance decreased dramatically passing from pristine EFG to 
PEDOT/EFG, as also underlined by the increase of FF values. 
The PCE of PEDOT/EFG-based cells reached a value of 5.78%, 
that was even higher than that of the corresponding Pt-based 
cell. A better exfoliation was implemented by Belekoukia et al., 
where graphite was exfoliated by electrochemical method at 
10  V.[233] This technique presented several advantages; indeed, 
the such obtained graphene possessed large lateral size, good 
charge transport properties, and low oxidation degree. In addi-
tion, the synthesis was carried out in distilled water at room 
temperature and was very rapid (10 min). The use of dimethyl-
formamide in the purification step was the main drawback of 
this technique from the sustainability viewpoint. As a matter 
of facts, the corresponding device reached a PCE value of 8.0%.

Within the circular economy framework, the use of renew-
able materials is a fundamental aspect.[20] The exploitation of 
bio- and waste-derived carbon materials is extensively studied. 
Nonetheless, the carbonization of these matrices usually 
requires high temperature and inert atmosphere, threating the 
sustainability of the entire process. As an example, Moolsarn 
et  al. investigated a PEDOT/C composite, where the C-based 
material was obtained by the carbonization of human hair.[234] 
The composition of the latter was first studied: amino acid, ker-
atin, melanin, and protein. All these molecules are composed 
of carbon, oxygen, nitrogen, hydrogen, and sulfur. Through 
XRD patterns, it was observed that—after carbonization at 
700 °C—some nitrogen, oxygen, and sulfur residues remained, 
so the temperature was not high enough to expel all heter-
oatoms. Both EIS and CV measurements showed good catalytic 
activity (through cathodic current density and Rct measure-
ments), even if that of Pt was still better. Under the best condi-
tions, the following PV parameters were obtained: Voc = 0.76 V, 
Jsc 14.85 mA cm−2, FF = 0.58, and PCE = 6.54%.

3.5.2. Graphene

Graphene is a promising 2D material, composed by planar 
covalently bounded carbon atoms. It demonstrates remarkable 
catalytic and electronic properties, due to the delocalized p elec-
trons. In addition, its transparency makes it even more attrac-
tive for optoelectronic applications.[235–237]

The functionalization of graphene resulted in modi-
fied electronic and optical features or self-assembly proper-
ties. For example, the non-covalent functionalization with 
1-pyrenebutyrate is useful for dispersing it in aqueous 

solution.[238] Graphene can be mixed with PEDOT:PSS and 
spin coated on ITO substrates. In this way, a transparent and 
homogeneous cathode can be obtained.[239] In fact, the pres-
ence of 1 wt% graphene ameliorated the electrocatalytic proper-
ties of PEDOT:PSS and the PCE values reached 2.3% and 4.5% 
for the pristine PEDOT:PSS and PEDOT:PSS/graphene com-
posite, respectively. A similar performance with the same com-
posite material was obtained by Wan et  al.[240] In a following 
paper, Yue et  al. further optimized the effectiveness of gra-
phene/PEDOT:PSS composite as cathode:[241] the material was 
synthesized and deposited by one step electropolymerization 
of EDOT onto FTO. Despite this technique may seem rapid 
and low energy demanding, the preparation of PEDOT:PSS/
graphene dispersion required high temperature (200  °C) and 
time (4 h). Once deposited, the electrodes must be dried at 
100  °C and the use of such temperature constitutes an issue 
from the sustainability point of view. Graphene flakes offered 
lamellar structure with high surface area. The resulting mate-
rial possessed lots of clusters (see Figure 8), that enhanced the 
adsorption of liquid electrolyte and the number of catalytic 
active sites for I3

− reduction. Accordingly, the PCE dramati-
cally increased to a value of 7.86%, better than what observed 
in other papers.[238–240]

Despite the amelioration of PEDOT:PSS performance pro-
vided by the hybridization with graphene, the 2D carbon layer 
still presented a too low amount of electrocatalytic active sites, 
leading to poor activity. Several strategies may be successfully 
used for further enhancing the catalytic properties of graphene, 
such as chemical functionalization (with the introduction of 
oxygen-containing groups),[247–251] heteroatom doping,[246] and 
nanostructuration of graphene-based materials.[242,245]

Lee et  al. reported easily water-dispersable graphene dots 
(GDs) incorporated into PEDOT:PSS.[242] GDs are nano-sized 
graphene spheres, with unique electronic and optical proper-
ties, due to the quantum confinement effect.[243,244] The average 
dimension was 2.90  nm. This resulted in a highly rough sur-
face, whereas pristine PEDOT:PSS afforded a flat surface, that 
was disadvantageous for electrocatalytic reaction, as demon-
strated by cross section and top view SEM images (Figure 7B). 
PEDOT:PSS/GDs presented also lower sheet resistance com-
pared to pristine PEDOT:PSS (1.5∙10−4 vs 9.6∙10−4 Ω cm, respec-
tively). These improved properties resulted in an increased PCE 
(7.36% vs 5.14%).

Another graphene-based structure that is highly active is 
given by graphene nanoplatelets (GNPs). They show good sta-
bility and overall features, but poor adhesion onto conducting 
substrates, such as, FTO glass, especially if a thermal treatment 
is carried out during cell fabrication. The hybridization of GNPs 
with PEDOT:PSS may potentially ameliorate the catalytic prop-
erties, conductivity, and adhesion behavior of both materials. 
Kim et  al. reported a PEDOT:PSS/GNPs composite deposited 
by e-spray method.[245] Different amounts, ranging from 0.02 to 
1 wt%, were dispersed in the PEDOT:PSS matrix. AFM surface 
characterization clearly evidenced an increase of the roughness 
and contact area with the electrolyte (Figure 7C). EIS measure-
ments showed lower Rct as the GNPs concentration increased, 
reaching an extraordinarily low Rct for in the presence of 1 wt% 
GnPs: 0.07 Ω cm2. The PV performance obtained through the 
J–V graphs showed a PCE of 8.33% for the DSSC assembled 

Adv. Sustainable Syst. 2021, 5, 2100025



www.advancedsciencenews.com www.advsustainsys.com

2100025  (14 of 32) © 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

with the best sample, better than that obtained with Pt-based 
cathodes (7.99%).

Nitrogen atoms can be inserted in graphene structure, 
causing a reorganized resonance phenomenon, which amelio-
rates its performances. Chen et al. tried to combine the advan-
tages of both PEDOT and N-doped graphene.[246] FESEM images 
showed that PEDOT was completely decorated with honeycomb-
like N-doped graphene structure. A remarkable PCE of 8.30% 
was obtained. Due to the high transparency of the composite 
material, a PCE of 6.10% was obtained with back illumination.

3.5.3. Reduced Graphene Oxide and Graphene Oxide

A suitable low cost strategy for obtaining graphene is the chem-
ical oxidation of graphite to produced graphite oxide, followed 
by exfoliation. Then, a post-reduction treatment is performed to 
get graphene. In this way, high quality rGO is produced.

Jeong et  al. studied the electrocatalytic and charge transfer 
properties of a counter electrode composed of PEDOT:PSS 
doped with rGO.[247] To compare the results obtained, they 
also studied cells with PEDOT:PSS and Pt. FESEM images 
showed that by adding 10 wt% rGO to PEDOT:PSS increased 
the surface area and porosity of the layer, with a final thick-
ness of 50  nm. CV measurements showed that PEDOT:PSS/
rGO cathode reached better electrocatalytic activity because it 
produced higher current density than both PEDOT:PSS and Pt. 
It was found that the addition of rGO improved the activity and 
morphology of the composite layer. EIS measurements showed 

that both cathode containing PEDOT:PSS led to higher Rct with 
respect to platinum, probably due to the lower conductivity of 
PEDOT:PSS. Despite the higher resistances, the PEDOT:PSS/
rGO led to better PCE values, even if with a lower Jsc with 
respect to that of cells assembled with platinum, probably due 
to the higher resistances.

