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ABSTRACT: A redox electrolyte is a crucial part of dye-sensitized ol

solar cells (DSSCs), which plays a significant role in the [E:::L.‘)'_)é]w %%

photovoltage and photocurrent of the DSSCs through efficient Vosgt37Y (ma) E,ezf‘i°§,j';f‘gf§t-,v) O@o%/
L

dye regeneration and minimization of charge recombination. An
I"/I;” redox shuttle has been mostly utilized, but it limits the

open-circuit voltage (V,.) to 0.7—0.8 V. To improve the V,_ value,

[Co(bpy)s]*>*
Eegox ~0-56 V
Voe~1.06 V (max)

(RS PCE (n)

E,oqor ~0.35V >16%
Vo ~0.85V (max)

an alternative redox shuttle with more positive redox potential is
required. Thus, by utilizing cobalt complexes with polypyridyl
ligands, a significant power conversion efficiency (PCE) of above S TS Organigl%s:r';sti;liﬁ;iﬁlrl‘?-Dyes
14% with a high V. of up to 1 V under 1-sun illumination was EeviceloRmzEen

achieved. Recently, the V. of a DSSC has exceeded 1 V with a
PCE of around 15% by using Cu-complex-based redox shuttles.
The PCE of over 34% in DSSCs under ambient light by using
these Cu-complex-based redox shuttles also proves the potential for the commercialization of DSSCs in indoor applications.
However, most of the developed highly efficient porphyrin and organic dyes cannot be used for the Cu-complex-based redox shuttles
due to their higher positive redox potentials. Therefore, the replacement of suitable ligands in Cu complexes or an alternative redox
shuttle with a redox potential of 0.45—0.65 V has been required to utilize the highly efficient porphyrin and organic dyes. As a
consequence, for the first time, the proposed strategy for a PCE enhancement of over 16% in DSSCs with a suitable redox shuttle is
made by finding a superior counter electrode to enhance the fill factor and a suitable near-infrared (NIR)-absorbing dye for
cosensitization with the existing dyes to further broaden the light absorption and enhance the short-circuit current density (J,.) value.
This review comprehensively analyzes the redox shuttles and redox-shuttle-based liquid electrolytes for DSSCs and gives recent
progress and perspectives.

1. INTRODUCTION organic solvent medium. A DSSC works through several
charge transfer processes: dye excitation, charge injection and

Solar energy, which comes from radiant light and heat from the
transportation, dye regeneration, and electrolyte regeneration.

sun, is the most powerful source of renewable energy. Solar

energy is about 200 times greater than all renewable energy In the first step, the dye absorbs photons, and electrons from
resources combined." The most efficient way to harness solar the HOMO (highest occupied molecular orbital) level move to
energy is through photovoltaic technology that directly the LUMO (lowest unoccupied molecular orbital) level. Then
converts sunlight into electrical energy. Among various the excited dye injects electrons in the LUMO level into the
emerging photovoltaic technologies, dye-sensitized solar cells conduction band of the TiO, semiconductor. As a result, a
(DSSCs) have received great attention due to several charge separation occurs at the interface of the dye and the
advantages, such as facile cell fabrication, low cost, multi- wide-band-gap nanostructured TiO, semiconductor. Then, the
coloration appropriate for building and automobile integration, TiO, semiconductor transports electrons quickly to the FTO
high power conversion efficiency (PCE) under outdoor and electrode through diffusion, and these electrons move to the

indoor light, and so on. Figure 1 shows the device structure of
a DSSC and its working principle. The working electrode, also
known as the photoanode, consists of a dye-sensitized thin film
of a wide-band-gap semiconducting material (mostly n-type
TiO,) with a nanocrystalline morphology deposited on a
transparent conducting oxide (TCO) coated glass substrate.
The counter electrode consists of a TCO substrate coated with
a suitable catalyst (usually Pt). Redox liquid electrolytes
contain a redox couple as a redox shuttle in the most common

counter electrode through an external circuit.
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Figure 1. DSSC device structure with an n-type TiO, semiconductor
and its working principle.

The oxidized dye regenerates by obtaining electrons from
reduced species of electrolytes, which are oxidized. The
oxidized species of electrolytes move toward the counter
electrodes through diffusion, where these species receive
electrons that come from the anode through an external
circuit. This step is called electrolyte regeneration.

