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Abstract: Dye-sensitized solar cells (DSSCs) emerged in the early 1990s as a promising alternative to
the classic silicon-based solar cell due to their unique combination of low cost, ease of fabrication,
color palette for building integration, and high efficiency in indoor applications. This review article
describes the fabrication and the properties of poly (3,4-ethylenedioxythiophene) (PEDOT)-based
catalytic counter electrodes (CEs) for DSSCs. In particular, the electrochemical reactivity PEDOT
CEs used in conjunction with alternative redox mediators for DSSCs is outlined. Among alternative
redox shuttles, cobalt and copper complexes, as well as totally organic thiolate/disulfide, have been
considered. Finally, PEDOT can also be used as a hole conductor material in electrolyte-free solid-state
dye-sensitized solar cells. This review clearly shows that the progress in DSSCs development is
strongly linked to the introduction of PEDOT as a new counter electrode material.

Keywords: dye-sensitized solar cells; PEDOT; alternative redox mediators; cobalt complexes; cop-
per complexes

1. Introduction

Dye-sensitized solar cells (DSSCs), which were developed by Grätzel and O’Regan in
the early 1990s [1], represent a regenerative photoelectrochemical device type characterized
by unique properties, such as transparency, low production cost, capability to harvest the
diffuse light, wide choice of color palette, building integration capabilities in both indoor
and outdoor conditions [1–5]. DSSCs are considered among the new-generation photo-
voltaic technologies which aim at achieving power conversion efficiency (PCE) comparable
with that of existing technologies, but with low cost per meter square, tunability in color
and shape, transparency, flexibility, and roll-to-roll production. In particular, organic and
hybrid solar cells are considered as an “emerging photovoltaic technologies” class. Dye-
sensitized solar cells (DSSCs) have gathered much attention due to their potential, such
as low cost, feasibility, building integration, and scalability [6]. Other significant emerg-
ing technologies in this field are organic/polymer solar cells (OSC) and metal organic
perovskite solar cells (PSC) [7,8]. Although PSCs are rapidly overcoming the efficiency
record for hybrid photovoltaic technologies (up to 25%), their long-term stability under real
working conditions remains an issue [9]. In particular, PSCs suffer from severe instability
upon exposure to atmospheric O2 and humidity, light, high temperature, and an intrinsic
instability upon prolonged working conditions as a result of ion migration and interface
degradation [10–12].

The optimization of the whole DSSC has been achieved over the last 30 years through
dedicated research oriented towards each part of the device, i.e., dye sensitizers, redox
mediators, and catalytic counter electrodes (CEs) [2]. In particular, CEs play the important
role of regenerating the reduced form of the redox electrolyte, maintaining a steady-state
concentration of reduced mediator, which is essential to intercept the photo-oxidized dye at
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the photoanode, preventing charge recombination. Since the early developments of DSSC
in the 1990s, the iodine/iodide (i.e., I−/I3

−) couple was the most universally used mediator
to conduct charge across the liquid electrolyte. Platinum coated counter electrodes ensured
excellent electrocatalysis toward the iodine/iodide couple, but at the beginning of the
2000s, researchers moved to the search for alternative, lower cost, and more abundant
electrode materials [3,4]. One of the causes of limited DSSC stability was indeed identified
in the reaction of the electrolyte with the platinum counter electrode (CE), which can lead
to the dissolution of Pt from the substrate [13].

From this perspective, low-cost conductive polymers, such as poly(3,4-ethylenedioxy-
thiophene) (PEDOT), which also play a prominent role as hole transporting layers in OSC
and PSC architectures, have emerged to replace Pt-coated CEs in DSSCs, thanks to its
high room-temperature conductivity and remarkable stability [5,14–16]. It was later found
that PEDOT electrodes displayed excellent electrocatalytic behavior not only with respect
to the iodide/iodine couple but also toward newer high-efficiency redox mediators as
well [17–19].

So far, among other conductive polymers, including polyaniline (PANI) and polypyr-
role (PPy), PEDOT is the most commonly used CE material. It was reported that PEDOT
outperformed both PANI and PPy when used as a counter electrode material [20]. In
addition, PANI is not an ideal CE material because it suffers from instability, self-oxidation,
and carcinogenic properties [21]. Still, the deposition of PANI tends to give non-uniform
films on TCO with insufficient conductivity and low surface area [22]. On the other hand,
the main drawback with the PPy counter electrode is its higher charge transfer resistance
Rct and the lower conductivity of the films [23]. It can be seen in Figure 1A that over the
last five years, the number of publications on “dye-sensitized solar cells” progressively
decreased. As expected, this can be ascribed to the increasing interest in the new perovskite
solar cells, as depicted by the rise in publications related to this topic. Figure 1B outlines
that since 2015 among each component of DSSCs, the topic “counter electrode” covered an
almost constant value of about 20%. This suggests that there is still a significant interest in
the improvement of this specific component of DSSCs if compared to other subject areas,
such as sensitizers, photoanode, or electrolyte [2].

Figure 1. (A) Number of published articles by keyword search: dye-sensitized solar cells” and
“perovskite solar cells” from 2015 to 2020. (B) Percentage of publications including the keyword
search “counter electrode” in the topic “dye-sensitized solar cell”; inset is the share distribution of
publications for counter electrodes from 2015 to 2020. Source: ISI Web of Science, Thomson Reuters.

In this contribution, we review the historical developments and the properties that
have made PEDOT-based materials one of the most widely used substrates for DSSC
counter electrode fabrication.