Sekkarapatti Ramasamy et al. carried out the preparation of 
a PEDOT/rGO/PPy cathode (PPy = poly(pyrrole)).[248] Large-area 
GO was obtained by chemical oxidation and then GO/PPy com-
posite was prepared by in situ polymerizzation of pyrrole in 
GO/sodium dodecylbenzensulfonate aqueous dispersion, fol-
lowed by a reduction process at 300 °C that lead to rGO. PPy 
had the role of facilitating the deposition of GO on the glass 
electrode and was partially destroyed by the thermal treat-
ment. Finally, PEDOT was electrodeposited on the rGO layer 
(Figure 9A). As a main drawback, this synthesis made use of 
high temperatures, and this point counts when assessing the 
sustainability aspects. FESEM images revealed a homogeneous 
dispersion of graphene layer within the PEDOT matrix. Ultra-
violet-visible transmittance spectra showed that the rGO/PPy 
film had good transparency in the visible range. The PV per-
formance were: Voc = 0.76 V, Jsc = 17.0 mA cm−2, FF = 0.55, and 
PCE = 7.1% when PEDOT/rGO/PPy was used, Voc = 0.78 V, Jsc = 
19.2 mA cm−2, FF = 0.62, and PCE = 9.3% for Pt-based cells.

After the optimization of PEDOT electrodeposition, Li et al. 
added rGO to increase the conductivity of pristine PEDOT.[249] 
CV measurements showed that PEDOT/rGO was catalytically 
more active than other electrodes (e.g., platinum and PEDOT). 
EIS measurements also confirmed that both Rs and Rct were 

Figure 8.  SEM images of A) top-view of graphene flake, B) PEDOT:PSS film, C,D) top-view of the graphene/PEDOT:PSS composite film. Reproduced 
with permission.[241] Copyright 2013, Elsevier.
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lower than those measured with platinum and pristine PEDOT. 
An overall PCE of 7.12% was obtained.

The electrodeposition strategy was also chosen by Ma 
et al.[250] As a matter of facts, this strategy is highly reproducible 
and does not involve the use of high temperature and toxic vola-
tile solvents. The use of binder materials, that could potentially 
limit the charge transfer, is avoided. The authors reported the 
facile preparation of a PEDOT/rGO electrode, obtained by elec-
trochemical deposition of PEDOT/GO on FTO glass, followed 
electrochemical reduction. CV analyses showed that PEDOT/
rGO achieved higher catalytic activity than others electrodes. EIS 
analyses also showed that Rct dramatically decreased from 66.95 
Ω cm2 (PEDOT) to 18.17 Ω cm2 (PEDOT/rGO), resulting in 

better electronic transport and higher PCE. The polymerization 
time was explored between 150 and 250 s; however, in the con-
sidered range, PCE did not significantly vary (7.37–7.79%).

Lan et  al. performed the H2SO4 treatment of PEDOT:PSS/
rGO composite.[251] As previously mentioned, the acid treat-
ment can boost the conductivity of PEDOT:PSS polymer.[215] 
TEM images of both treated and untreated electrodes showed 
nanocracks; however, after the treatment with H2SO4, the trans-
parency of the electrodes increased, due to high homogeneity. 
The CV analysis demonstrated that, after the acid treatment, 
the cathodic current peak value increased and peak-to-peak 
separation decreased, thus confirming the validity of the pro-
posed treatment in enlarging the number of electrocatalytic 

Figure 9.  A) Schematic illustration of the fabrication of PEDOT/rGO/PPy counter electrode. First, graphite was exfoliated and partially oxidized to form 
GO. PPy was in situ polymerized and the GO/PPy composite was deposited on FTO. A thermal reduction treatment at 300 °C was performed to reduce 
GO and get rGO. Finally, a thin layer of PEDOT was electrodeposited. B) TEM image of SWCNHs. Reproduced with permission.[248,259] Copyright 2015, 
Elsevier. Copyright 2016, Springer.
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active sites. A PCE of 7.07% was obtained for H2SO4-treated 
PEDOT:PSS/rGO, whereas the untreated one achieved a PCE 
of 3.94%.

3.5.4. Carbon Nanotubes

CNTs are composed by a folded graphene layer and show 
remarkable features, such as mechanical strength, thermal and 
chemical stability, high catalytic activity, and electronic proper-
ties. For these reasons, they have been intensively studied for 
optical and electronic applications.[252–254]

Shin et  al. reported PEDOT/CNTs with core-shell structure, 
synthesized by emulsion polymerization;[255] dodecylbenzene 
sulfonic acid was used as surfactant. When added to water, both 
CNTs and EDOT precursors associated into micelles; EDOT 
was then polymerized by the addition of FeCl3. TEM images 
showed that core-shell nanostructures properly formed and the 
surface of CNTs was completely covered by a 2–6 nm thick layer 
of PEDOT. A PCE of 4.62% was reached.

Another key feature to improve conductivity is the orientation 
at the molecular and nanometric scales of conductive polymers 
and materials. That is, charge transfer results easier whether the 
nanostructures are consistently oriented. For this reason, Guan 
et al. produced aligned CNTs in polymeric composites, by coating 
PEDOT:PSS on CNTs sheets.[256] The structure formed by CNTs 
had multi-walled shape, with a diameter of about 10 µm. Sub-
sequently, PEDOT:PSS was spin coated on the CNTs sheet, 
forming a high quality film and a cathode with high electrocata-
lytic performance. This aligned composite film featured higher 
electrocatalytic activity with respect to randomly dispersed CNTs 
in PEDOT:PSS; EIS measurements also confirmed that both Rs 
and Rct were much lower. The PCE of the resulting DSSCs dou-
bled that of the unaligned samples (8.3% vs 4.0%, respectively).

Lin et  al. manufactured flexible and low cost counter elec-
trodes composed of plasma-etched CNTs/poly(propylene) deco-
rated with PEDOT mixed with CNTs.[257] This also allowed the 
replacement of TCO. The PV performance of the counter elec-
trode laden with 40 wt% CNTs reached a PCE = 6.82%, compa-
rable to that obtained with Pt-based cathode (7.20%) in the same 
cell architecture.

Recently, nonlinear CNTs morphologies, such as nanohorns 
and coiled, were found to increase DSSCs performances.[258] 
Carbon nanohorns are a kind of nanotubes with tubular structure, 
dimensions of 2–5 nm in diameter and 30–50 nm in length; they 
associate into roundish aggregates of 100 nm, with high surface 
area (300–30 m2 g−1).[259] The surface area can be further increased 
up to 1000 m2 g−1 by oxidation; this reaction opens the horn tip, 
making that area suitable for electrochemical reactions. Susmitha 
et  al. made a hybrid material by mixing PEDOT:PSS and single 
wall carbon nanohorns (SWCNHs).[259] TEM images showed that 
SWCNHs tended to form spherical or boundless aggregates with a 
diameter of about 10 nm (Figure 9B). Various blend concentrations 
were tested; the best PCE of 4.70% was reached with a concentra-
tion of SWCNHs of 0.3 wt%. The same authors reported, same 
years later, the same materials in a different configuration;[260] 
they made a bilayer deposition of SWCNHs over PEDOT:PSS, 
rather than mechanically mixing the two material. The PCE was 
improved to a value of 5.10% under the same conditions.

Coiled CNTs exhibited superior electrical and mechanical 
characteristic when compared to linear CNTs.[258] In particular, 
the conductivity was enhanced because the coiled shape can 
enhance the electric field. The coiled shape is due to the pres-
ence of hydroxyl or carboxyl groups, due to carbon atom defects. 
These groups can act as reaction centres and facilitate the dis-
persion of coiled CNTs in water. Yun et  al. made the hybrid 
material with coiled CNTs and PEDOT:PSS and treated it with 
methanol and HCl to further increase the performance;[258] the 
highest PCE was 5.3%.