Besides the charge transfer processes required above, there is
also the possibility of losing injected electrons by the oxidized
dye and oxidized species of electrolytes. This undesirable back-
charge-transfer process is called charge recombination. The
dye regeneration should be fast to avoid injected electron
recombination with the oxidized dye.

In indoor photovoltaics, DSSCs are promising candidates for
commercialization due to the outstanding PCE (above 34%)
and the great long-term device stability under ambient
conditions. The Japanese electronics company Ricoh has
already launched a 20% efficiency indoor photovoltaic solid-
state dye-sensitized solar cell for integration with IoT sensors
and autonomous electronic devices that require low electricity
to power them.” The Swedish company Exeger has already
started the commercialization and integration of the DSSC
technology within electronic devices that can generate power
from indoor and outdoor light. By utilizing DSSC materials,
this company makes Powerfoyle, a unique environment-
friendly material that converts light into electricity and is
capable of charging electronic devices with daylight and indoor
light.”

In the last three decades, significant progress has been
achieved in the DSSC field using D—z—A-structured organic
and porphyrin dyes,*”” cosensitized dyes,”™ " reglacing redox
mediators, *~* solidifying liquid electrolytes,'”™*' and devel-
oping counter electrode catalysts.””>” A redox electrolyte is
the vital component of a DSSC which affects the cell
performance and long-term stability of the device. An
electrolyte is accountable for the regeneration of photo-
oxidized dye to dye and the transportation of the inner charge
carrier between electrodes. Three parameters, photocurrent
density (J,.), photovoltage (V,..), and fill factor (FF),
determine the PCE of the device. Electrolytes play a key role
in contributing all three parameters (J,, V.., and FF) of the
device. Iodine electrolyte has been employed as the most
widely used redox shuttle in DSSCs, and a maximum PCE of
12.4% under 1-sun illumination was achieved with concerted
companion dyes.'”** The low positive redox potential of the
I"/I;” redox shuttle limits the open-circuit voltage (V,.) to
0.7—0.8 V since the V. value is typically determined by the

6140

potential difference between the quasi-Fermi energy level of
TiO, and the redox potential of redox shuttles. Furthermore,
competitive light absorption, the volatile nature of iodine, and
corrosiveness toward metals, especially Ag, limit the iodine
electrolytes for module development. Transition-metal com-
plexes, especially Co complexes, have received great attention
as redox shuttles due to the enhancement of the open-circuit
voltage (V,.) of the device. Although the PCE of DSSCs under
simulated 1-sun illumination has reached over 14% using
cobalt electrolytes,”'' sluggish mass transport and large
reorganization between d’ (high-spin) and d® (low-spin) in
Co complexes limit a high V. to 1 V. Recently, Cu complexes
have been received great attention and recorded a PCE of
15.2% with a higher V. of over 1 V obtained under simulated
l-sun irradiation by using a [Cu(tmby),]"/[Cu(tmby),]*
redox shuttle with cosensitized organic dyes.” Further
improvement of PCE under 1-sun illumination is challenging
by this [Cu(tmby),]*/[Cu(tmby),]** redox shuttle, because
an improvement in J,. value by using this redox shuttle is
difficult.’® The competitive light absorption of Cu complexes
with the dye in the blue region of the visible light spectrum and
the use of a dye with a higher positive HOMO level reduce the
entire visible light absorption range, which limits the J,. value.
Therefore, tuning the redox potential (E, .40 & 0.45—0.65 V vs
NHE) of the Cu complexes by varying ligands, such as
pentadentate ligands,”® can be a better solution so that
currently developed porphyrin, organic, and NIR-absorbing
dyes can be utilized for cosensitization with a Cu complex
redox shuttle. Additionally, to enhance the long-term stability
of the device, sealing with advanced techniques, such as glass
frit encapsulation,”””* and development of solidifying agents,
such as polymeric gelating materials,"”** to reduce the volatile
organic solvent are also essential. This review comprehensively
analyzes the DSSC redox liquid electrolytes (LEs) with
advances and perspectives. According to our perspective,
above 16% PCE under 1-sun is feasible to achieve for DSSCs,
which is depicted and discussed in Summary and Outlook.

2. SOLAR CELL EVALUATION

The dye-sensitized solar cell can be electrically modeled with
the equivalent circuit shown in Figure 2, by including series
resistance (Rg) and shunt resistance (Rgy).