2. Dye-Sensitized Solar Cells: An Overview

DSSCs are photoelectrochemical solar cells based on the principle of sensitization
of wide band-gap mesoporous semiconductors. In a DSSC, the photoanode is typically
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composed of nanometer-sized particles of an n-type mesoporous oxide layer, as represented
in Figure 2. The most used material has been anatase TiO2, although other oxides have
been explored, including ZnO and Nb2O5 [24]. These wide band gap metal oxides are
transparent to visible light. Hence, only a modest power conversion can be achieved under
solar illumination by exploiting a small portion of the UV wavelengths.

Figure 2. Schematic drawing of DSSCs based on liquid redox mediators. Transparent glass-coated
transparent conductive oxides (TCO), such as fluorine doped tin oxide (FTO) or indium tin oxide
(ITO), are usually employed to fabricate the charge collecting terminals of the cell, on which TiO2 and
the catalytic counter electrode layer are deposited. In solid-state (ss-DSSCs), the liquid electrolyte is
replaced by the hole transport material (HTM).

Molecular sensitization was introduced in order to extend the light-harvesting effi-
ciency of these wide gap semiconductors to low-energy photons. A molecular absorber,
known as a sensitizer (S in Figure 2), is chemically linked to the mesoporous oxide through
an anchoring group, typically one or more carboxylic functions. Following light absorption,
the dye reaches an electronically excited state (S*), which undergoes charge injection into
the conduction band (CB) of the semiconductor (Equations (1) and (2)) [25].

Photoexcitation S + hν→ S* (1)

Electron injection S* + TiO2 → S+ + (e−, TiO2) (2)

In Figure 3, the chemical structures of some of the most common sensitizers used in
DSSCs are reported. Among these structures, we have the most successful isothiocyanate
(NCS) substituted ruthenium dyes, such as N3, N719, and Z907, which represent the first
generation of highly efficient molecular sensitizers, thanks to broad light absorption popu-
lating charge transfer (CT) states undergoing injection on ultrafast time scales [1]. Later
entirely organic dyes based on the donor-π-acceptor architecture were developed, which
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are also endowed with strongly absorbing CT states. Thanks to the electron-withdrawing
cyano acrylic linker, dyes, such as D35, Y123, and MK2, achieve high surface coverage and
fast injection [26–28].

Figure 3. Some of the most popular inorganic and organic dyes used in DSSCs [1,26–28].

Following charge injection in the semiconductor, the oxidized dye S+ is generated,
which needs to be reduced before electron recombination occurs. The redox mediator is
essential to regenerate the reduced form of the sensitizer S, finally closing the entire cycle
by collecting the electron at the counter electrode (Equations (3) and (4)).

Dye regeneration: S+ + (redox shuttle)red → S + (redox shuttle)ox (3)

Redox mediator regeneration: (redox shuttle)ox + (e−,·, CE)→ (redox shuttle)red (4)

The photocurrent produced by the DSSC can be expressed as the flux of charge
carriers (electrons, having concentration n) along a given x-direction by means of the elec-
trochemical potential gradient generated inside the semiconductor film upon illumination,
according to

J = enunF + eDn
∂n
∂x

(5)
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where F is the electric field possibly present within the semiconductor and un is the electron
mobility, related to the diffusion coefficient Dn by

Dn =
kT
e

un (6)

In the case of mesoporous semiconductors composed of a network of sintered nanocrys-
tals, there is a significant population of localized states (L) in the band gap, which are
generally regarded as non-conductive, as opposed to conductive delocalized conduction
band (CB) states. Charge transport thus occurs by trapping and detrapping of the carriers
from and to conductive states, and, if charge trapping and detrapping are sufficiently fast
processes, transport can be described in terms of quasi-equilibrium charge densities in both
localized and conductive states [29]. In this latter case, the electron diffusion coefficient Dn
can be expressed according to 7 [30].

Dn =

(
1 +

∂nL
∂nCB

)−1
D0 (7)

where nL and nCB indicate the electron density in localized and conductive states, respec-
tively, and D0 is the electron diffusion coefficient in the conductive states.

With mesoporous TiO2, charge transport is among the slowest processes occurring
in Dye-sensitized solar cells, with a time constant of the order of 1 ms [31]. Nevertheless,
with suitable redox couples, such as the often-used I−/I3

− couple, regeneration of the
dye occurs on a time scale ca. 3 orders of magnitude shorter, preventing to a large extent
electron recombination with the oxidized dye. The major charge recombination loss is
thus related to the bielectronic reduction of I3

−, a slow process (on the tens/hundreds ms
time scale) at the photoanode, due to the poor electrocatalytic properties of both TiO2 and
FTO. This may result in nearly unit charge collection efficiency by sensitized TiO2 thin
films having a typical thickness ≤ 10 µm. As will be detailed in the following sections,
I3
−/I−, the most common redox mediator initially, has been replaced by cobalt and copper

redox shuttles which, in some cases, allowed record power conversion to be reached but,
being faster monoelectronic couples, also required tuning of the titania film thickness and
appropriate surface insulation with respect to electron recapture by the oxidized form of
these new redox mediators [32]. From a phenomenological point of view, Dye-sensitized
solar cells have been shown to follow the diode equation according to Equation (8).

J = JL − J0

(
exp

(
− eVj

mkT

)
− 1

)
(8)

where JL is the limiting current density depending on the absorbed photon flux, Vj = V + IR
is the potential drop across the cell, related to the applied bias V in the presence of the
potential drop IR, where R can be regarded as the total series resistance of the cell and m, is
the ideality factor of the diode characterized by the equilibrium dark current density J0.
m, Jo, and R are dependent on the specific chemical nature of the system and summarize
the quality of the cell components and interfaces with respect to charge recombination and
electron mediator regeneration kinetics [33]. A small dark current (low losses by charge
recombination) and a small series resistance (which translates into a small overpotential
loss for electrolyte regeneration) generally improve the PCE of the solar cell, given by

PCE = (Voc JL FF)/Ps (9)

where Voc is the open circuit photovoltage (V), JL is the short circuit photocurrent density
(A m−2), FF is the cell fill factor, and Ps is the total optical power density at the cell surface
(W m−2) [1]. The diode (or multi-diode) equation has also been successfully used to model
the behavior of organo-lead perovskite solar cells, which, despite their origin in the field of
spectral sensitization as a particular example of DSSC, can be really regarded as examples
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of p-i-n junctions, along the lines of other thin-film technologies, where perovskite behave
as intrinsic semiconductors capable of transporting both electrons and holes [34,35].