Zhang et  al. prepared the composite PEDOT/MWCNTs 
by simple and reproducible oxidative electropolymerization 
method on FTO glass.[261] The studied samples differed for 
the adopted deposition charge (5, 25, 100, 200, 400 mC cm‒2). 
Through SEM analysis, it was noted that MWCNTs-PEDOT 
showed higher porosity and that the thickness of the film 
increased with the deposition charge. CV measurements 
revealed that the electrocatalytic activity of PEDOT/MWCNTs 
composite was much higher than that of pristine PEDOT and 
this was due to the increase of active sites. Therefore, the PCE 
shifted from 4.84% to 5.47% for pristine PEDOT- and PEDOT/
MWCNTs-based devices, respectively. The PCE was further 
increased (6.67%) some years later by Rhee et  al., who pre-
pared a PEDOT:PSS/MWCNTs composite by CV.[262] Xiao et al. 
adopted an analogous electrodeposition method, but with the 
potentiostatic pulse technique, to prepare a PEDOT/MWCNTs 
composite.[263] In this way, MWCNTs assumed a fiber-like mor-
phology, whereas the PEDOT formed a nanomeadow. As a 
result, the PCE was further increase to 7.03%.

Lee et  al. improved the performance of PEDOT/MWCNTs 
composite, by acting on the chemical oxidative synthesis of 
PEDOT.[264] They added imidazole to the EDOT precursor; this 
molecule reduced the reactivity of Fe(OTs)3 (OTs = toluenesul-
fonate) oxidizing agent, slowing down the reaction rate. Without 
imidazole, the fast kinetics brought to crack and formation of 
isolated droplets. However, with the addition of imidazole, the 
resulting layer was thicker, dense, and more uniform. The addi-
tion of MWCNTs further enhanced the electrocatalytic activity 
of conductive PEDOT, allowing a PCE of 8.08%. A deeper 
investigation was performed by Yun et  al., who investigated 
the effect of MWCNTs dispersed into PEDOT:PSS.[265] The con-
centration of MWCNTs ranged between 0.05 and 0.3 wt% in 
the PEDOT:PSS solution. The highest PCE (6.0%) was reached 
with 0.3 wt%, since the surface area and electrocatalytic prop-
erties of the electrode increased linearly with the amount of 
MWCNTs. However, higher concentration of MWCNTs did not 
bring to a processable homogenous film and could not be used 
for preparing counter electrodes. The main differences in PCE 
with respect to the work of Lee et al. may be attributed to the 
use of different dyes (i.e., N3 and N719), the presence of dif-
ferent PEDOT counteranions (i.e., OTs‒ and PSS‒) and the use 
of a different synthetic pathway (i.e., chemical oxidation and 
spin coating of commercial PEDOT:PSS water dispersion).

More recently, Li et  al. exploited the transparency of 
MWCNTs and honeycomb-like PEDOT for bifacial DSSCs and 
compared it with bifacial flat PEDOT.[266] Five types of counter 
electrodes were tested: flat PEDOT, flat PEDOT/MWCNTs,  
honeycomb-like PEDOT, honeycomb-like PEDOT/MWCNTs, 
and platinum. PV parameters indicated that the PCE shifted 
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from 8.10% to 9.07%, passing from flat to honeycomb-like 
PEDOT/MWCNTs.

3.6. Poly(3,4-ethylenedioxythiophene) Hybridized  
with Other Materials

3.6.1. Poly(3,4-ethylenedioxythiophene) + TiO2

The surface area of ion-doped PEDOT/FTO is still low if the 
aim is that of implementing its use as counter electrode. For 
this reason, Sakurai et  al. deposited a thin layer of TiO2 parti-
cles between PEDOT and FTO.[267] TiO2 positively changed the 
interfacial electron transfer and, as a result, it had a beneficial 
effect on cell performance; also, Rct turned out to be lower with 
respect to the pristine counterpart. However, the overall PCE 
values were still low (below 5%) and further improvements 
were still necessary.

Differently, Maiaugree et  al. mixed TiO2 NPs within the 
PEDOT matrix and studied the effect of particles concentra-
tion on cell performance.[268] The addition of small NPs is a 
known strategy to increase the surface area and film rough-
ness of PEDOT flat films, thus enhancing—in this case—the 
interfacial contact with the I-based liquid electrolyte. The effect 
was confirmed also by SEM characterization. The DSSCs 
showed very high performance, with PCE of 8.49%, higher than 
obtained for cells assembled wit sputtered platinum (7.5%) and 
pristine PEDOT:PSS (5.27%). This performance improvement 
was related to the decrease of the Rct: TiO2/PEDOT:PSS com-
posites showed Rct values ranging from 1.3 to 11 Ω, depending 
on the amount of TiO2 NPs, while that of pristine PEDOT was 
55 Ω. An analogous PEDOT:PSS/TiO2 composite was real-
ized by Jafari et al.; however, in this case the PCE was very low 
(below 1%).[269] Seo et al. studied the effect of TiO2 NPs concen-
tration in PEDOT:PSS dispersion (from 10 to 200 mg mL‒1) as 
well.[270] AFM images showed that, after the addition of NPs, 
the surface of PEDOT:PSS increased in roughness and porosity, 
thus also raising the surface area, indicating an improvement 
of catalytic performance. CV tests showed that, as the amount 
of TiO2 increased, the cathodic current density reached a max-
imum when 200  mg mL‒1 TiO2 was used. EIS tests also con-
firmed that 200  mg mL‒1 was the best compromise for lower 
resistance and impedance. The PV performance confirmed the 
results obtained from the previous tests, obtaining these values: 
Voc = 0.72 V, Jsc 16.39 = mA cm‒2, FF = 0.72, and PCE = 8.27%; 
for Pt-based cells, values were: Voc 0.73 V, Jsc 14.75 mA cm‒2, FF 
= 0.71, and PCE = 7.59%.

Song et al. studied the effect of the addition of Si, TiO2 and 
SiO2 NPs to PEDOT as well.[271] These materials had different 
specific surface area, that is, SiO2  > TiO2  > Si. SEM images 
showed that all three films were mesoporous, with a higher sur-
face area than that of pristine PEDOT:PSS, resulting in better 
electrocatalytic activity. The PCE followed the trend of the sur-
face area: SiO2 (6.9%) > TiO2 (6.8%) > Si (5.7%). PEDOT/TiO2 
had the highest Voc (0.75 V) due to the large conduction band of 
TiO2, that improved the charge transfer. However, PEDOT/SiO2 
led to cells with the highest FF, and this clarified the highest 
PCE. Song et  al. exploited the properties of nanosized SiO2 
to enlarge the surface area of PEDOT counter electrodes.[272] 

Nanosized SiO2 also had the advantages of being transparent in 
the visible range; however, a lower PCE of 4.61% was obtained.

Xu et  al. further improved the contact of PEDOT:PSS/
TiO2 composite with FTO substrate by adding SnO2 particles 
(Figure  10A).[273] TiO2 NPs were placed in an aqueous solu-
tion with SnCl4, then coated onto a conductive substrate and 
heated up to 150  °C to form a conductive layer as a template 
on which PEDOT:PSS was deposited. SnCl4 was transformed 
into the oxide during the thermal treatment in air. The addition 
of SnO2 was effective in improving the contact with the sub-
strate; the resulting composite layer showed good conductivity, 
nanoporous structure and mechanical strength. The PV per-
formance confirmed the superiority of PEDOT:PSS/TiO2/SnO2 
cathode, obtaining a PCE of 6.54%, higher than that of pristine 
PEDOT:PSS-based DSSCs (4.79%).