The derived characteristic current density (J)—voltage (V)
equation from the modified Shockley diode equation for the
solar cell based on the equivalent circuit (see Figure 2) is
expressed as

Rs J

M\ —>—0

JSH

o}

Figure 2. Modified diode equivalent circuit for the dye-sensitized
solar cell.
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(1)
where ] is the photogenerated current density, ], is the dark
saturation current density, n is the diode ideality factor, Rg and
Rgy; are the series resistance and shunt resistance, respectively,
q is the elementary charge (1.6 X 107"° C), k is the Boltzmann
constant (1.38 X 107> m” kg s> K™'), and T is the absolute
temperature.

The photovoltaic performance of DSSCs is estimated from
J—V characteristics measurement under light illumination. The
power conversion efficiency (PCE, denoted by #) of DSSC is
evaluated from the J—V curve (Figure 3) by the eq 2

_ sc‘/OCFF
By (2)
4 Fill Factor = 2::;:

Js

B
1 A
-

| .
L
V> Ve

Figure 3. -V curve of the DSSC.

where ] is the short-circuit current density, V,_ is the open-
circuit voltage, FF is the fill factor, and P, is the incident light
power density for the J-V curve measurement.

2.1. Short-Circuit Current Density (J,). Under short-
circuit conditions, charges generated by photon absorption
should flow into the external circuit with unit efficiency. The
current density in the DSSC with incident light illumination of
phz(itgn flux ¢p(4) under a short-circuit condition is given by eq
3.7

lmax
=4, A " IPCE(A(A) d2

lmax

q, A B LHE () Dy, 11, $(4) dA )
Here, the monochromatic incident-photon-to-current con-
version efficiency (IPCE(A4)) is related to the light-harvesting
efficiency (LHE) of the dye, the electron injection efficiency
((I)ini) in the excited state, the dye regeneration efficiency (nreg)
by electrolytes, and the change collection efficiency (7..) of the
TiO, electrode.

The LHE or absorptance (a(1)) can be expressed by eq 4°°

LHE = 1 — 10°4¥ 4

where A(4) is the absorbance of the dye related to the molar
extinction coefficient and the surface area of the loaded dye, as
expressed in eq 5

A(d) = log{&)

1
0 ) —1000&(1) —

dye

(s)
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where I (1) and I(4) are the incident and transmitted light
through the sample, respectively.

Thus, the LHE is influenced by the light absorption range of
the dye, the amount of dye loaded in the mesoporous TiO,
surface, and the intensity of the incident light (see eqs 4 and
S). Usually, the surface area of the mesoporous TiO, film is
high; therefore, a large amount of dye can be loaded or
adsorbed on the TiO, film. Typically, the mesoporous TiO,
film has 18—20 nm diameter TiO, nanoparticles that are much
smaller than the wavelength of visible light. The scattering of
light by the mesoporous TiO, film can reduce the LHE by
about 5%.”” Therefore, the optimization and improvement of
the TiO, film by having a scattering layer with larger TiO,
nanoparticles (typically ~400 nm) can reduce light scattering
and improve the LHE. Dye aggregation and charge
recombination are two negative factors that can significantly
reduce the LHE.

The electron injection efficiency (<I>mj) depends on the free
energy change (AG,,;) for the electron transfer from the
excited dye to the TiO, semiconductor conduction band. AG;
is expressed by eq 6

nj

AGinj = Edye*(LUMo) — Ecp

(6)

where Egy.«(1.umo) is the oxidation potential of the excited dye,
i.e,, the energy of the lowest unoccupied molecular orbital of
the dye, and Ecy is the energy of the conduction band edge of
the semiconductor (typically 4.0 eV for anatase TiO,). For an
efficient ®;, AG;,; should be >—0.2 ev.”’

Dye aggregation reduces the electron injection efficiency.
The recombination of the injected electrons with the oxidized
dye can reduce ®,,;. The dye regeneration efficiency (nreg)
depends on the free energy change (AGreg) in the reduction of
the oxidized dye by the reduced species of electrolytes. AG,, is
expressed by eq 7

AGreg = Edye(HOMO) - Eredox

(7)

where Egp.(nomo) iS the ground-state oxidation potential, i.e.,
the energy of the highest occupied molecular orbital (HOMO)
of the dye, and E,4,, is the redox potential of the electrolytes.
The dye regeneration by the reduced species of electrolytes
should be fast for high-performance DSSCs. The redox
potential of the redox shuttle should be higher (more negative)
than the energy of the HOMO level of the dye to maintain the
optimum driving force for efficient dye regeneration.

