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The present review presents the application of electronically conducting polymers (conducting polymers)
as hole conductors in solid-state dye solar cells (S-DSSCs). At first, the basic principles of dye solar cell
operation are presented. The next section deals with the principles of electrochemical polymerisation
and its photoelectrochemical variety, the latter being an important, frequently-used technique for
generating conducting polymers and hole conductors in DSSCs. Finally, two varieties of S-DSSC
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Introduction

Dye-sensitised solar cells (DSSCs) have been recognised in the
last quarter century as a keynote third-generation photovoltaic
technology, undergoing systematic investigations both at the
academic and industrial level. They are composed of a dye-
coated mesoporous oxide photoelectrode (PE), a conductive
dark, in the sense of not needing light fort its operation, counter
electrode (CE), either metallic or non-metallic with sufficient
conductivity, and, in the between, a charge-transport medium
(Fig. 1). The latter can be a liquid electrolyte, containing a redox
mediator, e.g., iodide/triiodide or a transition metal (Cu'/Cu",
Co"/Co™) inorganic coordination complex. Alternatively, in the
case of solid-state DSSCs (S-DSSCs) the charge-transport
medium (CTM) can be, in the case of an n-type photo-
electrode, a solid-state hole conductor (HC) or, alternatively, in
the case of a p-type photoelectrode, a solid-state electron
conductor.

One of the possibilities of hole conductor is that of an elec-
tronically conducting polymer. This publication is devoted to
the use of conducting polymers as hole conductors in DSSCs, in
recognition of the substantial contributions of Professor Seth
Marder, Georgia Institute of Technology, to the science of
conducting polymers, to whom the present publication is
dedicated. A frequently method used for generating in situ the
conducting polymer layer on the photoelectrodes is electro-
chemical polymerisation under illumination (photo-
electrochemical polymerisation).
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configurations, those of dry S-DSSC and of S-DSSCs incorporating a liquid electrolyte, are discussed.

In the first two sections, the basic features of DSSC operation
and the general principles of electrochemical generation of
conducting polymers, for either metal electrodes (or non-metal
electrodes of or approaching metallic conductivity), without the
need of illumination, or illuminated semiconductor electrodes,
are presented. Subsequently, particular cases of conducting
polymer-based DSSCs are described.

Dye solar cell principles

The dye sensitisation of semiconductor photoelectrodes has
been systematically investigated since the 1960s by a number of
research groups, mainly in Germany, the UK, the USA, and
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Fig. 1 General dye sensitised solar cell configuration.
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Japan. This early work has been summarised by Memming.*
However, before the middle 1980s, the emphasis was in using
electrodes, single crystal or polycrystalline, with a low rough-
ness factor (quotient of real-to-geometric surface area). As
a result, a low fraction of the incident dye was absorbed, and,
accordingly, the resulting photocurrent was low. An important
breakthrough was the introduction of porous TiO, dye-
sensitized electrodes, with a high roughness factor, resulting
to substantially higher dye coverage, by the research group of
Michael Gritzel, with the first publication in 1985.>®° A
substantial enhancement of the solar-to-electrical energy
conversion DSSC efficiency was achieved by the introduction of
dye sensitized colloidal mesoporous TiO, electrodes by O'Regan
and Grétzel,® confirmed shortly thereafter.”® In the followed
three decades, a large number of publications in dye sensiti-
sation have been published. For details on the variety of DSSCs
studied, a number of reviews and monographs can be con-
sulted.’?® In addition to TiO,, other semiconductor substrates,
e.g., ZnO, SnO,, Nb,0O5, NiO, has been considered in DSSC
studies. However, with respect to SS-DSSCs studies, TiO, has
been the substrate of preference, and will be considered as the
dye support in this article.

The advantage of porous electrodes, as compared to smooth
electrodes, in which a dye is chemisorbed lies to the fact that, at
first, a larger fraction of the incident light is absorbed, due to
the larger amount of adsorbed dye adsorbed per unit of
geometrical surface area. Moreover, the impinging light beam
undergoes multiple reflections within the porous structure,
resulting to an even larger fraction of absorbed light. The
properties of oxide electrodes used in DSSCs are discussed by
Barbé et al.*® and Gerfin et al.”
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DSSCs consisting of a p-type photoelectrode and a dark counter
electrode, or tandem cells consisting of simultaneously irradi-
ated n-type and p-type photoelectrodes, are not considered here.
Usually, the mesoporous TiO, layer is deposited on transparent
conductive oxide-coated glass, quite often F-doped tin oxide,
with the light impinging from the glass side of the electrode
(back-irradiation). For some applications, with the mesoporous
TiO, deposited on a metal substrate, light has to impinge on
a sufficiently transparent counter electrode.

The various processes in a DSSC can be classified as useful,
contributing to electricity generation, and deleterious, contrib-
uting to a loss of useful energy and limiting the DSSC perfor-
mance. Useful processes are described by eqn (1)-(11) and
deleterious ones by eqn (12)-(18) below.

Upon light absorption, a dye undergoes photoexcitation

(Fig. 2):
D’ 2% DO+ (1)

Subsequently, the excited dye undergoes oxidation by
injecting an electron into the semiconductor conduction band
of the mesoporous TiO, (Fig. 2):

D% — D" + ¢ (CB) (2)

The superscripts 0 and + in D° and D' indicate relative
charge and not the charge of the species itself.