Mustafa et al. combined the positive effects of both TiO2 and 
GO in increasing the surface area and the catalytic activity of 
PEDOT-based CEs.[274] The morphology was studied by FESEM 
analysis and it was observed that PEDOT showed dense, gran-
ular and wrinkled morphology; PEDOT-GO had a uniform 
morphology with paper-like sheet resembles contributing to 
an increase in surface area; PEDOT-GO/TiO2 showed a porous 
surface with spherical NPs and paper-like sheet morphology. 
CV measurements showed that PEDOT-GO/TiO2 had much 
higher cathodic current densities than PEDOT-GO and plat-
inum (−5.49, −3.57, and −3.54  mA cm‒2), thus confirming its 
superiority in electrocatalytic activity. PEDOT-GO/TiO2 counter 
electrodes resulted the best both in terms of PV performance 
and internal resistances (Rs and Rct).

3.6.2. Poly(3,4-ethylenedioxythiophene) and Other Oxides

Well-aligned PEDOT nanostructures with good adhesion to the 
substrates are necessary to improve PV performances. A suit-
able strategy for reaching this target is the use of templating 
agents, such as anodic Al2O3. Kung et al. used ZnO nanorods 
as a template for the deposition of PEDOT;[275] after the dep-
osition, ZnO can be easily removed by dissolving it in acid 
solution. Consequently, PEDOT with hollow microflowers mor-
phology was obtained and the best PCE was 7.20%.

Among other metal oxides, Fe3O4 was deeply studied due to 
its strong catalytic activity, low cost, and high conductivity. Zheng 
et  al. reported a PEDOT/Fe3O4 composite, obtained by in situ 
polymerization.[276] The amount of Fe3O4 was varied between  
0 and 3 mg mL‒1 with respect to the EDOT precursor solution. 
The best PV parameters were reached with a concentration of 
2  mg mL‒1 (0.740  V, 18.6  mA cm‒2, 0.63, 8.69%), that was the 
best trade-off between electrocatalytic activity and conductivity.

The combination of metal oxides, C-based materials and 
PEDOT:PSS resulted in a synergistic effect that produced 
good counter electrodes for DSSC applications, as reported by 
Mustafa et al.[274] Some years later, Wan Khalit et al. adopted the 
same strategy, by mixing Al2O3, PEDOT, and rGO.[277] The com-
posite counter electrode was prepared by a two-step process: 
deposition of Al2O3-rGO by CV and deposition of PEDOT onto 
Al2O3-rGO by chronoamperometry. The first one was conducted 
in water between −1.5 and 1.2 V, twice; the second took place in 
acetonitrile, using LiClO4 as a supporting electrolyte for 100 s. 
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FESEM images showed that the PEDOT/Al2O3-rGO composite 
layer had the wrinkled paper-like structure typical of rGO and 
a coral-like structure typical of PEDOT, with distributed Al2O3 
NPs increasing the presence of active sites (Figure 10B). Overall, 
the layer showed high porosity, resulting in high surface area. 
However, the PCE was still low (2.15%) with respect to other 
literature reports, due to low FF and quality of the interface.

3.6.3. Poly(3,4-ethylenedioxythiophene) and Sulfides,  
Nitrides and Carbides

Metallic compounds such as nitrides,[278,285] sulfides,[280,285] 
and carbides[279] were studied due to their noble metals-like 
properties. The hybridization of these metallic compounds in 
the form of NPs with conductive polymers represents a suitable 

Figure 10.  A) Microstructured model for PEDOT:PSS/TiO2/SnO2 composite, highlighting the good adhesion to the FTO and the electron path.  
B) FESEM images of 1) pristine PEDOT, 2) pristine rGO, 3) PEDOT-rGO, and 4) PEDOT-rGO/Al2O3. Reproduced with permission.[273,277] Copyright 
2016, American Scientific Publishers. Copyright 2019, Elsevier.

Adv. Sustainable Syst. 2021, 5, 2100025



www.advancedsciencenews.com www.advsustainsys.com

2100025  (19 of 32) © 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

strategy to avoid their aggregation and exploit the overall supe-
rior catalytic activity.

As an example, Xu et al. reported a counter electrode based 
on a PEDOT:PSS/TiN composite, made by facile mixing, 
followed by ultrasonic treatment; in particular, the authors 
used three different morphologies, that is, NPs, nanorods 
and mesoporous spheres.[278] NPs were better dispersed on 
the surface of the PEDOT:PSS. It was noted that nanorods- 
and NPs-based samples showed electrocatalytic properties 
comparable to those of platinum; J–V tests confirmed the 
excellent performance of the corresponding DSSCs, which 
reported PCE values of 7.06% and 6.89%, respectively, higher 
than those of Pt-based devices, which reached 6.57%. Con-
versely, PEDOT:PSS/TiN mesoporous spheres led to a PCE 
= 6.19%.

Among carbides, SiC has the potentially of replacing plat-
inum, due to its low cost and high activity. Tsai et  al. studied 
a cathode composed of PEDOT:PSS doped with SiC NPs.[279] 
When SiC NPs were added to PEDOT:PSS, the surface became 
porous and showed a high surface area and a good adhesion 
to ITO substrates. PV performance confirmed that cells with 
PEDOT:PSS/SiC-NPs reached PCE close to those of Pt-based 
counterparts, that is, 7.25 and 7.98%, respectively.

Among sulfides, CoS shows remarkable properties and good 
transparency as well. Sudhagar et  al. reported the use of CoS 
NPs mixed within a PEDOT:PSS matrix.[280] CoS increased 
the performance of the counter electrode material, as dem-
onstrated by the high current density peak obtained from CV 
measurement. The PV performance showed high PCE (5.4%), 
even if slightly lower than that of Pt-based cells (6.1%). They 
also noted that the Jsc of PEDOT:PSS/CoS-based cells was 
higher than that of pristine PEDOT:PSS-based ones (13.2 and 
11.6  mA cm−2, respectively), and even higher than that of Pt-
based devices (13.0  mA cm−2). However, the use of cobalt in 
DSSCs remains controversial, due to its scarcity, toxicity, and 
unfair distribution.[20]

As for TiN, also its corresponding sulfide (TiS2) has been 
used in various electronic devices, due to its interesting proper-
ties, such as, high conductivity and electrocatalytic activity.[281,282] 
For these reasons, Li et al. made a PEDOT:PSS/TiS2 composite, 
to overcome the fact that bare TiS2 is commonly obtained in 
the form of particles with average size of 1 µm and with little 
contact with ITO substrates.[283] PEDOT:PSS/TiS2 composite 
presented high roughness and improved surface area, and the 
resulting devices reached a PCE of 7.04%, much higher than 
that of pristine PEDOT:PSS.

One of the most studied sulfide is MoS2. Typically, MoS2 pos-
sesses a 2D layered structure with poor exposure of active sites. 
For this reason, several strategies for increasing the number 
of active sites have been proposed, for example, MoS2 can be 
easily dispersed in PEDOT:PSS-based solutions. The polymer 
itself is able to reduce the restacking of the material, without 
compromising both the catalytic and conductivity proper-
ties. With this idea, Song et  al. mechanically dispersed MoS2 
in PEDOT:PSS;[284] they used MoS2 with different dimensions 
(i.e., 100 and 30–40  nm, respectively). J–V measurements 
showed that cells assembled with the cathode consisting of 
PEDOT:PSS/MoS2(30–40  nm) reached a higher PCE (5.7%) 
than those fabricated with PEDOT:PSS/MoS2(100 nm) (4.7%).

In a similar way, Ahmed et  al. made a composite material 
with MoS2 and Si3N4.[285] In fact, the combination of semicon-
ductor materials was demonstrated to diminish the stacking 
between layers and enhance the catalytic activity of MoS2. In 
addition, the blending with conductive PEDOT:PSS ameliorated 
the adhesion to the substrate, without sacrificing the electronic 
conductivity. EIS characterization demonstrated the strong 
reduction of Rct for the composite material and an overall 7.22% 
PCE was achieved.