Owing to the fact that DSSCs, like other solar cells, are quantum converters, the
efficiency of the photon to electron conversion process is expressed in terms of the ratio
between the number of electrons flowing in the external circuit to the number of incident
photons. Incident Photon-to-Electron Conversion Efficiency (IPCE) is expressed as the
product of three terms related to the key steps of the device operation, as follows:

IPCE(λ) = LHE(λ) φinj ηc (10)

where LHE is the light-harvesting efficiency, φinj is the electron injection quantum yield,
and ηc is the efficiency with which electrons are collected at the photoanode [1].

3. PEDOT in DSSCs
3.1. The Conductive Polymer PEDOT

PEDOT was synthesized for the first time in 1988 by Jonas and Kirchmeyer by chemical
oxidation of EDOT in the presence of polystyrenesulfonic acid [36]. They obtained a
water dispersion of PEDOT:PSS paving the way to transform this conductive polymer
into one of the most used for different applications. PEDOT can also be prepared by
electrochemical synthesis, but in this case, a conductive coating is deposited on the electrode
surface [37–39]. The reaction pathway from EDOT to PEDOT consists of initial mono-
electronic oxidation of EDOT. Subsequently, a sequence of C–C coupling of two EDOT
radical cations, proton losses, and re-aromatization occur until a certain length of newly
formed PEDOT oligomers is reached (see Figure 4) [40]. While the exact chain length is not
known in detail, some authors reported that in the case of PEDOT:PSS, the molecular weight
of the PEDOT oligomers is between 1000 and 2500 Da, which is consistent with about 6 to
18 repeating units of EDOT [41]. During the chemical or electrochemical polymerization,
neutral oligomers are further oxidized to yield PEDOT in its doped and conductive state. It
should be noted that the main charge carriers across PEDOT in its doped state are polarons
and bipolarons [40]. In addition, the ratio between EDOT units of PEDOT chains and
dopants strongly depends on the ability of the negative charges of the counterions present
in the electrolyte to stabilize the positive charge on PEDOT. For monomeric dopants,
this parameter is also known as the doping ratio, whereas for polymeric dopants, not all
the negative groups are expected to counterbalance the positive charges generated on
PEDOT. In the case of chemically prepared PEDOT:PSS (PSS = polystyrene sulfonate),
for example, it was reported that only a small fraction of sulfonic acid groups across the
PSS chains directly interact with positively charged PEDOT while the other part interacts
with water [42]. In general, the real doping ratio can be established through spectroscopic
techniques, such as XPS (X-ray photoelectron spectroscopy) or EDS (Energy Dispersive
Spectroscopy), but some authors have used electrochemical analysis as well [42–45]. The
solubility of PEDOT oligomers is strongly influenced by the synthetic protocol adopted. In
particular, if one is interested in obtaining a water dispersion of the conductive polymer,
surfactants, such as PSS or Nafion, are preferred [46,47]. Thus, the possibility of obtaining a
dispersion/solution of PEDOT:X, where is X represents a general dopant, is limited by the
solubility of the conductive polymer, which depends on the nature of the dopant as well as
of the solvent. The electrochemical deposition of PEDOT is less restricted in the choice of
counter anions since the goal of this process is not a stable dispersion but the precipitation
of the PEDOT:X composite on the electrode surface in order to generate a solid conductive
polymer thin film. Thus, one can access many options in the composition of the electrolyte,
generating materials whose electrochemical response is strongly influenced by the nature
of the doping counter anions, as will be shown in the next section [48].
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Figure 4. (A) general synthetic route to doped PEDOT:X (X = generic dopant) and (B) reversible
switch between reduced and oxidized forms of PEDOT.

3.2. PEDOT Based Alternative Counter Electrodes in DSSCs
3.2.1. Iodide–Iodine Electrolyte

Owing to its good conductivity, high flexibility, remarkable stability, and low cost, the
use of PEDOT for different applications has significantly increased during the last twenty
years. As far as counter electrodes for DSSCs are concerned, high ohmic conductivity is
not necessarily a goal that should be reached since PEDOT only forms a thin layer on
top of an ohmic electrode (metal or TCO charge collectors). Rather, it is very important
that the PEDOT-based material exhibits a good electrocatalytic behavior toward redox
mediators used to regenerate the oxidized dye. For example, bare FTO has very high
conductivity, but DSSCs which employed this unmodified material as CEs exhibited PCEs
of about 0.1%, whereas platinized FTO of PEDOT-based CEs easily exceeded 4% power
conversion [49]. Another important key feature of PEDOT is related to its transparency
over the wavelength range of 400–900 nm. The absorption spectrum of oxidized PEDOT
is essentially featureless, and a progressive increase in the absorbance is observed only
when approaching the NIR region. For these reasons, oxidized PEDOT exhibits a sky
blue color. Of course, the transparency of PEDOT CEs decreases as the thickness of the
coating increases. In general, a compromise between electrocatalytic properties and film
transparency can be obtained, but it should be noted that the absorbance of iodine-based
electrolytes is commonly higher than the absorbance of PEDOT CEs in the visible range.
Thus, the final color of the device is minimally impacted by the color of PEDOT CE, mostly
influenced by the color resulting from the dyed photoanode and the electrolyte. It was also
reported that PEDOT films having a thickness on the order of 2 µm provided comparable
electrocatalytic properties to 50 nm thick ones, in conjunction with iodine base redox
mediator [50]. Thus, a satisfactory electrochemical response can be obtained with PEDOT
films having a minimal contribution to the overall light-harvesting of the device.