The injected electrons are subsequently collected to the
photoelectrode contact phase (CT@PE), usually, as mentioned
before, is a transparent conducting oxide layer on glass:

The DSSCs discussed in this publication are based on a n- ¢ (CB) — ¢ (CT@PE) (3)
type photoelectrode juxtaposed to a dark counter electrode.
semi-
TCO counter
conductor dye electrolyte
contact . electrode
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Fig. 2 Useful processes in dye solar cell operation. (1) Photoexcitation. (2) Injection. (3) Collection. (4) Flow from photoelectrode to counter

electrode. (5) Reaction at the counter electrode. (6) Dye regeneration.
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Fig. 3 Deleterious processes in dye solar cell operation. (7) Excited
dye deactivation. (8) and (9) Back electron transfer from conduction
band to oxidised dye (8) or oxidised mediator. (9)—(11) Back electron
transfer from substrate to oxidised dye (10) or oxidised mediator (11).

Electrons flow through the external circuit toward the CE,
with the possibility of electricity generation:

¢ (CT@PE) %7 ¢~ (CE) (4)
The oxidised dye is regenerated by reacting with oxidising

the reduced form of the mediator Med® or by injecting holes (h*)
into the hole conductor:

D" + Med” —» D° + Med* (5)
D" + HC — D° + h*(HC@PE) (6)

with the superscripts 0 and + in Med® and Med" indicating
relative charge.

Med"(PE) or h'(HC) is transported from the photoelectrode
to the counter electrode:

Med*(PE) — Med*(CE) 7)
h*(HC@PE) — h*(HC@CE) (8)

At the counter electrode, M*(CE) is back converted to M(CE)
or, alternatively, the hole of the hole conductor is filled:

Med*(CE) + ¢ (CE) — Med’(CE) (9)
h*(HC@CE) + ¢ (CE) — HC (10)

In the case of a redox mediator in an electrolyte, M® back
diffuses from the counter electrode toward the photoelectrode:

Med*(CE) — Med*(PE) (11)

The net result of processes (1)-(11) is the conversion of
sunlight to electricity without any net chemical change in the
charge-transport medium.
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In addition to the above useful processes, a number of
deleterious processes, posing limitations to the performance of
a S-DSSC, has to be considered (Fig. 3).

The deexcitation of D°*, with the evolution of heat or lumi-
nescent radiation

D% — D’ (12)
can compete with electron injection.

Electrons injected into the semiconductor can undergo back
electron transfer reactions with the photo-oxidised dye:

¢ (CB) + D" - D° (13)

Alternatively, they can be annihilated by reacting with

Med'(PE) or with a hole in the case of S-DSSC:

¢ (CB) + Med*(PE) — Med@PE (14)

¢ (CB) + h"(HC@PE) — HC (15)

Reactions eqn (13)-(15) - can compete with electron collec-
tion to the contact to the photoelectrode. The first of them is
termed recombination. These processes can be partially sup-
pressed when hydrophobic pendant groups are introduced on
the periphery of the dye molecule.

Similarly, electrons at the contact to the photoelectrode can
react either with D" or, alternatively, with Med‘(PE) or the hole
of the charge-transport medium at the proximity of the photo-
electrode [h"(CTM@PE)]:

¢ (CT@PE) + D* — D° (16)
¢ (CT@PE) + Med*(PE) — Med’(PE) (17)
¢ (CT@PE) + h"(CTM@PE) —» CTM (18)

The occurrence of the latter two processes is due to the fact
that the electrolyte or the hole conductor can permeate the
pores and come into direct contact with the contact to the
photoelectrode. In order to prevent it, a compact oxide blocking
layer, or underlayer, of thickness in the order of 10-100 nm, is
interposed between the transparent conducting oxide substrate
and the mesoporous oxide. In particular, for polymer hole
conductors, coupled to dye/TiO, electrodes, the use of
a compact TiO, underlayer is unavoidable.

In addition to the DSSC operation, the above processes are of
relevance to the process of photoelectrochemical polymerisa-
tion related to the generation of a polymeric hole conductor at
close proximity to the dye, as discussed in the following section.

The generation of current from the incident light beam of
dye-sensitised electrodes is characterised by the incident-
photon-to-current efficiency (IPCE, ¢ipcg), defined as the ratio
of the electron flux to the external circuit (/) divided by the flux
of incident photons reaching the dye layer (Joumyr):

Je

PIPCE = 7
JPH(DYE)

(19)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The IPCE, often it is expressed as percentage [¢rpce(%)], is
mostly measured for incident monochromatic light. If j is the
current density and Pyigurpyr) is the irradiance (incident
energy flux) reaching the dye layer for monochromatic light of
wavelength 2, then, for incident radiation of wavelength it is

he J

PpcE = (20)

@ PLIGHT(DYE) A

where A is Planck's constant, ¢ is the speed of light in vacuum,
and Q° is the proton charge. For calculations, the following
formula is useful:

(j/mA cm™)
(PLIGHT(DYE) /W m*2) (A/nm)

@pce (%) = 1240 (21)

The IPCE is usually measured with the DSSC voltage (Ucep)
imposed at a value within a domain where j is independent of
Ucenl, Often at U = 0, where j assumes its short-circuit value
(Jsc)- For efficient DSSC operation, IPCE should be as close to
100% as possible. In the base of negligible back electron
transfer reactions from the contact to the photoelectrode, IPCE
is expressed in terms of the light harvesting efficiency (¢pcg),
the electron injection efficiency ¢y, and the electron collection
efficiency (pcorr) as

@IPCE = @LHEPINJPCOLL (22)
where ¢pug is the fraction of light reaching the dye layer
absorbed, related to dye photoexcitation (eqn (1)), ¢y is the
fraction of harvested photons injected into the semiconductor
conduction band depending on the competition of processes as
depicted by eqn (2) and (12), and ¢corr is the fraction of
injected photons reaching the contact phase and, ultimately,
flowing to the external circuit, determined by the competition
between the processes depicted by eqn (3) on the one hand and
eqn (7)-(10) on the other hand.