Xu et  al. reported a transparent counter electrode made by 
a layer of MoS2 on FTO, subsequently covered by PEDOT.[286] 
MoS2 was synthesized by hydrothermal method, whereas 
PEDOT was deposited by electropolymerization. The film of 
PEDOT/MoS2 showed a different morphology from that of 
pure PEDOT, with very small pores and good uniformity, which 
increased the surface area exposing many active sites. In this 
way, they created a good bifacial device (Figure 11A), with PCE 
= 7.0% (front illumination) and 4.82% (back illumination).
Table 1 summarizes the most relevant results obtained with 

PEDOT-based counter electrodes in the DSSCs field.

4. Poly(3,4-ethylenedioxythiophene) as  
Hole-Transporting Material for Solid-State  
Dye-Sensitized Solar Cells

4.1. Deposition Techniques and Performances

PEDOT finds application also as a replacement for redox 
shuttle-based electrolytes in DSSCs, due to its good charge 
transfer properties (conductivity = 550 S cm‒1),[287] low cost and 
easy processability. In addition, it forms a film transparent in 
the visible range; therefore, any possible competition for light 
absorption with the dye is avoided. This is of crucial interest for 
tandem and/or bifacial devices.

According to the best of our knowledge, Saito et al. were the 
first authors reporting the use of PEDOT as HTM in the DSSCs 
field.[287] They carried out in situ polymerization of EDOT pre-
cursor on dye-sensitized TiO2, in order to facilitate the contact 
between the photoanode and the HTM. Indeed, the proper per-
meation of the HTM within the mesoporous TiO2 is necessary 
to ensure a good contact with the dye and to minimize recom-
bination at the dyed photoanode/HTM interface. The cell gave 
a very low PCE of 5.4 × 10‒3%. To improve this performance, 
1-ethyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)
amide ionic liquid and 4-tert-butylpyridine (TBP) were added as 
additives, leading to a reduction of the charge recombination. 
However, the PCE remained quite low (8.5 × 10‒3–1.2 × 10‒2%). 
To further reduce the charge recombination, the same authors 
tried to use an amphiphilic ruthenium dye with long chains, 
that is, cis-RuLL′(SCN)2 (Z907), with L = 4,4′-dicarboxylic acid-
2,2′-bipyridine and L′ = 4,4′-dinonyl-2,2′-bipyridine, by adopting 
the same cell architecture.[288] Z907 dye gave PCE values almost 
doubled with respect to those provided by N719 (0.67 vs 0.31%, 
respectively). At the same time, a thin layer of compact Al2O3 
was deposited onto the mesoporous TiO2 before dye adsorption; 
this layer drastically reduced the dark current, so the PCE fur-
ther increased up to 0.93%. The charge transport process in  
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PEDOT-based systems was further analyzed by stepped light-
induced transient measurement of photocurrent and photo-
voltage[289] and compared with that of corresponding liquid 
electrolytes based on iodide/triiodide redox shuttle. Such char-
acterization demonstrated that photovoltage decay, in PEDOT-
based devices, was faster than in I-based cells and electron life-
time was 10–30 times shorter. Also, EIS showed that the total 
impedance of PEDOT-based cells was higher than that of the 
I-based DSSCs. Overall, this study highlighted the importance of 
the PEDOT/photoanode interface, to ensure good dye regenera-
tion efficiency and avoiding charge recombination phenomena.

Another step forward in this field was reported by Kim 
et  al.[290] PEDOT was prepared by photoelectropolymeriza-
tion (PEP) on Z907-sensitized TiO2. bis-EDOT precursor was 

pre-deposited onto a mesoporous TiO2 layer and the electropo-
lymerization was accompanied by visible light irradiation. 
Indeed, after the light absorption by the dye molecule, hole-
electron pairs are formed; while electrons are injected into the 
TiO2 conduction band, the holes carry on the polymerization 
process, as shown in Figure 11B. The main advantages of PEP 
technique are the long permeation depth, the good interfacial 
contact between dyed-anode and the hole conductor and the 
full coverage of TiO2 photoanode.[295] In addition, the rapidity 
and the low energy-demand make PEP suitable for large scale 
applications. It was demonstrated that this procedure yields to 
better performance, by creating a better interface between dye 
and conducting polymer.[289,291–293] Therefore, the choice of the 
photosensitizer strongly affects the morphology and properties 

Figure 11.  A) Schematic illustration of a bifacial DSSC, with PEDOT/MoS2 composite as transparent cathode. B) Schematic representation of PEP 
mechanism and relative thin layer electrolytic cell. Reproduced according to the terms of the CC-BY license.[286] Copyright 2020, The authors. Repro-
duced with permission.[295] Copyright 2012, RSC.
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Table 1.  Overview of PEDOT-based counter electrodes for DSSCs, listing the most innovative concept of each publication and the corresponding PCE 
value measured under 1 sun irradiation.

CE PCE [%] Ref.

Pure PEDOT PEDOT 7.82 [189]

Synthesis in aqueous medium 6.46 [195]

Spin coating deposition of EDOT and annealing 7.04 [197]

Oxidative molecular layer deposition 7.18 [198]

Nanostructured PEDOT morphology 8.3 [202]

Honeycomb-like PEDOT morphology 9.12 [205]

NF PEDOT morphology 9.2 [203]

PSS-doped Annealing treatment of PEDOT:PSS (45–60 °C) 3.22 [212]

PEDOT:PSS 4.10 [209]

PEDOT:PSS on flexible substrate 4.84 [190]

Annealing treatment of PEDOT:PSS (80–120 °C) 6.37 [214]

Solvent treatment of PEDOT:PSS 7.29 [216]

HNO3 treatment of PEDOT:PSS 8.61 [215]

Anion-doped Different counteranions (ClO4
−, TsO−, PSS−) 4.0–4.2 [218]

PEDOT:TsO 4.60 [219]

PEDOT:TsO treated with hydrazine and iodine 6.86 [221]

Modified Metal cations (Mn2+, Co2+, Ni2+, Cu2+) doping 5.19 [226]

Cationic ammonium moiety and iodide as counterion 6.64 [227]

PEDOT-g-PEG 8.45 [225]

With graphite/carbon PEDOT/carbon nanosphere 6.5 [231]

PEDOT/bio-derived carbon 6.54 [234]

PEDOT/graphite/carbon black 7.01 [228]

PEDOT/exfoliated graphite 8.0 [233]

With graphene and rGO PEDOT:PSS/graphene (electrodeposition) 4.5 [241]

H2SO4-treatment of PEODT:PSS/rGO 7.07 [251]

PEDOT:PSS/GDs 7.36 [242]

PEDOT/rGO 7.79 [250]

PEDOT/N-doped graphene 8.30 [246]

PEDOT:PSS/GNPs 8.33 [245]

With CNTs and MWCNTs PEDOT/CNTs 4.62 [255]

PEDOT:PSS/CNT nanohorns 4.70 [259]

Plasma-etched CNT/poly(propylene) decorated with PEDOT 6.82 [257]

PEDOT/MWCNTs (electrodeposition) 7.03 [263]

PEDOT:PSS coated on aligned CNTs 8.3 [256]

Honeycomb-like PEDOT/MWCNTs 9.07 [266]

With TiO2/oxides PEDOT/TiO2/SnO2 6.54 [273]

PEDOT/SiO2 6.9 [271]

PEDOT/TiO2 8.49 [268]

PEDOT/Fe3O4 8.69 [276]

With sulfides, nitrides and carbides PEDOT:PSS/CoS 5.4 [280]

PEDOT:PSS/MoS2 5.7 [284]

PEDOT:PSS/TiS2 7.04 [283]

PEDOT:PSS/TiN 7.06 [278]

PEDOT:PSS/MoS2/Si3N4 7.22 [285]

PEDOT:PSS/SiC 7.25 [279]
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of the resulting layer. PEDOT was doped with 1-butyl-3-meth-
ylimidazolium bis(trifluoromethansulfonyl)amide, lithium 
bis(trifluoromethanesulfonyl)amide (LiTFSI), and TBP to avoid 
recombination. Under optimized condition, a PCE of 2.62% 
was achieved.