One of the first reports of PEDOT-based CEs for DSSC was published in 2002 by
the group of Prof. Yanagida [51]. They were encouraged by preliminary results by In-
ganas et al., who outlined that PEDOT can improve the charge transfer between a metal
oxide and the iodide/triiodide redox couple, which was, and still is, one of the most
popular components in liquid electrolyte DSSCs [37]. About 30–50 nm of PEDOT-TsO
(where TsO refers to tosylate group) and PEDOT:PSS were deposited on an ITO surface
through chemical oxidation of EDOT or by spin coating a commercial solution, respec-
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tively. The cyclo-voltammetric (CV) response of iodide showed the absence of significant
electrocatalytic activity when performed on bare ITO, as shown by the absence of clear
oxidation/reduction diffusional waves. On the contrary, good electrocatalytic behavior was
observed for PEDOT-TsO, which was comparable to Pt-based electrodes, thereby indicating
PEDOT-TsO as a good candidate to substitute Pt in CEs for DSSCs. Interestingly, in the
same conditions, electrodes coated with PEDOT:PSS exhibited a poorer electrochemical
behavior if compared to PEDOT-TsO. Authors suggested that this could be linked to the
exposure of polyanion PSS−, which may sterically and electrostatically block the approach
of I− and I3

− to the active sites of the PEDOT chain [51]. The results of DSSCs charac-
terization were consistent with the preliminary indications gained by CV: comparable
efficiency parameters (Voc, Jsc and FF) were obtained for PEDOT-TsO and Pt, but cells
prepared with PEDOT:PSS based CEs provided the lowest FF values due to the larger series
resistance in these cells. The authors also explained this effect is due lower conductivity
of PEDOT:PSS films (10 S/cm), if compared to PEDOT-TsO of 550 S/cm. Saito et al. later
demonstrated that unlike Pt, PEDOT-TsO exhibited no specific interaction with I− and
I3
−. They also observed an improved PCE by increasing PEDOT film thickness. This

resulted in enhanced electroactive surface area of the CEs, which improved their catalytic
response [51]. It is known that the conductivity of chemically prepared PEDOT:PSS can
be strongly increased upon treatment with polar solvents, such as DMSO [52,53]. It was
found that a modified DMSO-PEDOT:PSS mixed with a small amount of carbon black can
outperform conventional Pt when used as CE in DSSCs. Indeed, cells assembled with a N3
sensitized photoanode, an iodine/iodide-based electrolyte, and the modified PEDOT:PSS
CEs yielded a higher cell efficiency of 5.81% than the equivalent cell assembled with Pt CE
(5.66%). This result was explained by the combined action of the DMSO treatment, which
was beneficial to enhance the conductivity of the PEDOT:PSS film, with the presence of
carbon black, which further increases the surface area of the conductive film, yielding a su-
perior catalytic activity [54]. Following a similar procedure, Yue and co-workers prepared
PEDOT:PSS/carbon CEs by adding a small amount of graphite to a commercial solution
of PEDOT:PSS. They obtained an overall photovoltaic efficiency of 7.6% by optimizing
the annealing temperature of PEDOT:PSS/carbon CEs [55]. Still, the authors of this study
claimed that the improved activity of these PEDOT-based composite CEs was mainly due
to their larger active surface area compared to the unmodified films, which enhances the
electrocatalysis of the I−/I3

− couple, together with their increased conductivity. The use of
water dispersible and commercially available PEDOT:PSS can be advantageous if the large
scale production of DSSC CEs is undertaken. Indeed, starting from commercial PEDOT
suspensions, conductive films could be deposited through scalable wet chemical methods,
including spin coating, spray coating, or dip coating. On the other hand, electrodeposi-
tion methods are also scalable and enable the use of different doping agents, other than
polymeric PSS anions, allowing for the fine tuning of the electrochemical properties of
PEDOT films. Interestingly, Xia and co-workers electrodeposited PEDOT in the presence
of different counter ions, which besides PSS, included perchlorate (ClO4

−) and tosylate
(TsO−) and observed that all electrodeposited PEDOT CEs gave comparable results to that
of Pt (Figure 5) [49].

Indeed, a power conversion efficiency near 7.9% was reported for all PEDOT counter
electrodes with an iodine-based electrolyte which was almost the same as that observed
with a platinized counter electrode under otherwise identical conditions.

In a report by Ahmad et al., PEDOT was electrodeposited in the presence of hy-
drophobic ionic liquids, and it was pointed out that the fine-tuning of the dopant nature
and concentration in the polymer matrix is fundamental to improve the electrochemical
performance of the resulting polymer. Following this approach, PEDOT-based counter
electrodes in contact with an iodide-based electrolyte performed similarly to platinized
counter electrodes yielding cells with a power conversion efficiency of 7.93% [56].
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Figure 5. (A) cyclic voltammetry of an iodide/iodine-based electrolyte at different working electrodes,
including PEDOT coated FTO, Pt, and bare FTO; (B) Comparison between current density-voltage
(JV) curves of the DSSCs solar cells fabricated with different PEDOT counter electrodes and with the
reference material Pt. Readapted with permission of Royal Society of Chemistry from reference [49].

Electrodeposition can be used to prepare composite PEDOT materials in which one
or more additives can be included within the polymer matrix during the growth of the
PEDOT film. For instance, Zhang et al. prepared highly active CEs by electrodepositing
PEDOT:TFSI (TFSI = bis(trifluoromethanesulfonyl)imide) in the presence of conductive
carbon black [57]. In this way, these authors were able to achieve an overall PCE of 9.8% in
iodide/iodine mediated DSSCs. Interestingly, they also reported a PCE of about 7.6% when
an alternative thiolate-based redox mediator was adopted. The improved electrocatalytic
behavior of PEDOT with incorporated conductive carbon black was explained by a lower
charge transfer resistance at CE||electrolyte interface, compared to regular PEDOT [57].