The power conversion efficiency (PCE, ¢pcg) of the solar cell
is expressed as

— Jmer Unipp

PpcE = (23)

Prigarany
where jyupp and Uypp are the current density and voltage of the
DSSC at the maximum power point of the j vs. U curve and
Ppy(v) is the irradiance of incident monochromatic or poly-
chromatic light impinging on the electrochemical cell, which is
somewhat higher than the irradiance Ppypyg) reaching the dye
layer due to light absorption and reflection by the glass
substrate. The fill factor (FF, @) is defined as

— Jmee Unpp

P = — 24
r JscUoc (24)
so that
Jsc Uoc@gr
PpcE = P (25)
LIGHT(IN)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Consider the case of a polychromatic light source, which, for
laboratory investigations, usually is a simulated Air Mass 1.5
(AM1.5) sunlight source with spectral irradiance Py grran),se(y)-
For sunlight, the latter is tabulated for special conditions, or
can be measured. The spectral irradiance for light reaching the
dye layer Ppigurmye)sp) is related to Ppiguran)sep) by the
wavelength-dependent coefficient r; equal to the fraction of
photons of wavelength A lost due to reflection at the various
interfaces and absorption by the various material phases
encountered by photons before they reach the dye layer:

PrLiGHT(DYE) SP(2) -

— Ty (26)
Priguransp)

PPH(IN) and PPH(DYE),SP()\) are related as

AMAX

Prigurany = J

AMIN

PL[GHT(U\J),SP(A)d;k (27)
where Ayn and Ayax are the minimal and maximal wavelength
of the incident light. If ¢ipcg(y) is the IPCE for wavelength A, then
the corresponding spectral short-circuit photocurrent is, in
agreement with eqn (22)

0

Jscspa) = EPLIGHT(DYE)‘SP(/X)(pIPCE(}\)A (28)
or
0
Jscsp() = EPLIGHT(IN)_SPQ.)U = 1) PipcemA (29)
and the short-circuit photocurrent
AMAX
Jsc = J Jsc.spydA (30)
AMIN
is given in terms of the spectral irradiance and IPCE as
) 0 (AMAX
Jsc = — J Pricarany.ng (1 = 12)@ipcr)AdA (31)
he AMIN

If the @pcr(z) vs. spectrum is known, the above equation
allows to estimate the jsc on the basis of tabulated AM1.5 (or
other) solar energy spectra. A good agreement between the
calculated and measured in the laboratory jsc presupposes the
linearity of the dependence of jsc on the value of incident
irradiance. A sublinear dependence of jsc vs. Prigur(y could be
attributed to transport limitations in the hole conductor layer.

Relatively few of the PCE values reported in the literature
have been certified by an accredited solar cell laboratory. In the
present article, all reported PCEs are considered as uncertified,
unless otherwise specified. For DSSCs with a liquid electrolyte
containing a redox mediator the maximal PCE for simulated
AM1.5 sunlight is 14.3%;® the highest certified PCE is 13.0%.%°
For SS-DSSC the maximal PCE is 11.0%, obtained with a solidi-
fied Cu(i/u) coordination complex as hole conductor.* For all-
solid S-DSSCs based on electronically conducting polymers as
hole conductors the maximal PCE is 7.1%, as discussed in the
section devoted to the performance of polymer-based S-DSSCs.**

RSC Adv, 2021, 11, 39570-39581 | 39573
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S-DSSC with an electronically conducting polymer hole
conductor should be distinguished from DSSC in which a con-
ducting polymer is used as an immobilisation matrix for
a liquid electrolyte.>*?** Such cells, in which the CTM is the
immobilised liquid electrolyte containing a redox mediator are
often termed quasi solid state DSSCs. Alternatively, quite often
the conductivity of a solid hole conductor can be enhanced by
the addition of a liquid inert, non-electroactive electrolyte;
several examples should be cited later in the article. Such solar
cells are not solid-state cells in the strict sense. Therefore,
a distinction has to be made between all-solid S-DSSC and
liquid electrolyte impregnated S-DSSC, with the latter to be
henceforth to be denoted as solid-liquid, where the term solid
denotes that a solid-state hole conductor is responsible for
charge transport from the photoelectrode to the counter elec-
trode and that a non-volatile liquid phase impregnates the solid
hole conductor; otherwise, they will be termed dry S-DSSCs.

In addition, electronically conducting polymers, prepared
electrochemically or by other methods, have been extensively
used as counter electrodes in dye solar cells.?>%*%7

Electrochemical and
photoelectrochemical polymerisation

Typical electronically conducting polymers of interest which
have been studied as hole conductors to DSSC applications

include, but are not limited to, polypyrrole, poly(3-
hexylthiophene) (P3HT), poly(3-octylthiophene) (P30OT),
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(3,4-

ethylenedioxypyrrole) (PEDOP), with the monomers corre-
sponding to the last two polymers denoted as EDOT and EDOP,
respectively. Various polymerisation approaches can be applied
in order to generate the above polymers, including the chem-
ical, photochemical, and electrochemical polymerisation, or its
photoelectrochemical variety, photoelectrochemical polymeri-
sation. In the latter case, the photooxidized dye is regenerated
by reacting, according to eqn (5), with the polymerisation
precursor, monomer or short oligomer, or with the growing
polymer chain, in which case these species replace the mediator
(Med). Chemical and photochemical polymerisation require the
addition of sacrificial electron donors; photoelectrochemical
polymerisation, instead, is considered a “clean” method since it
does not have this requirement, with the holes for the oxidative
polymerisation originating either from a metal electrode or
from the irradiated dye molecules according to eqn (5). For
details on the properties of electronically conducting polymers,
electrochemical polymerisation mechanisms, and conducting
polymer applications, a number of monographs and reviews
can be consulted.***® Several electrochemical textbooks contain
brief but informative introductive sections on conducting
polymers.*~*

The first step in electrochemical polymerisation is the
oxidation of a precursor (P), which can be either a monomer or
a short oligomer, often a dimer. The advantage of an oligomer
as precursor is the easier polymerisation, requiring a less
negative electrode potential in electrochemical polymerisation,

39574 | RSC Adv, 2021, 1, 39570-39581
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or a dye with a less positive standard electrode potential for the
D*/D° redox system.