Mozer et  al. studied the effect of the duration of PEDOT 
deposition under the same conditions;[294] PEP time was 
varied between 4 and 30  min. The authors further investi-
gated the kinetics of dye regeneration, through the transient 
absorption measurements, and compared it with that of tra-
ditional spiro-MeOTAD and I-based redox couple in acetoni-
trile/valeronitrile liquid electrolyte. It was found out that the 
regeneration of Z907+ occurred in 1–100 µs with PEDOT as 
HTM; this time was orders of magnitude lower than that 
of traditional spiro-MeOTAD (ps to ns) and that of liquid 
I‒/I3

‒ electrolyte (ns to µs). The slow regeneration time lim-
ited the PCE as well. In fact, the best PCE of 3.0% observed 
for PEDOT-based cells was still far from that of traditional 
I-based electrolytes.

Organic dyes seem to provide a more efficient interplay with 
PEDOT, as demonstrated by Liu et  al.[138] Fully organic D149 
dye was used to replace Ru-based complex Z907 and a remark-
able PCE of 6.1% was achieved, that was well superior to what 
reached in the previous studies on PEDOT as HTM.

Since PEP process is initiated by the creation of a hole in 
the HOMO level of the dye molecule and different dyes absorb 
in different radiation ranges, the wavelength of PEP process 
represents a fundamental aspect, that can alter the resulting 
PEDOT layer performances in cells. Liu et  al. studied for the 
first time the influence of the wavelength (740, 670, 605, and 
540  nm) of the incident radiation used during the prepara-
tion procedure on the cell performance.[295] The PCE increased 
with the irradiation wavelength, with a maximum occurring at 
670  nm, where PCE = 7.1%. This value was even higher than 
what reached with continuous light radiation. In fact, at 740 nm 
the absorbance of the dye drastically decreased: few holes were 
formed and PEDOT was obtained by traditional electropolym-
erization. Therefore, the maximum PCE can be reached by irra-
diating at a wavelength where the light absorption of the dye is 
maximized.

Later, Park et  al. studied the influence of light intensity 
during PEP on the corresponding device performance and 
investigated the hole transfer mechanism in these cells.[296] 
PEDOT film was formed at three different light intensity 
values: 0.01, 0.1, and 0.3 sun. At low light intensity, the film was 
more homogeneous, due to the lower nucleation rate, and the 
polymer possessed a higher chain length. On the other hand, 
at high light intensity the film was brittle, with a less coverage 
of mesoporous TiO2 and with a shorter chain length. More-
over, both samples presented ionic species, such as polarons 
(PEDOT+) and bipolarons (PEDOT++), as demonstrated by 
the presence of the corresponding peaks in the near-infrared/
visible/ultraviolet spectrum. Looking at the photoinduced 
absorption spectroscopy (PIA), the authors suggested that dye 
regeneration was mainly due to the hole transfer from the dye 
to PEDOT polarons, with the formation of PEDOT bipolarons. 
These charges involved in the cell operation can be better 
delocalized and stabilized in a longer chain polymer. For this 
reason, the PCE values of the corresponding devices decreased 

with the light intensity used during PEP; they were 2.5% 
(0.01 sun), 2.0% (0.1 sun), and 1.3% (0.3 sun).

One the major disadvantages of PEP is the use of volatile 
organic solvents. Zhang et  al. were the first reporting a PEP 
process carried out in an aqueous micellar medium.[297] This 
strategy was more environmentally friendly and decreased the 
oxidation potential of bis-EDOT precursor, since the onset oxi-
dation potential in the aqueous phase was 0.3 V lower than that 
commonly used in acetonitrile, making the process easier. In 
particular, the authors performed a traditional PEP in acetoni-
trile and in water, facilitating the dissolution of bis-EDOT by 
using surfactants. The PEDOT layer originated from organic 
PEP assumed a smooth and compact morphology, with long 
polymer chains. On the other hand, the PEDOT obtained from 
aqueous media was rough and highly porous, with shorter 
polymer chains. The PCE values reached were comparable, that 
is, 5.6 and 5.2% for organic and aqueous phases, respectively. 
Further characterization, such as PIA and near-infrared/vis-
ible/ultraviolet spectroscopy, revealed that the aqueous-derived 
PEDOT provided better dye regeneration, but faster charge 
recombination. Therefore, the cell PCE was confirmed to be the 
best trade-off between these two phenomena.

Considering the whole DSSC operating process, the TiO2 
particle dimensions is fundamental as well, as shown by Zhang 
et al.[298] In fact, larger pore sizes provided a favorable insertion 
pathway of bis-EDOT precursor, making PEP more efficient. On 
the other hand, a smaller pore size may ensure a better inter-
face between dye and HTM, thus facilitating the dye regenera-
tion process. The authors synthesized TiO2 particles by a modi-
fied sol–gel procedure and compared the performance of the 
corresponding device to the TiO2 particles obtained by a com-
mercial Dyesol paste. Under optimized conditions, a PCE of 
5.2% was achieved, slightly higher than that reached starting 
from commercial TiO2 (4.5%).

Overall, this section highlights that the preparation process 
of PEDOT-based HTMs strongly contributes to the final DSSC 
performance. The chronological overview offered above clearly 
shows how the scientific community tried to improve the elec-
trode/HTM interface and it definitely emerged that tuning 
PEP protocols is a valid strategy to boost PCE values. On the 
other hand, long-term stability studies are missing in the vast 
majority of literature reports, thus leaving unclear if DSSCs 
durability is effectively improved with respect to liquid and 
quasi-solid systems.

4.2. Anion-Doped Poly(3,4-ethylenedioxythiophene)  
and its Hybridization

More recently, many strategies for improving the PCE values 
of PEDOT-based DSSCs have been proposed, such as, anion-
doping[293,299,300] and hybridization.[302,303] Generally speaking, 
the anion doping increases the overall conductivity of PEDOT, 
an aspect of paramount importance for an efficient HTM; how-
ever, the probability of cell short-circuit should be avoided low-
ering any relevant electronic conduction contribution.

Xia et al. explored in details the effect of the counter anion 
during PEP synthesis, by using different lithium salts, for 
example, LiClO4, LiBF4, LiTFSI, and LiCF3-SO3.[293] It was 
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demonstrated that the anion had a strong effect on cell perfor-
mance, as shown in the J–V curves shown in Figure 12A. The 
PCE followed this trend: TFSI‒ (2.85%) > CF3SO3

‒ (2.15%) > 
ClO4

‒ (1.8%) > BF4
‒ (0.9%). In fact, PEDOT:TFSI afforded the 

lower Rs and the highest conductivity and charge transfer effec-
tiveness. This could be partially ascribed to the charge delocali-
zation in the anion, which avoided pairing with Li+ cation, that 
could cause a slowing down of the charge transfer.

The influence of the counter anion was further investi-
gated in another study,[299] where anions with different per-
fluoroalkyl chain length values were analyzed. In particular, 
both perfluorosulfonates (CF3SO3

‒, C4F9SO3
‒, C8F7SO3

‒) and 
bis(perfluorosulfunyl)imides (N(CF3SO2)2

‒, N(C2F5SO2)2
‒, 

N(C3F7SO2)2
‒, N(C4F9SO2)2

‒) were studied. Differently from 
what expected on the basis of the previous results,[293] the PCE 
values decreased by increasing the carbon atoms on the alkyl 
chain (Figure 12B). In fact, the perfluoroalkyl anions may have 
a drastic influence on PEDOT growth mechanism, reducing the 
effective contact with TiO2 photoanode. In addition, the bigger 
dimension of ions may also decrease the mobility.