2.2. Open-Circuit Voltage (V). Under an open-circuit
condition, I = 0, the shunt resistance is assumed to be infinite.
Thus, neglecting the final term of the J—V characteristics (eq
1), the open-circuit voltage (V,.), which is the maximum
voltage obtained from the solar cell, is given by eq 8

nkT In i + 1|~ kT In &
q ], s\,
Because J; > ], therefore, ]| + J, = J;.

The above equation for V. derived from the modified
Shockley diode equation for the solar cell is also relevant for
the V. value of the DSSC.

Under the open-circuit condition, the charges generated by
the absorption of the photons recombine inside the cell. The
photogenerated current density, J;, depends on the IPCE
spectrum. The ideality factor, n, depends on the nonlinear

recombination in the cell, and the inverse of the ideality factor
is called the back-reaction order, 5. The dark saturation current

v

oc

(8)

https://doi.org/10.1021/acsomega.2c06843
ACS Omega 2023, 8, 6139-6163


https://pubs.acs.org/doi/10.1021/acsomega.2c06843?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06843?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06843?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06843?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

density, J,, depends on the interfacial charge recombination of
the cell and can be expressed by eq 9*°

J, = )

where n, is the density of electrons in the conduction band
state at thermal equilibrium accessible for the recombination
under dark conditions, k.. is the recombination rate, and n, is
the density of electron acceptors from the redox species of the
electrolytes accessible for the recombination. Thus, by
controlling or lowering the back-recombination (dark)
reaction, it is possible to improve the V. of the device.

The electron concentration in thermal equilibrium, n,, can
be expressed by eq 10°*

Ea - EC]
akT

nokrecna

= | (10
where N. is the concentration of electrons in the conduction
band/trap state, E, and E_ are the energy levels of the
semiconductor conduction band and redox species, respec-
tively, and a is the tailing parameter related to the trap states.

Under light illumination, the concentration of free electrons
(n) increases around to its equilibrium value, n,. The V,_ value
for the DSSC under constant light illumination can be
obtained from the difference of the quasi-Fermi level (Eg,)
of the TiO, semiconductor and redox potential (E,.q.,) of the
electrolytes:*”*

- EFn B Eredox — k_T ln(ﬁ]
q q n

(o]

(11)

According to eqs 8—11, charge recombination, electron
density in the trap, state semiconductor Fermi level, and the
redox potential of the electrolytes can affect the V. value of
the cell.

2.3. Fill Factor (FF). The fill factor (FF) is defined as the
ratio of the maximum power obtained from the solar cell to the
product of the J,. and V. (see Figure 3). FF is regarded as the
power efficiency of the solar cell. Electrical and electrochemical
losses during in the solar cell operation influence FF.*' The
shunt resistance (Rgy) in the DSSC originates from the
resistance for electron recombination (back electron transfer)
across TiO,/electrolyte interfaces. The series resistance (Rg)
comes from the contribution of the sheet resistance of FTO,
the electron transport resistance in TiO,, the mass transport of
the electrolytes, and the charge transfer resistance at the
counter electrode/electrolyte interfaces. The main contribu-
tion to the series resistance is the sheet resistance of the FTO
substrate.””** A lower Rg and higher Rgy can give a higher fill
factor. Generally, the fill factor of DSSCs varies from 0.6 to 0.8
because of the charge recombination and transport resistances.

3. REDOX ELECTROLYTES

The redox electrolytes are the key components of the DSSC
and have a substantial impact on both the performance and
long-term stability of the device.*” The liquid electrolytes
(LEs) of DSSCs are liquid redox systems where the redox
couple or shuttles are solvated in an aqueous or more common
organic solvent medium.