The first step in electrochemical polymerisation or photo-
electrochemical polymerisation in a solution containing only
the precursor, in the absence of oligomers, is the generation of
a cation radical

HPH — HPH" +e~ (32)
which undergoes dimerization
2(HPH)"" — [HP(H)-(H)PH]** — HP,H + 2H" (33)

The precursor dimer undergoes further oxidation to a cation
radical

HP,H — (HP,H)*" + ¢~ (34)

which can either couple to a (HPH)"" species

(HP,H)** + (HPH)** — [HP,(H)-(H)PH]** — HP;H + 2H*
(35)

or to another (HP,H)"" species

(HP,H)™ + (HP,H)"™" — [HPy(H)-(H)P,H]"" —
HP,H + 2H" (36)
The polymerisation further continues the same way with the
formation of longer chains. A polymer chain with m precursor
units is oxidised to a radical (HP,,H)" which can be coupled
either to (HPH)"™ or to another chain (HP,H)", with n not
necessarily equal to m, as follows:

HP,H — (HP,H)"" + ¢~ (37)
(HP,,H)** + (HPH)"* — [HP,,(H)-(H)PH]*" —
HP,. H + 2H" (38)
(HP,H)"* + (HP,H)"* — [HP,(H)-(H)P,H** —
HP,,.,H + 2H" (39)

It should be pointed out that a fraction of the generated
polymer does not attach to the electrode but is either dissolved
or precipitates from solution, with the solubility decreasing
with polymer length.

At the electrochemical polymerisation at a metal electrode,
the end of electrochemical polymerisation or photo-
electrochemical polymerisation, the polymer is in the oxidized
state, since the electrode potential needed for the oxidation of
the deposited polymer is less positive than that needed for
electrochemical polymerisation. In such doping, only a fraction
of the monomer units M undergoes oxidation. In order to keep
the balance, anions A~ from solution are incorporated into the
polymer. The doping process can be written as

H-M,~H + nyA~ — H-(M),)”*~HnyA~ + nye~ (40)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Upon transfer of the polymer-coated metal electrode in an
inert electrolyte, a successive doping-dedoping cycle can be
performed by modulating the electrode potential between
a more and less positive value, respectively. An electronically
conducting polymer is in fact a mixed conductor, with both
electronic and ionic conductivity due to A™.

The same doping reaction takes place at a dye/oxide elec-
trode during photoelectrochemical polymerisation, with the
driving force needed for doping being lower than that needed
for polymer generation.

Electrochemical polymerisation at a metal electrode can be
performed by three methods: (a) by cyclic voltammetry, with the
electrode potential shifting between a value where no electro-
chemical polymerisation takes place and another where poly-
mer generation tales place; (b) at constant electrode potential;
and (c) at constant current. In the case of photoelectrochemical
polymerisation, only methods (b) and (c) are usually applied. In
practice, method (c) may be preferred because it allows for
a uniform formation of a polymer layer. In the case of constant-
current polymerisation the electrode potential should be
monitored because, if assumes a positive value beyond a certain
threshold, irreversible polymer oxidation may occur: if the
electrode potential surpasses a threshold value, the electro-
chemical polymerisation or photoelectrochemical polymerisa-
tion should be interrupted.

The vacant energy levels effective in photoelectrochemical
polymerisation, originating from the photooxidized dye, have
an energy above that and, usually, close to that of the redox
Fermi level ES (D/D°), defined as the electrochemical potential
per electron of solvated electrons, or, equivalently of electrons
of a conductive electrode equilibrating with D*/D°. In a photo-
electrochemical ~polymerisation process, ES(D'/D°) lies
substantially below that of the Fermi level of electrons at the
metal electrode Ep(metal) imposed at photoelectrochemical
polymerisation. In comparison, for electrochemical polymeri-
sation at a conductive electrode, electron levels involved in
photoelectrochemical polymerisation originate from energy
levels close to and below Eg(metal). Therefore, a more positive
Ep(metal), corresponding to a less positive electrode potential,
is needed for the photoelectrochemical polymerisation than for
electrochemical polymerisation of the same monomer at
a metal electrode, justified by the fact that light provides

EeV) BV VeNHD) @
3510 I e |
sl o5 _— I~
o _° PEP N s
-5.04--00 & v —> rh
hv Pt o o
55405 =
KGL
60110 EEm bisEDOT
65115 Dye

TiO,

Fig. 4 Photoelectrochemical polymerisation.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

additional energy for polymerisation. The principle of photo-
electrochemical polymerisation is presented in Fig. 4.

Dye solar cells based on conducting
polymers

In a DSSC based on an electronically conducting polymer as
hole conductor, the latter can be either deposited as a polymer
material previously generated ex situ or be generated from
a precursor by photoelectrochemical or other type of polymer-
isation. Table 1 presents the chronological evolution of dry-
DSSCs and Table 2 of solid-liquid-DSSCs. A list of abbrevia-
tions for dyes and for polymers or other compounds is pre-
sented in Tables 3 and 4, respectively.

Unless otherwise indicated, all PCE values refer to simulated
full sun irradiation (100 mW cm™2). A general diagram of a S-
DSSC based on a conducting polymer hole conductor is pre-
sented in Fig. 5.