Similar PCE values were obtained by Lee et  al. as well.[300] 
In their work, PEDOT was doped with traditional PSS to 
get PEDOT:PSS, to enhance the electronic conductivity and 
increase the water dispersion ability. Furthermore, PEDOT:PSS 
was mixed with glycerol to reduce the resistivity of the layer. In 
fact, it was previously demonstrated that the addition of poly-
alcohol to PEDOT:PSS can increase the conductivity without 
scarifying the optical properties.[301] Under optimized condi-
tions, the best PCE was 2.62%.

PEDOT:PSS was also hybridized with biomolecules and bio-
derived polymers, such as, deoxyribonucleic acid.[302] This latter 
is a complex biopolymer, with many heteroatoms able to form 
complexes with ions. For this reason, it can be applied in optoe-
lectronic devices. However, the reported performances in DSSC 
are still low (far below 1%). κ-carrageenan is another type of 
negatively-charged polymer that can be successfully mixed with 
PEDOT.[303] This biopolymer is a sulfonated polysaccharide, 
rich in heteroatoms. Ng et al. studied a PEDOT/κ-carrageenen 
composite as HTM,[303] investigating different amounts of 
biopolymer (i.e., 0.1, 0.2, and 0.5 wt%). The composite sur-
face was wrinkled and with a higher surface area with respect 
to the two components considered separately. Conductivity 
was also measured, and it was observed that, as the amount 
of κ-carrageenan increased, it increased up to a maximum of 
16.23 S cm‒1 in the presence of 5 wt% κ-carrageenan. How-
ever, PV performance showed poor results, with PCE values 
below 1%, which were attributed to the highly stiff system, 
impeding efficient charge transportation.

In the previous section, the enhancement of PEDOT con-
ductivity by the hybridization with C-based materials was 
illustrated. Such materials were also employed as HTMs, 
as reported by Li et  al.[304] In particular, PEDOT was hybrid-
ized with graphene and graphene/PtCo. The composites 
were embedded in a poly(acrylic acid)/PEG (PAA/PEG) 
matrix. PAA/PEG helped the formation of a 3D network, 
without compromising both optical and electrical properties 
of the composites. CV measurements showed that the cata-
lytic properties were improved by switching from PEDOT to 
PEDOT:graphene and PEDOT:graphene/PtCo alloy NPs. 

As a result, the reduction of peak current intensity, reduc-
tion potential and peak separation showed that the samples 
based on PEDOT:graphene/PtCo alloy NPs reached the best 
performance. Furthermore, this HTM presented the lowest Rs 
and a remarkable PCE of 8.2% was achieved (vs 5.5% for the 
undoped-PEDOT).

Figure 12.  J–V curves of DSSCs based on photoelectrochemically depos-
ited PEDOT as HTM bearing A) different anions, B) bis(perfluorosulfunyl)
imides, and C) perfluorosulfunates. Reproduced with permission.[293,299] 
Copyright 2003, ACS. Copyright 2008, ACS.
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The main contributions regarding PEDOT-derived materials 
as HTMs are summarized in Table 2.

5. Sustainability of Poly(3,4-ethylenedioxythio
phene):Poly(styrene sulfonic acid): An Open 
Discussion

Among the different applications described in the previous sec-
tions about PEDOT-based compounds in DSSCs, the substitu-
tion of platinum with PEDOT:PSS is among the most diffuse 
and it is usually introduced as an opportunity to improve the 
environmental performances and reduce the cost of the final 
device due to the removal of the precious metal.[305] However, 
specific studies dealing with the sustainability evaluation for 
PEDOT:PSS counter electrodes in DSSCs are not present yet. 
In this section, we will discuss some aspects to suggest future 
in-depth sustainability analysis.

When dealing with the sustainability concept in the energy 
field, three key adjectives must be considered: Affordable, reli-
able, and clean.[306,307] Affordability refers to low cost, reliability 
is linked to the continuous and stable availability of primary 
sources and cleanness regards the minimization of environ-
mental impacts.

In DSSCs, the traditional counter electrodes are made of 
platinum. As already briefly discussed in Section  2, this ele-
ment presents three main issues from a sustainability point 
of view: it is costly,[308] it is a CRM[309,310] and it is correlated 
with degradation and stability issues, especially when used with 
the I-based electrolyte. In particular, the high cost threats the 
affordability of the apparatus, while the criticality, being related 
to supply and economic risk,[311] is associated to the reliability.

Although PEDOT:PSS is often presented as a cheaper solu-
tion than platinum, it is worth highlighting that the overall cost 
depends also on both quantities and processes adopted for elec-
trodes fabrication. Here we show some values to discuss costs, 
energy requirements, and environmental impacts; these data 

are obtained from experimental ones[312,313] and are illustrated 
in Table 3.

Regarding quantities, we can refer to both average mate-
rial thickness (6  nm for Pt and 300  nm for PEDOT:PSS) and 
eventual waste during the deposition process. Performing an 
initial calculation on materials, taking advantages of literature 
data[125,126,314] and commercial prices,[315] we obtained compa-
rable costs for the cathodes made of the two different materials 
(see Supporting Information). However, besides materials, pro-
cesses have to be carefully investigated. For instance, platinum 
deposition requires high temperature heating,[125,126] while 
PEDOT:PSS is usually deposited through the spin coating 
method with a consistent waste of material (60% on a lab scale) 
and issues in scalability. Besides materials waste, the spin 
coating deposition exhibits also scalability issues. Conversely, 
dip coating, drop coating and inkjet printing are considered 
to be low waste and scalable technique, but they present some 
control issues (e.g., thickness and homogeneity).

The employment of PEDOT:PSS is justified by the largely 
enhanced processability and water solubility[79] of the com-
posite material, but it provides relatively low conductivity  
(0.1 to 10 S cm‒1)[74,316] and the further doping of the organic 
matrix is usually required. These treatments involve the use of 
solvents, acids, and/or doping agents (ionic liquids, salts, CNTs) 
that could jeopardize the final sustainability of the device. As 
an example, Xia and Ouyang exploited a InI3 solution (1 m) to 
enhance PEDOT:PSS conductivity,[317] but they did not consider 

Table 2.  Overview of PEDOT-based HTMs for DSSCs, listing the most 
innovative concept of each publication and the corresponding PCE value 
measured under 1 sun irradiation.

HTM PCE [%] Ref.

In situ polymerization of EDOT on TiO2 and TBP as additive 1.2 × 10−2 [287]

In situ polymerization of EDOT on TiO2, TBP as additive 
and amphiphilic ruthenium dye with long chains

0.67 [288]

PEP under different light intensity 2.5 [296]

PEP under visible light 2.62 [290]

PEDOT:PSS 2.62 [300]

Different counter anions 2.85 [293]

Anions with different perfluoroalkyl chain length 2.9 [299]

Variation of PEP time 3.0 [294]

PEP in aqueous micellar media 5.2 [297]

Fully organic dye 6.1 [138]

PEP under monochromatic light 7.1 [295]

PEDOT hybridized with graphene and graphene/PtCo alloy 8.2 [304]

Table 3.  Chemicals, processes, and costs for the preparation of DSSC 
cathodes based on PEDOT:PSS and platinum.