Vapor phase polymerization is another potential technique commonly used to pre-
pare PEDOT-based CEs. Very recently, conversion efficiency of 8.4% was reported for
PEDOT-based DSSCs, in conjunction with an I3

−/I− redox mediator [58]. The authors first
deposited a thin layer of Fe2O3 on FTO, and subsequently, they obtained PEDOT CEs by in
situ treatment with EDOT and HCl: Fe3+, which generated by dissolution of Fe2O3 upon
under acidic conditions, acts as the oxidizing agent of EDOT.

3.2.2. Alternative Redox Electrolytes

The I3
−/I− couple generally accounts for fast dye regeneration kinetics coupled to

slow recombination with photoinjected electrons, resulting in a long-lived charge separa-
tion upon photoexcitation at the sensitized photoanode/electrolyte junction. While this is
the main requisite for achieving high power conversion efficiency in the DSSC, I−/I3

− also
displays a list of regrettable properties: (1) the triiodide ion absorbs a significant portion of
visible light, competing with the dye in light absorption in the blue region of the visible spec-
trum; (2) I−/I3

− is highly corrosive towards metallic conductors typically used in large area
DSSC modules; (3) it is volatile; (4) it limits the open-circuit voltage of the cell due to an un-
necessarily low redox potential which brings a large overvoltage loss for dye regeneration.
Initial attempts to substitute the I3

−/I− couple with other redox shuttles were reported by
the Grätzel group at the EPFL (École polytechnique fédérale de Lausanne). One-electron,
outer-sphere redox couples with an oxidation potential more positive than I3

−/I− couple,
were first considered. In particular, the behavior of the Co(II)/(III) couple of polypyridine,
phenanthroline, and imidazole complexes was evaluated [59]. It appeared that while suc-
cessful, these monoelectronic redox couples suffered from faster charge recombination
than the iodide/iodine couple, which required a careful synthetic design. The Bignozzi’s
group screened some substituted bipyridine ligands to understand the structure/property
relationship of these mediators (some of them are reported in Figure 6), finding the best
PCE under one-sun illumination with the sterically hindered [Co(DTB)3]2+/3+ (where DTB
is 4,4′-di-tert-butyl-2,2′-dipyridyl) and gold counter electrodes [60]. This was explained by
the steric hindrance of tert-butyl groups in DTB, which helped decouple Co(III) from the
photoanode surface, thus reducing the rate of the recombination reaction. The need for
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bulky mediators to counter recombination implied the increase in the hydrodynamic radius
of these new shuttles, which impacted negatively on the PCE of the DSSC due to mass
transport limitations. Nusbaumer et al. compared the photovoltaic performances of several
Co-based DSSCs and found that the 8% efficiency obtained at 100 W/m2 was almost halved
under full sunlight (1000 W/m2), and this was mainly ascribed to the diffusional limitation
of the photocurrent due to slow mass transport of Co(III) at the counter electrode [61].
These disadvantages related to the use of coordination compounds as fast single electron
shuttles were circumvented in 2010 by the Hagfeldt group, which introduced, for the first
time, a combination of a sterically hindered organic triphenylamine-based sensitizer (D35)
with selected cobalt polypyridine complex. The organic dye D35 was able to efficiently sup-
press the recombination thanks to its sterically hindered structure which, in turn, enabled
the use of less bulky polypyridine ligands, thereby improving both the electron transfer rate
and the mass transport from the resulting cobalt complexes [26]. With overall conversion
efficiencies of 6.7% and open-circuit potentials of more than 0.9 V under 1000 W m−2

AM1.5 G illumination, cobalt mediators were able to beat the iodide/iodine couple under
full sun illumination. It was clear that a new generation of devices was now accessible and
that to improve the overall efficiency, it is necessary to focus on all aspects of the DSSC. In
addition, catalytic materials different than noble metals (Au, Pt) could be used to fabricate
cost-effective high surface area CEs, which could reduce the concentration polarization
losses in cobalt mediated DSSCs. Miettunen and co-workers compared the photovoltaic
performances of DSSCs assembled with either Pt or chemically oxidized PEDOT CEs and
cobalt mediators. In this case, Pt outperformed PEDOT leading to an overall efficiency
of about 2% for the former and 1.3–2% for the latter [62]. It should be noted that the
poor activity of PEDOT:PSS when cast from a chemically prepared dispersion was already
observed for iodide-based redox mediators [51]. Nevertheless, it was also reported that Pt,
unlike gold, is not the material of choice to account for a fast reduction of Co(III) species,
especially when bulky polypyridine ligands are used [63]. Carli et al. published a detailed
study that compared the electrocatalytic behavior of different electrochemically prepared
PEDOT CEs toward the most relevant cobalt-based redox shuttles of that time [17]. These
authors also compared the various PEDOT coated FTO electrodes they fabricated to the Au
coated ones since these latter were considered the best substrates to catalyze the Co(II/III)
redox chemistry. PEDOT CEs were prepared by electrochemical deposition in the presence
of the anionic dopants perchlorate (ClO4