The earliest example of a dry S-DSSC with a conducting
polymer as hole conductor has been communicated by the
Yanagida group in Japan (year 1998)***" with a polypyrrole hole
conductor deposited by photoelectrochemical polymerisation
in a 3-electrode cell; the dye was the Ru coordination compound
Ru-N3 (see Table 3 for all abbreviations for dyes) on the meso-
porous TiO,. The counter electrode was a vacuum-evaporated
gold (Au) layer. For the best performing cell, the PCE was below
0.1%, with Uoc = 0.7 V and jsc = 8 x 107> mA cm™ 2 under
simulated full sun irradiation. Henceforth, all PCE values will
refer to this condition of irradiation, unless otherwise specified.
No blocking underlayer was used between the transparent
conducting oxide (transparent conducting oxide) substrate and
the mesoporous TiO, layer.

Gebeyehu et al. (2001-2002)*** developed several dry S-
DSSCs with dye Ru-N719/mesoporous TiO, and poly(3-
octylthiophene) (P30T) or a thiophene-isothianaphthene
copolymer (PDTI) as hole conductor. The pre-formed polymer,
dissolved in an organic solvent, was deposited by spin coating;
in the case of PDTI, the solution also contains poly(methyl-
methacrylate) (PMMA) in order to improve film formation.
The counter electrode was a vacuum-evaporated Au layer. No
underlayer was interposed between transparent conducting
oxide and dye/mesoporous TiO,. However, in one DSSC
configuration, a compact TiO, layer, of the same quality as the
underlayer used in experiments by other research groups, was
used as dye support and compared to mesoporous TiO,.** As
expected, in the case of dye/compact TiO,, jsc was lower than for
dye/mesoporous TiO,, while the Uoc was not higher for dye/
compact TiO, (Priguran) = 60 mW cm™ % dye/compact TiO,:
@pce = 0.0011%, Uoc = 0.57 V, jsc = 0.027 mA cm ™2, and ¢pp =
0.43; dye/mesoporous TiO,: ¢pcg = 0.15%, Uoc = 0.65 V, jsc =
0.325 mA cm ™2, and ¢gp = 0.4). For the best performing cell,
with P30T, under irradiation of 60 mW cm™2 it was ¢pcp =
0.16%, with Ugc = 0.65 V, jsc = 0.325 mA cm ™%, and ¢pp =
0.44 %

Wang et al. (2006)* used poly(carboxylated diacetylene)
(PDA) as hole conductor for a dry S-DSSC, generated by
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Table 1 Chronological evolution of solar-to electrical energy conversion efficiencies (PCE) for dry solid state DSSCs based on conducting
polymers (dry S-DSSCs). Uoc: open-circuit voltage. Isc; short-circuit current. FF: fill factor. CE: counter electrode

Irradiance %

No Year Hole cond. Dye code of AM1.5 PCE % Uoc V Isc mA cm ™2 FF CE Au Ref.
1 1998 PP N3 22 <0.1 0.3 0.02 <0.5 Au 50
2 2002 P30T Ru-N719 80 0.2 0.65 0.45 0.44 Au 53
3 2012 P3HT D35 100 3.2 0.88 6.8 0.53 Ag 59
4 2012 P3HT CYC-B11 100 3.7 0.76 6.7 0.71 Au 58
5 2014 PEDOT LEG4 100 5.6 0.91 10.8 0.57 Ag 78
6 2016 PEDOT LEG4 100 7.1 0.83 13.4 0.64 Ag 31

photochemical polymerisation of a monomer solution impreg-
nating a TiO,/Ru-N3 electrode. A thin TiO, underlayer was
interposed between the transparent oxide layer (transparent
conducting oxide) support and the mesoporous TiO, layer in
order to prevent recombination. In the photoelectrochemical
polymerisation solution an amount of base tert-butylpyridine
(TBP) was added in order to suppress back electron transfer
from the conducting polymer; the addition of a base, TBP or
other, into either the dye deposition bath or the electrolyte is
a common practice for liquid electrolyte-based DSSCs. Since the
PDA layer was thin, with the possibility of pinholes, it was
coated by a second hole-conducting polymer layer, P3HT, which
prevents the contact of the gold counter electrode layer,
deposited by vacuum evaporation, with TiO,. The best perfor-
mance device exhibited a ¢pcg = 0.8%, with Upc = 0.46 V, jsc =
4.25 mA cm” 2, gpp = 0.44.

Johansson et al. (2005)* investigated the dry solid-state
junction between a Ru dye-coated compact TiO, electrode and
a pre-formed PEDOT/PSS polymer, with a Cu foil serving as
counter electrode; a graphite layer ensured good contact
between Cu and PEDOT-PSS. Several Ru-dyes were considered.
The maximum jsc and Upc and under full sun was below 0.1 mA
cm * and 0.6 V, respectively.

Caramori et al. (2008)*” prepared a solid-liquid-DSSCs with
PEDOP as hole conductor generated by photoelectrochemical
polymerisation. They used a specially synthesised Ru dye with
pyrrole pendant groups so that co-polymerisation occurs
between dye and EDOP, resulting to the covalent attachment
between dye and hole conductor. A compact TiO, underlayer
was interposed between the transparent conducting oxide
substrate and the mesoporous TiO, dye supporting layer. The

counter electrode, Au or C, was pressed against the PEDOP-
coated photoelectrode, with a layer of inert non-volatile
solvent, LiClO, in y-butyrolactone, finally introduced. The
PCE of the DSSCs was below 0.1%, with Uy and jsc below 0.5 V
and 0.2 mA cm™ 2, respectively.