3.1. Function of Redox Electrolytes in DSSCs. After
photon absorption, the dye rapidly injects electrons from its
excited state to the conduction band of the TiO, and oxidizes
(see Figure 1). The oxidized dye receives electrons from the
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reduced species in the electrolytes, which are oxidized by the
following reaction:

Red » Ox + e~
In the counter electrode, a reverse reaction occurs:
Ox +e — Red

The oxidized (Ox) species of the redox mediator migrate to
the counter electrode and the reduced (Red) species of the
redox mediator migrate from the counter electrode to the
oxidized dye mainly through diffusion. The function of
electrolytes in DSSCs is the dye regeneration and regeneration
of reduced species of the redox couple in the counter electrode.
The counter electrode requires the catalytic system to capture
the electrons that come from the photoanode via the external
circuit.

The photovoltaic performance of DSSCs strongly influences
the kinetic competition of the dye regeneration reaction by the
redox mediator and the injected electron recombination (dark
reaction) by either the oxidized species of the redox mediator
or the oxidized dye itself.

In solid-state DSSCs, the electrolyte in its solid state is the
hole transporting material (HTM) or hole mediator. Dye
regeneration is accomplished in solid-state DSSCs via the hole
transfer from the oxidized state of the dye into the HOMO
level of the HTM. The HTM is regenerated from the counter
electrode by the charge transfer process.*’

The state of the gel electrolyte (GE) is between the liquid
and solid electrolyte. In quasi-solid-state DSSCs, the GEs
contain a significant amount of liquid electrolyte retained by
gelating materials, such as polzmers,19 inorganic nanofillers,*
and nanocomposite polymers.*”

3.2.lon Transport in the Redox Electrolytes. Generally,
the performance of electrolytes is evaluated by their ion
transportability. Ionic conductivity is due to the movement of
ionic charges. The ionic conductivity (¢) of any electrolyte (eq
12) is the product of the charge, concentration, and mobility of
the carrier ions™* ™’

o= auC (12)

where y;, g, and C; are the mobility, charge, and concentration
of the ionic specimen, i, respectively.

The mobility of the carrier ion is related to the diffusion
coefficient (D;) of the carrier ion by the Einstein kinetic theory
through eq 13

_ 4%
kT

U;

' (13)

The diffusion coeflicient is related to the viscosity of the
medium by the Stokes—Einstein equation (eq 14)

Db T

b 6y, (14)
where k is the Boltzmann constant, # is the viscosity of the
medium, r is the radius of the ion, and T is the absolute
temperature.

Therefore, the diffusion coeflicient is inversely proportional
to the viscosity of the medium (eq 3).

The general relationship between ionic conductivity and
diffusion can be obtained from eq 15:

https://doi.org/10.1021/acsomega.2c06843
ACS Omega 2023, 8, 6139-6163
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(1)

Therefore, with increasing diffusion of carrier ions in the
electrolyte medium, the ionic conductivity increases, and with
decreasing diffusion, the ionic conductivity decreases.

The concentration and mobility of carrier ions are thermally
activated. The temperature dependence on the ionic
conductivity or diffusion coefficient can be explained from
the Arrhenius equation®"”*

(1) = o e 112

kT (16)

where o, is the pre-exponential factor linked to the
concentration of the carrier ions, E, is the activation energy,
k is the Boltzmann constant, and T is the absolute temperature.

The activation energy (E,) of the electrolyte can be obtained
from the slope of the log(c(T)) versus 1/T plot (see eq 16).
The low activation energy of the electrolytes indicates that less
energy is required by the carrier ions to initiate the migration
process.

The Arrhenius equation explains the behavior of the ionic
conductivity with temperature for homogeneous electrolytes
very well. Usually, in all cases of LEs and most cases of GEs,
the temperature-dependent ionic conductivity fits the Ar-
rhenius equation well; however, the deviation from the
Arrhenius behavior is observed for full-solid polymer electro-
lytes and some cases of GE.>

For nonhomogeneous electrolytes such as solid polymer
electrolzrtes, the Vogel-Tammann—Fulcher (VTF) equa-
tion”*~>° is generally used to clarify the conductivity behavior
of the electrolytes with temperature (eq 17)
GOT_I/ : exp[

_Ea

KT - T,)
(17)

where B is the pseudo activation energy linked to the
configuration entropy of the polymer chain and T, is the
equilibrium transition temperature (usually T, = T, — 50 K).