−), PSS, and a mixture of perchlorate and sodium
dodecyl sulfate (SDS). It was found that PEDOT/ClO4 was the best electrocatalyst thanks
to its highly porous structure, which maximized the contact area with the electrolyte, and
brought the smallest diffusional and charge transfer resistances within the explored series.
Importantly, PEDOT/ClO4 outperformed both Pt and Au based CEs as confirmed by
the analysis of thin-layer symmetric cells containing [Co(phen)3]2+/3+ or [Co(bpy)3]2+/3+

couples (phen = 1,10-phenanthroline; bpy = 2,2′-bipyridine). The comparison between the
different PEDOT CEs outlined a strong dependence on the chemical structure of the cobalt
complexes. In particular, while the less sterically hindered [Co(bpy)3]2+/3+ showed fast
kinetic response on all PEDOT based CEs, relatively less facile charge transfer kinetic was
observed at the interface between PEDOT:PSS and [Co(phen)3]2+/3+, or, more importantly,
with the bulky [Co(DTB)3]2+/3+. Similar results were also observed for PEDOT:SDS CEs,
albeit less pronounced if compared to PEDOT:PSS. The authors suggested that sluggish
charge transfer kinetics could be due to the hydrophobic nature of [Co(phen)3]2+/3+ and
[Co(DTB)3]2+/3+, which resulted in unfavorable interactions with hydrophilic sulfonate or
sulfate groups of PSS and SDS, causing a higher activation barrier for the electron transfer
to occur, if compared, for example, to PEDOT:ClO4.

Other authors demonstrated that for DSSCs employing the cobalt complexes
[Co(bpy)3]2+/3+ and [Co(phen)3]2+/3+, the use of PEDOT-coated CEs can effectively reduce
the series resistance of the cell to such an extent to mitigate the mass transport limitation of
Co(III) which often affects these chemical species [64].
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Figure 6. IV curves in symmetric dummy cells containing cobalt-based electron-transfer mediators: (A,D) [Co(bpy)3]3+/2+,
(B,E) [Co(phen)3]3+/2+, (C,F) [Co(dtb)3]3+/2+. Adapted with permission from Ref [17]. Copyright 2013 American Chemi-
cal Society.

Ellis et al. electrodeposited PEDOT:SDS CEs on large area conducting glass and plastic
substrates (9 cm × 9 cm) from a micellar aqueous solution of sodium dodecyl sulfate and
EDOT [65]. The electrocatalytic properties of PEDOT:SDS CEs were assessed in DSSCs
assembled with the organic dye LEG4 and a [Co(bpy)3]2+/3+ based electrolyte, confirming
that PEDOT:SDS counter electrodes exceeded the performance of thermally platinized
conducting glass electrodes (Pt-FTO) (see Figure 7). In addition, it was observed that
increasing the thickness of PEDOT films is not linked to an improvement in the catalytic
performance.

Figure 7. JV curves of cobalt mediated DSSCs sensitized by the organic dye LEG4, assembled with
different PEDOT counter electrodes (PEDOT:SDS) where the thickness of the polymer films was
varied. Adapted from Ref. [65], Copyright (2013), with permission from Elsevier.
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The group of Hagfeldt fabricated PEDOT-TsO CEs through chemical oxidation of
EDOT in the presence of iron(III) tris-p-toluenesulfonate, and the resulting films were
deposited by spin coating on both FTO and non-conductive glass, respectively. Interestingly,
they reported a power conversion efficiency of 6.3% in the case of DSSCs assembled with
cobalt-based redox electrolyte and PEDOT:TsO/glass CEs, very similar to the efficiency of
6.1% obtained with Pt/FTO CEs [18].

Despite the good results achieved by careful cell and material engineering, the main
drawbacks of cobalt redox mediators remained related to their diffusional limitation,
together with the high inner-sphere reorganization energy between high spin (Co2+, d7)
and low spin (Co3+, d6) states which could slow down the process of dye regeneration [66].
More recent in their application to DSSCs, Cu(I/II) couples based on small tetragonally
distorted copper complexes showed very good results as alternative redox mediators in
DSSCs when used in conjunction with PEDOT based CEs. The typical copper complexes
used as an alternative redox mediator in DSSCs, shown in Figure 8, have a smaller size and
thus higher diffusion coefficients than the most used Co (II)/(III) octahedral complexes,
offering a better mass transport and smaller reorganization energy than the latter and
resulting in an efficient regeneration of the oxidized dye [67]. As a result, remarkably high
open-circuit voltages above 1 V under full sun illumination have been reached in DSSCs
sensitized by organic dyes [68].

Figure 8. Molecular structures of Cu complexes studied as redox mediators in references [67–69].

Record PCE of 28.9% under indoor conditions (1000 lux irradiance) and 11.3% in a
standard AM1.5G sunlight were achieved by Freitag et al. using a Cu(II/I) redox mediator
and electrochemically deposited PEDOT films as counter electrodes [70].

Furthermore, DSSCs fabricated through a new architecture achieved efficiencies of
13.1%. This new approach was aimed at a further reduction in the diffusional path of a
Cu(II)/ Cu(I) redox mediator, and the cell was fabricated by placing in direct contact the
sensitized photoanode with the PEDOT based counter electrode without any spacer [71].
The potential for scale-up of the electrochemical fabrication of the counter electrode was
demonstrated by the group of Boschloo. They prepared relatively large area (5 cm × 5 cm)
PEDOT counter electrodes, which were sealed against the counter electrode with epoxy
resin and an additional thin layer of ZrO2 to avoid shorting between the electrodes. This
architecture, used in conjunction with the CuI/II(dmp)2 redox couple, reproducibly afforded
high-performance solar cells with an efficiency of close to 8% (see Figure 9) [72].
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Figure 9. Best JV curves obtained by reducing the inter-electrode distance in the presence of copper
redox mediators. Republished with permission of Royal Society of Chemistry, from Ref. [72].

Besides metal-based redox shuttles, another promising family of alternative electron
mediators for DSSCs is represented by organic thiolate/disulfide (T−/T2) redox couples
(see Figure 10). In 2010, Wang et al. reported the first example of a DSSC employing this
new type of redox mediator in conjunction with Z907 dye and Pt CEs [73]. The authors
achieved an unprecedented efficiency of 6.4% with this iodide-free redox electrolyte.