SS-DSSCs  developed after 2010 wusually incorporated
a compact TiO, underlayer. Chen et al. (2012)*® developed a dry
DSSCs with the ruthenium dyes Ru-Z907 and Ru-B11 and pre-
formed P3HT as hole conductor. The counter electrode was
an evaporated Au layer. The highest PCE was 3.0%, obtained
with the Ru-B11 sensitiser (Uoc = 0.76 V, jsc = 6.71 mA cm >,
@rr = 0.72). The dry S-DSSC cell of Yang et al. (2012)* used the
metal-free organic dye, D35 in conjunction with pre-formed
P3HT as hole conductor and an evaporated ag layer as
counter electrode, with a resulting PCE of 3.2% (Upc = 0.88 V,
Jsc = 6.8 mA cm >, gpp = 0.53). This type of a cell was applied in
a hybrid SS-DSSC-electrochemical capacitor system (photo-
capacitor) for solar energy storage in a collaborative effort of the
teams of Anders Hagfeldt (Uppsala, Sweden, physical chem-
istry) and Pawel Kulesza (Warsaw, Poland, electrochemistry).*

In a series of publications, Shozo Yanagida and collaborators
in Osaka, Japan,*”° describe the development of solid-liquid-
DSSCs, with PEDOT as HL, impregnated with a non-volatile
electrolyte. The keynote contribution of the Yanagida group
was the establishment of photoelectrochemical polymerisation
deposition of conducting polymers as a viable method in DSSC
research. In all cases, PEDOT was deposited by photo-
electrochemical polymerisation, with one exception,” where
chemical polymerisation was applied. Similar solid-liquid
DSSCs were subsequent developed by other research groups in
Australia’™ and Singapore.”””* The non-volatile electrolyte was

Table 2 Chronological evolution of efficiencies for solid state DSSCs based on conducting polymers as hole conductors impregnated with

a non-volatile inert electrolyte [solid-liquid-DSSCs]

Irradiance %

No Year Hole cond. Dye code of AM1.5 PCE % Uoc V Isc mA cm 2 FF CE Ref.
1 1998 PP N3 22 <0.1 0.67 0.082 <0.5 Au 50
2 2004 PEDOT Ru-N719 100 0.5 0.47 2.3 0.50 C 61
3 2004 PEDOT Ru-Z2907 100 0.9 0.68 2.6 0.51 Au 62
4 2006 PEDOT Ru-HRS-1 10 2.6 0.78 4.5 0.74 Au 63
5 2008 PEDOT Ru-Z719 100 2.9 0.75 5.3 0.73 Au 71
6 2011 PEDOT Ru-HRS-1 100 3.3 0.78 5.7 0.72 Ag 64
7 2011 PEDOT* D149 100 6.1 0.86 9.3 0.75 Pt 74
8 2012 PEDOT* D205 100 7.1 0.93 10.1 0.76 Au 73
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ADCBZ Bis(2-(9H-carbazol-9-yl)ethyl)4,4’-(4-(5-(2-cyano-2-carboxyethenyl)thiophen-2-yl)phenylazanediyl)dibenzoate

B11 TBA(Ru((4-carboxylic acid-4=-carboxylate-2,2=-bipyridine)(4,4’-bis(5-(hexylthio)-2,2'-bithien-5"-yl)-2,2"-bipyridine)(NCS),])

C106 RuLL/(NCS), (L = 2,2'-bipyridyl-4,4’-dicarboxylic acid; L' = 4,4"-bis(5-(hexylthio)thiophen-2-y1)-2,2'-bipyridine)

C218 (E)-3-(6-(4-(bis(4-(hexyloxy)phenyl)amino)phenyl)-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b']dithiophen-2-yl)-2-cyanoacrylic acid

C220 2-Cyano-3-{6-{4-[N,N-bis(4-hexyloxyphenyl)amino|phenyl}-4,4-didodecyl-4Hcyclopenta[2,1-b:3,4-b'|dithiophene-2-yl}tacrylic acid

D21L6 3-(5-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)thiophene-2-yl)thiophene-2-yl)-2-cyanoacrylic acid

D35 (E)-3-(5-(4-(bis(20,40-dibutoxybiphenyl-4-yl)Jamino)phenyl)thiophen-2-yl)-2-cyanoacrylic acid

D102 (5-{4-[4-(2,2-Diphenylvinyl)phenyl]-1,2,3,3a,4,8b-hexahydro-cyclopenta[b]indol-7-ylmethylene}-4-oxo-2-thioxo-thiazolidin-3-yl)
acetic acid (indoline dye)

D149 5-[[4-[4-(2,2-Diphenylethenyl)phenyl]-1,2,3-3a,4,8b-hexahydrocyclopent[b]indol-7-yl|methylene]-2-(3-ethyl-4-oxo-2-thioxo-5-
thiazolidinylidene)-4-oxo-3-thiazolidineacetic acid

D205 5-[[4-[4-(2,2-Diphenylethenyl)phenyl]-1,2,3,3a,4,8b-hexahydrocyclopent[b]indol-7-yl|methylene]-2-(3-octyl-4-oxo-2-thioxo-5-
thiazolidinylidene)-4-oxo-3-thiazolidineacetic acid

DPP07 3-(4-Bromophenyl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

HRS-1 Cis-Ru(4,4-di(hexylthienylvinyl))(4,4’-dicarboxy-2,29-bipyridyl)(NCS), [dhtbpy = 4,4’-di(hexylthienylvinyl)-2,29-bipyridyl; dcbpy
= 4,4'-dicarboxy-2,29-bipyridyl]

LEG4 (E)-3-(6-(4-(bis(2’,4’-dibutoxy-[1,1’-biphenyl]-4-yl)Jamino)phenyl)-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b']dithiophen-2-yl)-2-
cyanoacrylic acid

Ru-N3 Cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-dicarboxylato)-ruthenium(i)

Ru-N719 Cis-diisothiocyanato-bis(2,2'-bipyridyl-4,4’-dicarboxylato)ruthenium(u)bis(tetrabutylammonium)

Ru-Z907

either an ionic liquid, EMITFSI*7* or BMITFSL,”® with LiTFSI
and base TBP as additives, or propylene carbonate with
LiTFSI.”*7* This treatment resulted to an increase of both Uyc
and FF due to the creation of a double layer suppressing back
electron transfer.