PEDOT:PSS counter electrodea)

Reagent type PEDOT:PSS solution, commercially available 
(1.3 wt% in water)

PEDOT:PSS solution (1.3 wt% in 
water) cost (€ kg‒1)b)

896

Thickness (nm) 300

Dry film density (g cm‒3) 1.011

Deposition method Spin coating

Material waste (%)c) 60

PEDOT:PSS solution primary energy 
(MJ kg‒1)

159

Overall cost per area (m€ cm‒2) 5.23

Platinum counter electrodea)

Reagent type H2PtCl6 5 mm in isopropanol (from com-
mercially available H2PtCl6 8 wt% in water)

H2PtCl6 8 wt% in water cost (€ kg‒1)b) 7276

Thickness (nm) 6

Dry film density (g cm‒3) 21.4

Deposition method Thermal decomposition

Material waste (%)c) 0

Pt primary energy (MJ kg‒1) 190 000

Overall cost per area (m€ cm‒2) 6.43

a)Considered area: 1 cm2; b)Commercial; c)Material waste is calculated on process 
waste without considering solvent evaporation.

Adv. Sustainable Syst. 2021, 5, 2100025



www.advancedsciencenews.com www.advsustainsys.com

2100025  (25 of 32) © 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

that indium is a CRM[318] and, according to the Royal Society of 
Chemistry, with the same risk of platinum.[319]

Along with the cost reduction, PEDOT:PSS is also con-
sidered as a solution to decrease the environmental impacts. 
A very powerful tool to analyze how a product or a service is 
environmentally sustainable is the LCA. It helps to evaluate the 
environmental impacts from either a cradle-to-gate or a cradle-
to-grave approach (either from the raw materials extraction to 
the factory gate or from the raw materials extraction to the dis-
posal phase,[313] respectively). Despite LCAs for DSSCs with Pt-
based counter electrodes are present in literature,[313,320] similar 
evaluations for PEDOT:PSS-based systems are not available yet. 
Studies involving platinum confirm that reducing its amount 
in the final device leads to environmental improvements,[321] 
even if the precious metal that mainly affects impacts is silver. 
However, they did not show any comparison with PEDOT:PSS-
based cathodes.

PEDOT:PSS is also used as HTM in perovskite-based 
devices[322] and organic PV,[323] and LCA studies were performed 
for these technologies. Comparing LCA studies of different 
devices is not accurate, but some data could be fairly extrapo-
lated. For instance, from the work by Garcìa-Valverde et al.,[314] 
it is possible to get a value for the equivalent primary energy 
of the solution of PEDOT:PSS utilized for cathode preparation 
(1.3 wt% in water), that resulted to be 159  MJ kg‒1 (see Sup-
porting Information). Comparing this value with the primary 
energy for platinum element (190 000 MJ kg‒1, from Ecoinvent 
v. 2.2–2010), the difference is really huge. A correct compar-
ison of these values needs a consideration on the amounts of 
exploited materials. Including the amount of total solution used 
for cathode preparation (PEDOT:PSS 1.3 wt% in water) and the 
amount of platinum contained in the H2PtCl6 solution, we have 
a more realistic idea of the energy consumption for cathode 
preparation. The value for platinum is higher even if the energy 
for its solution preparation is not included (see Supporting 
Information). Our preliminary calculations show lower costs 
and less energy requirements for PEDOT:PSS, even if process 
energies have not been included. However, platinum deposition 
requires high temperatures, while PEDOT:PSS is obtained at 
room temperature. Hence, from this results we might confirm 
that PEDOT:PSS is more sustainable than platinum as cathode 
for DSSCs, but further studies are necessary.

Stability is another parameter affecting the overall sustain-
ability. Better stability means longer lifespan and lower envi-
ronmental impacts due to the avoidance of resource exploita-
tion to produce new modules and to dispose of the old ones.[321] 
Hence, the evaluation of cell stability with PEDOT:PSS cathode 
should be investigated to know if and how lifetime improve-
ments can be achieved with respect to Pt.

Last, but not least, environmental impacts are significantly 
affected by the end-of-life (EoL) phase (disposal phase).[324,325] 
Usually, three scenarios are examined for PV modules EoL: 
i) Incineration, ii) landfilling, and iii) recycling. However, for 
emerging PV technologies, the processes are not consolidated 
yet. To our knowledge, the investigation of the EoL for DSSCs 
with PEDOT:PSS CE cathodes is not present in literature. Some 
information can be borrowed from studies regarding the EoL 
of organic PV employing PEDOT:PSS as HTM. These studies 
refer to HTM removal and eventual recovering through its 

dissolution in chlorobenzene (with possible issues due to its 
halogenated nature)[326,327] and a similar approach can be con-
sidered for PEDOT:PSS as cathode material in DSSCs. A crit-
ical point in the waste management is leaching and dispersion 
of materials.[328] In this context, it is interesting to mention the 
particulate PEDOT material behavior.[321] PEDOT, in its poly-
meric form, is non-toxic; however, particulate PEDOT materials 
resulted to exhibit cytotoxic effects in human lung fibroblasts 
and mouse macrophages.[321,328] This is important to consider 
as the hydrophilicity of this compound could lead to the dis-
persion of this material through the environment and subse-
quently it might become biologically available.[328]

On the other hand, platinum could be recovered through 
acidic treatments and electrolysis.[329] Obviously, these treat-
ments require energy and resources and produce waste 
affecting the final impacts. Parisi et  al. calculated the impacts 
for the three scenarios: the recycling one resulted the best 
option, but the contribution of platinum recycling was not 
specified.[321]

Two last considerations have to be mentioned: the source of 
materials and the design for recycling. Materials from renew-
able or recycled sources and easiness to disassembling and 
recycling can furtherly improve the whole device sustaina-
bility.[325,330,331] An example for Pt-based cathodes is presented 
in an interesting work by Charles et al., who obtained Pt-based 
cathodes from waste thermocouples, enhancing resource-effi-
ciency and mitigating materials criticality issues by decoupling 
supply from primary production.[324]

At a first analysis, PEDOT:PSS can be considered as a prom-
ising alternative to Pt, aiming at increasing the whole sustain-
ability of DSSCs. However, further specific investigations are 
necessary to reach a final conclusion. In this context, our work 
can be considered as a valuable starting point.

6. Conclusions

This manuscript has offered an overview of the use of PEDOT 
(and PEDOT-based materials) in the DSSCs field. The dual 
challenge of replacing the liquid electrolyte and the Pt-based 
counter electrode is highly ambitious, but in both cases 
PEDOT-based materials have been successfully demonstrated, 
with properly operative lab-scale devices.

The two main aspects on which the activity of the scientific 
community is based are the deposition method and the formu-
lation of the PEDOT-based components. In the first case, the 
goal is to create the best possible interface between different cell 
components and this has been demonstrated with particular 
success when adopting PEP processes, where PEDOT can grow 
directly inside the cell. As regards the formulation, literature 
counts many mixtures in which PEDOT is combined with salts, 
C-based materials or other conductive polymers. Significant 
improvements in conductivity values have been achieved for all 
these systems, but—in summary—two aspects still need to be 
thoroughly investigated. The first concerns the sustainability of 
materials and processes; in fact, most of the literature articles 
mention the use of PEDOT as a green strategy with respect to 
the components traditionally adopted in DSSCs (e.g., Pt-based 
cathodes and liquid electrolytes based on organic solvents), but 
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in-depth LCA studies have never been conducted. Second, the 
stability of DSSCs containing PEDOT-based components has 
almost never been studied in depth, either by certified protocols 
or by aging procedures conducted in academic laboratories.

As a future outlook, if the two critical issues stated above will 
be successfully fixed in the forthcoming years, a reliable path 
toward the achievement of solid-state and Pt-free DSSCs will 
be opened, which would make them even more attractive for 
architectural integration and portable electronics. Clearly, this 
also pass through an exhaustive study of PEDOT impacts (in 
terms of costs and environmental concerns) during its produc-
tion and disposal phases; nowadays, very few data are available 
to this purpose. Last, but not least, a comprehensive and sys-
tematic study of PEDOT-based DSSCs fabricated changing the 
redox mediator or the molecular sensitizer, while keeping con-
stant the PEDOT-based counter electrode or HTM, would lead 
to a strong data collection to deeply understand the real potenti-
alities of this conductive polymer in this field.
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