Figure 10. Molecular structures and redox equilibrium in T−/T2 organic redox shuttle used as an
alternative redox mediator by Wang and co-workers [73].

In 2011, the group of Lichen Sun prepared and studied a series of organic thio-
late/disulfide redox couples in DSSCs. Additionally, they compared the catalytic activity
of the well-known platinized FTO counter electrodes with PEDOT ones. They found that
as an alternative CE material, PEDOT exceeded conventional platinized FTO-type of CE
for yielding a PCE efficiency of 6.0% compared to 4.6% for the latter. Authors outlined that
the PEDOT films are much more effective than platinum in reducing the charge-transfer
resistance at the electrolyte/PEDOT interface, which, in turn, generates higher fill factor
(FF), yielding higher PCE [53].

Later on, Burschka compared the electrocatalytic activity of conventional platinum,
cobalt sulfide (CoS), and PEDOT toward organic thiolate/disulfide (T−/T2) redox me-
diators. Remarkably, an unprecedented power conversion efficiency of 7.9% under
100 mW cm−2 solar irradiation was recorded using a high surface area PEDOT-based
counter electrode. In particular, a highly porous structured polymer film with high cat-
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alytic activity and surface area was obtained by electrochemical oxidation of EDOT in the
presence of ionic-liquid medium by the potentiostatic mode [74].

In Table 1, the efficiency of PEDOT-based DSSCs fabricated according to different
procedures and with various dyes and redox mediators is summarized.

Table 1. Photovoltaic parameters of PEDOT-based DSSCs with various redox mediators and dyes
under AM1.5 G illumination.

CE Deposition Method Redox Shuttle Dye PCE% [Ref.]

PEDOT-TsO

spin coating I3
−/I− N719 4.60 [51]

spin coating I3
−/I− Z907 4.1 [49]

electrochemical I3
−/I− Z907 4.0 [49]

spin coating [Co(bpy)3]3+/2+ LEG4 6.3 [18]

PEDOT-PSS

spin coating I3
−/I− N719 2.1 [51]

electrochemical I3
−/I− Z907 4.2 [49]

dip coating I3
−/I− N3 5.8 [54]

scratch under IR light I3
−/I− N719 7.6 [55]

PEDOT-ClO4

electrochemical I3
−/I− Z907 4.2 [49]

electrochemical [Co(dtb)3]3+/2+ Z907 1.49 [17]
electrochemical T−/T2 TH305 6.0 [75]
electrochemical [Co(bpy)3]3+/2+ MK2 4.2 [76]

PEDOT-TFSI
electrochemical I3

−/I− N719 7.93 [56]
electrochemical I3

−/I− C106 9.8 [57]
electrochemical T−/T2 C106 7.6 [57]

PEDOT-Cl vapor
phasepolymerization I3

−/I− N719 8.42 [58]

PEDOT-FAP
electrochemical [Co(phen)3]3+/2+ Y123 9.5 [64]
electrochemical [Co(phen)3]3+/2+ Y123 10.3 [64]
electrochemical T−/T2 Z907 7.9 [74]

PEDOT-SDS

electrochemical [Co(bpy)3]3+/2+ LEG4 6.2 [65]
electrochemical [Cu(dmp)2]1+/2+ LEG4 8.3 [68]
electrochemical [Cu(tmby)2]1+/2+ D35/XY1 11.3 [70]
electrochemical [Cu(tmby)2]1+/2+ Y123/XY1b 13.1 [71]
electrochemical [Cu(dmp)2]1+/2+ LEG4 7.9 [72]

Concerning the stability of PEDOT-based CEs, very recently, Kamppinen et al. re-
ported on the comparative aging tests between electrodeposited PEDOT/SDS and Pt in
conjunction with the [Co(bpy)3]2+/3+ redox electrolyte. DSSC devices assembled with Pt
CEs exhibited higher stability than those fabricated with PEDOT/SDS. Nevertheless, the
degradation mechanism in PEDOT-equipped cells is not completely clear. Indeed, while
the reduction in the solar cell efficiency is less pronounced in the case of Pt, the counter
electrode|electrolyte interfacial charge-transfer resistance was found to be highly stable for
PEDOT. This indicates that PEDOT retains its good electrocatalytic behavior but somehow
facilitates the degradation of the electrolyte, presumably due to its higher electroactive
surface area, which increases the number of redox cycles of the mediator [77]. A recent
study confirmed the long-term stability of PEDOT CEs in DSSCs fabricated with an iodine-
based electrolyte. A systematic analysis was conducted to compare PEDOT to Pt under
light soaking irradiation conditions. Authors demonstrated that DSSC parameters resulted
more stable for devices assembled with PEDOT CEs if compared to Pt. This was related to
the higher electrochemical stability of PEDOT with respect to Pt in the presence of iodine
electrolyte [78]. This also demonstrated that the ability of PEDOT to form charge-transfer
complexes with triiodide ions does not represent a key limitation when this polymer is used
as CE in solar cells [79]. High photostability was observed by Grätzel’s group for DSSCs
constructed with a new organic dye, a copper-based liquid redox mediator, and PEDOT
CEs. In particular, PCE retained 92% of its peak value after 500 h solar light exposure,
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thereby confirming the high photostability of the entire device, including PEDOT-based
CEs [80].