The dyes were either inorganic coordination complexes of
ruthenium, Ru-N719,>%66” Ru-Z907,56>568-71 and Ru-HRS-1,5%
frequently used in DSSC with liquid electrolytes, or organic
metal-free dyes, D149 (ref. 72 and 74) and D205.7

In general, bis-EDOT was the precursor, due to the fact that the
oxidative power of the dyes used (corresponding to Ef (D*/D°) is
not sufficient to oxidise EDOT, apart from one case,” where an
EDOT trimer (tri-EDOT) was used. The counter electrode was
Au,s1626668697274 Ay/PEDOT,”* Ag,* Pt,* and PEDOT.*” Due to the
presence of the liquid phase, the metal counter electrode layers
cannot be deposited by vacuum evaporation, the usual method of
counter electrode deposition in S-DSSC, but have to be deposited

Table 4 Abbreviations for hole conductors, polymerisation precur-
sors, and other additives

Bis-EDOT 2,3-Dihydro-5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)
thieno[3,4-b][1,4]dioxine

BMImMTFSI 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide

EDOP 3,4-Ethylenedioxypyrrole

EDOT 3,4-Ethylenedioxythiophene

EMIMTFSI 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide

P3HT Poly-(3-hexyl)thiophene

LiTFSI Lithium bis(trifluoromethylsulfonyl)imide
P30T Poly-(3-octyl)thiophene

PDTI Thiophene-isothianaphthene copolymer
PEDOT  Poly(3,4-ethylenedioxythiophene)

PEDOP  Poly(3,4-ethylenedioxypyrrole)

TBP 4-Tert-butylpyridine

© 2021 The Author(s). Published by the Royal Society of Chemistry

Cis-diisothiocyanato-(2,2'-bipyridyl-4,4’-dicarboxylic acid)-(2,2'-bipyridyl-4,4’-dinonyl)ruthenium(u)

on a solid substrate, usually transparent conducting oxide glass or
polymer, and pressed against the photoelectrode. The highest PCE
for solid-liquid-DSSCs is 7.1%,” with dye D205 (Upc = 0.93 V, jsc
=10.1 mA cm 2, and ¢gp = 0.76).

The application of photoelectrochemical polymerisation in
preparing dry S-DSSCs was pursued by the group of Anders
Hagfeldt in Uppsala, Sweden in the middle 2010s,*»7>®* in
collaboration with the group of Mohamed Jouini in Paris,
France, with the latter contributing to the development of the
aqueous photoelectrochemical polymerisation (AQ-
photoelectrochemical polymerisation) process®* as alterna-
tive to the usual organic photoelectrochemical polymerisation
process (ORG-photoelectrochemical polymerisation). The hole

conductor was mainly PEDOT generated by the

m

~

(2]

I

m

PEDOT

. Dye 1.5V

T|02

Q Q
- Electrontransfer emsgm— Holetransfer

Fig. 5 Operation of a solid-state dye sensitised solar cell with PEDOT
as hole conductor.
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photoelectrochemical polymerisation of bis-EDOT dissolved in
either an organic or aqueous micellar solution, with the
dispersed micelles effectively solubilising the precursor. Bis-
EDOT is insoluble in water but can be dispersed in an
aqueous micellar solution. In the experiments discussed in this
section, the aqueous photoelectrochemical polymerisation
solutions contained Triton-X surfactant and LiTFSI. After either
nonaqueous or aqueous photoelectrochemical polymerisation,
at constant current, the electrode was exposed to a volatile elec-
trolyte containing LiTFSI and base TBP in acetonitrile, followed by
drying in air. Subsequent, in all cases apart from one,* the counter
electrode, a Ag layer, was generated by vacuum evaporation. Aitola
et al. (2015)® used a single-wall carbon nanotube (SWCN) counter
electrode in place of the evaporate Ag counter electrode, prepared
separately, and deposited on the photoelectrode after photo-
electrochemical polymerisation, followed by exposure of the whole
photoelectrode/counter electrode assembly to a LiTFSI-TBP-
acetonitrile solution and air drying.

Comparative data for the performance S-DSSCs prepared by
AQ-photoelectrochemical polymerisation and ORG-
photoelectrochemical polymerisation are presented in Table 5.
The quality of the conducting polymer layers is different in
both cases. Porous layers, with shorter chains, is generated by
AQ-photoelectrochemical polymerisation of bis-EDOT due to
the lower concentration of precursor in the aqueous solution; as
polymerisation progresses, it is easier for a precursor cation
radical to initiate a new chain rather than add to an existing
polymer layer. For the same amount of charge, more, shorter
chains are generated by AQ-photoelectrochemical polymerisa-
tion than by ORG-photoelectrochemical polymerisation. This
fact was confirmed by electrospray mass spectroscopy
measurements (Zhang et al., 2015, Anal. Chem.80). Therefore,
the contact area between hole conductor and dye layer is larger
in the former case. As a result, rate regeneration is faster,
resulting to somewhat larger photocurrents for hole conductors
generated by AQ-photoelectrochemical polymerisation. On the
other hand, due to the larger contact areas the back electron
transfer reactions are also faster, resulting to a somewhat lower
open-circuit photovoltage. In all, the PCE values in both cases
are comparable, under full sun light at around 5-6% for dye
LEG4 and 4-5% for dye D35. For Ru-Z907 the PCE is much lower
(below 0.2%) for AQ-photoelectrochemical polymerisation
compared to ORG-photoelectrochemical polymerisation prob-
ably due to the fact that several Ru dyes tend to desorb in
presence of water, which preferentially adsorbs on TiO,. The
attachment of several organic dyes in TiO, is more stable.

Table 5 Comparison of dry S-DSSCs based on the photo-
elechrochemical deposition of PEDOT from organic (ORG) and
aqueous micellar (AQ) solutions’”78. Dye: LEG4. Full sun irradiance.
Precursors: EDOT and bis-EDOT. Gold counter electrode

No Dye Monomer and medium PCE % UgcV Isc mA cm > FF

1 D35 EDOT-ORG 0.04 0.62 0.27 0.25
2 D35 EDOT-AQ 3.0 0.81 6.2 0.60
3 D35 Bis-EDOT-ORG 5.6 0.91 10.8 0.57
4 D35 Bis-EDOT-AQ 5.2 0.84 10.9 0.56
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In addition to bis-EDOT, it was shown for the first time that
EDOT monomer can be also used for producing a hole
conductor layer in DSSCs, with photoelectrochemical polymer-
isation in aqueous colloidal solution generating sufficiently
thick layers. Contrarily, the ORG-photoelectrochemical poly-
merisation from a nonaqueous EDOT solution generated much
thinner layers, resulting to S-DSSCs with a PCE below 0.1%
(Table 3). Apart from PEDOT, it was shown for the first time that
an efficient DSSC can be constructed based on PEDOP as hole
conductor,’® a polymer structurally similar to PEDOT, with -NH
replacing -S in the five-member monomer ring: the PCE was two
orders of magnitude higher than that of a previous-DSSC with
the same polymer as hole conductor.®”

The dyes were mainly metal-free organic days, D21L6, D35,
LEG4, C218, MK253, DPP07 and, to a lesser extent, ruthenium
dyes Ru-B11 and Ru-Z907. The highest PCE, at 7.1% (Zhang
et al., 2016, Nano Energy31), was obtained for dry S-DSSC with
conducting polymer hole conductors deposited by organic photo-
electrochemical polymerisation. Was obtained with dye LEG4 and
PEDOT generated by organic photoelectrochemical polymerisation
(Uoc = 0.830 V, jsc = 13.4 mA cm 2, and ¢y = 0.64). For PEDOP as
hole conductor generated by ORG-photoelectrochemical polymer-
isation, the highest PCE was 4.3% (Zhang et al, 2014, Chem-
PhysChem) for dye D35, under full sun (Ugc = 0.825 V, jsc = 8.0 mA
em 2, and ¢pp = 0.66) and 4.6% under 46% sun (Uoc = 0.785 V, jsc
= 4.0 mA cm™ 2, and @gp = 0.53).

Apart from DSSC device studies, a number of fundamental
physicochemical characterisation studies was performed,
including the aforementioned mass spectroscopy study of
Zhang et al., 2015, Anal. Chem.80 as well as investigations
involving the charge transport properties of the PEDOT hole
conductor by Park et al. (2012)*" and the effect of TiO, pore size
by Zhang et al. (2016, Electrochim. Acta).”

An alternative S-DSSC preparation method for PEDOT-based
DSSC, proposed by Delices et al.,*® is the in situ copolymerisa-
tion of a dye and a conducting polymer precursor. A metal-free
organic dye, functionalised with a carbazole group, was co-
polymerised with bis-EDOT by photoelectrochemical polymeri-
sation. The PCE of the resulting dry S-DSSC, at 1%, is rather low;
however, this S-DSSC preparation method, guaranteeing inti-
mate contact between dye and hole conductor by covalent
attachment, should be further pursued. A similar approach was
used before for S-DSSC cells based on the co-polymerisation of
a Ru dye and EDOT.*

Finally, the possibility of hybrid solar cells with both
a mediator in a liquid electrolyte and a solid hole conductor,
proposed by Kim et al. (2011, 2012)**°° should be mentioned.
PEDOT serving as hole conductor for charge transport between
photoelectrode and counter electrode, is permeated by an
acetonitrile-cased electrolyte containing iodide (I") as redox
mediator. I” is responsible for dye regeneration, being oxidised
by photogenerated D" to triiodide according to the reaction

2D* + 31 (EL@PE) — 2D° + I; (EL@PE) (41)
I; (EL@PE) is back reduced to I by hole injection into the hole
conductor:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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I; (EL@PE) + HC — 31 (EL@PE) + 2h"(HC@PE)  (42)

Holes diffuse from the vicinity of the photoelectrode to the
counter electrode (eqn (8)) and are annihilated by counter
electrode electrons (eqn (10)) as in the case of usual S-DSSC
operation.

The advantage of this system is that the possible problems
due to added I~ are avoided; these include light absorption by
coloured 15, volatility of I, generated by the disproportionation
of I;” to I and I,, and corrosivity of I;~ toward metals which
can be used as structural components of DSSCs. This hybrid
approach could be extended to other redox mediators.

Conclusion

Solid-state dye sensitised solar cells (S-DSSCs) present several
advantages, especially with respect to manufacturing, as
compare to these based on a liquid electrolyte, since printing
electronics technologies may be readily adapted for their
production. Among the various S-DSSCs, these based on elec-
tronically conducting polymers are of particular interest. A
particular advantage of conducting polymers is the versatility of
adapting their molecular structure according to the needs of
particular device configurations. In addition to the polymers
discussed in this review, other types, for example polymers with
pendant redox-active groups, may find applicability in DSSC
applications in the near future. In this respect the synergy of
scientists in various disciplines, chemical synthesis, materials
chemistry, photochemistry—photophysics, and electrochemistry
would be essential.
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