Another important aspect concerning the long-term stability of PEDOT CEs can be
related to the possible delamination of the coating that may be exacerbated by the high
temperature that a solar cell must face in real outdoor applications. To tackle this issue, our
group has investigated the chemical grafting of PEDOT to the surface of FTO glass. This
approach consisted of the structural modification of the EDOT monomer by the insertion
of a terminal aminopropyl-triethoxysilane (APTES), which was subsequently anchored
to the FTO glass. The electrodeposition of PEDOT was performed following standard
procedures on EDOT-functionalized-FTOs or un-modified FTO. Sonication and peeling
tests confirmed that the new PEDOT-APTES CEs were more stable to delamination if
compared to conventional PEDOT CEs. In addition, PEDOT-APTES based CEs displayed
enhanced cell efficiencies, decreased charge transfer, and mass transport resistances with
respect to both platinum and conventional PEDOT when tested in association to Co(III)/(II)
couples [76].

3.2.3. PEDOT as a Solid State Hole Conductor

PEDOT has also been successfully used in a variant of DSSCs, known as solid-
state DSCs (ss-DSSCs), in which the liquid electrolyte has been replaced by a solid hole-
transporting material (HTM). In this type of device, the introduction of the HTM may
represent a further step towards efficient solar cell operation. Indeed, ss-DSSCs must face
some possible issues, such as inadequate nanopore filling, low conductivity, and crystalliza-
tion of HTM infiltrated in the mesoscopic TiO2 scaffolds, leading to low performances [81].
In general, the HTM is deposited on the top of the sensitized photoanode, and then pore
filling is obtained by melting the HTM film above the melting point. This protocol can
be adopted especially in the case of low molecular weight HTM or, in general, when the
required temperature should not be too high for the dye to decompose. Another common
approach consists of casting and evaporation of a liquid solution of the HTM in a volatile
solvent. However, the complete filling of the pores of the oxide is not always obtained
through these methods. An interesting and more promising alternative is represented by
the possibility of in situ electro-polymerization of a layer of HTM. In general, the most
followed approach is represented by the in situ photoelectrochemical polymerization (PEP)
of PEDOT.

For example, the Hagfeldt group investigated the photoelectrochemical polymer
deposition under low light intensity in order to optimize the infiltration of the HTM in the
nanoporous TiO2. Indeed, the photoanode coated with the organic dye D35 was immersed
into the monomer solution, which consisted of a EDOT derivative (bis-EDOT), to facilitate
the introduction of the monomer into the pores of TiO2. Finally, the conductive PEDOT film
was obtained by photoelectrochemical oxidation by applying a constant potential on the
working electrode under light bias [82]. As summarized in Figure 11, upon photoexcitation
of the dye, electrons are injected into the conduction band of TiO2, generating the oxidized
dye, which triggers EDOT polymerization. In the working cell, the conduction mechanism
occurs through hole injection in PEDOT and transport along the polymer bulk in the form
of polarons and bipolarons charge carriers.

In situ photoelectrochemical polymerization of bis-EDOT was also obtained the Z907
Ru(II) dye, obtaining a ss-DSSC conversion efficiency of 2.6% with high open-circuit voltage
over 0.8 V [83]. Yanagida et al. investigated the role of the doping anions ClO4−, CF3SO3−,
BF4−, and TFSI- on PEDOT as a hole conductor in ss-DSSCs. They found that a careful
selection of different counterions can lead to an effective way to modulate the conductivity
of PEDOT when used as HTM in solid-state devices. In addition, these doping anions are
directly linked to the conversion efficiency of ss-DSSCs and, in particular, it was observed
that the dopant TFSI− is the most effective in reducing the series and shunt resistance of the
cell, thereby representing a promising approach to the scalable preparation of solid-state
transparent photoelectrochemical devices [84]. Following a slightly different approach,
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long-term stable and highly efficient ss-DSSC was achieved very recently through the
enhanced interfacial contact properties of PEDOT as HTM in conjunction with the well-
known amphiphilic ruthenium sensitizer Z907. In this study, the PEDOT-based HTM layer
was prepared by thermal polymerization of a monomer derivative that was previously
infiltrated through the nanoporous metal oxide. The authors compared the stability of a
typical liquid DSSC with the new ss-DSSC and were able to confirm the stable response
resulted from the intimate contact between the dye sensitizer and the PEDOT HTM, which
ensured efficient regeneration of the former [85].

Figure 11. Use of PEDOT as hole transporting layer in ss-DSSCs: (a) energy level diagrams and
(b) charge separation pathways relevant to ss-DSSC functioning. Reprinted with permission from [82].
Copyright 2013 American Chemical Society.

4. Conclusions and Outlook

Since 1991 DSSCs have emerged as efficient alternative devices for converting solar en-
ergy into electrical energy mainly thanks to their low cost, easy preparation, high efficiency,
and environmental benignity. Over the last three decades, research has been oriented
towards the optimization of photoanodes, electrolytes, and counter electrodes, leading to
certified efficiencies of 13.0% in liquid electrolyte-based devices. The counter electrode
is of fundamental importance since it significantly influences both the performance and
cost of DSSCs. Among conductive polymers to fabricate Pt-free CEs, PEDOT exhibited the
best performance.
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This review outlines the use of PEDOT films as catalytic counter electrodes for DSSCs.
While useful as an alternative substrate to noble metal electrodes when using iodide/iodine
electrolytes, PEDOT electrodes really played a major role in the development of cells based
on alternative redox mediators, notably copper- and cobalt-based electrolytes, which were
instrumental in achieving record solar to electrical power conversion efficiencies. Given
that the counter electrode plays a crucial role in building high performing as well as
stable DSSCs, PEDOT is contributing to the practical implementation of transparent solar
cells for building integration. In particular, energy conversion under indoor conditions is
becoming one of the most appealing applications of DSSCs, where, under low intensity
and diffuse illumination, they represent one of the most promising possibilities for clever
energy conversion and reutilization. Future development should focus on the stability
of the interface between PEDOT and the electrolyte, and on its role on the overall device
stability, for which at the time of the writing of this manuscript, mostly preliminary but
promising data are available.
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