The Dahms—Ruff equation (eq 18) can be utilized to
explain the apparent diffusion coefficient for the concentrated
system.57’58

—B
o(T) =g, ew[m]

2
Dapp = Lhhys + D, = Dphys + kex(s c/6 (18)
Dy is the viscosity dependent physical diffusion coefficient,

which is related to the Stokes—Einstein equation (see eq 14).
D, is the electron exchange diffusion coeflicient by the
electron hopping process, which is related to the rate constant
(ko) for electron exchange, concentration (c) of the redox
species, and average center-to-center distance (5) between the
redox species.”” The nondiffusional hopping (e.g., Grotthus-
like exchange) mechanism of triiodide (see eq 26) can be
rationalized by the electron exchange diffusion coefficient
(DEX)'

3.2.1. Measurement of lonic Conductivity from Bulk
Resistance. Generally, the ionic conductivity of the electrolytes
is obtained by estimating the bulk resistance of the electrolytes
(Ry) in the Nyquist plot (also known as the Cole—Cole plot)
using eq 19

I

6=
R A (19)
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where [ is the electrolyte thickness, A is the electrolyte area,
and Ry, is the bulk resistance of the electrolyte obtained from
the impedance. The Nyquist plot is obtained from the
impedance measurement of the electrolyte-blocking electrode
cell, placing or sandwiching electrolytes between two inert
electrodes (usually stainless-steel electrodes).

To regenerate dye and electrolyte during operation of
DSSCs under 1 sun, the ionic conductivity should be >1073S
cm™'. However, the threshold value of ionic conductivity may
vary with the light illumination, redox shuttle, additive, and
medium of the electrolytes.

3.2.2. Evaluation of Charge Transfer Resistances by
Impedance. To evaluate charge transfer resistance between
electrodes and electrolytes, electrochemical impedance spec-
troscopy (EIS) was performed with a symmetrical dummy cell
(counter electrode/electrolytes/counter electrode). In the
Nyquist plot, two semicircles are found; the intercept in the
real axis of the high-frequency region is regarded as the series
resistance (R;), the left semicircle is due to the charge transfer
resistance (R.,) at the electrode—electrolyte interface, and the
right semicircle arises due to the Nernst diffusion impedance
(Z,) of the redox shuttle in the electrolytes (see Figure 4a).%°

(a)
—
2
.
£
o
G
N 14 —CoSe,
—Pt
0 T T T
1 2 3 4
Z/acem’
(b) o.08
] 3[7 -2 oI5
. 0.04 1
£
2 J
<
5 o
5 —— Liquid
o | — Gel
— NPgel
0.04
L) v ) M L) v 1 M L] v 1 M L)
-2 -08 -04 0 04 08 12
Potential (V)

Figure 4. (a) Charge transfer resistance of electrode/electrolytes
determined from Nyquist plots in EIS measurement of a symmetrical
dummy cell. Reprinted with permission from ref 60. Copyright 2014
Royal Society of Chemistry. (b) Apparent diffusion of I;~ determined
from the cathodic limiting current of J—V curves in LSV measure-
ments (scan rate 10 mV s™') of a symmetrical dummy cell. Reprinted
with permission from ref 62. Copyright 2017 Royal Society of
Chemistry.

3.2.3. Measurement of Apparent Diffusion Coefficient
from Steady-State Limiting Current. Usually, the diffusion-
limited current density (Ji,,,) can be obtained by measuring the
cyclic voltammetry (CV) or linear sweep voltammetry (LSV)
of a symmetrical dummy cell, counter electrode/electrolytes/
counter electrode. In the case of CV, a slow scan rate (usually
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Scheme 1. Structures of Some Important Redox Couples (R*/R) Used in DSSC Electrolytes as Redox Mediators and Their

Standard Redox Potentials
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5—10 mV s7') is required to obtain steady-state conditions.
The diftusion-limited current density is related to the apparent
of the redox species of electrolytes

diffusion coefficient (D
by eq 20

app)

where d is the electrolyte thickness, F is the Faraday constant,
is the concentration of the redox species, and n is the

Co
number of electrons transferred for this process.
In LSV measurements (see Figure 4b),”

the anodic steady-
state limiting current (upper plateau) is due to the electro-
chemical oxidation of the reduced species (I7), and the

ot cathodic steady-state limiting current (lower plateau) is due to

the electrochemical reduction of the oxidized species (I;”) in
the electrolytes. Usually, due to the presence of excess I” ions
in the electrolytes, I;” is the limiting ion. Under steady-state
conditions, both the anodic and cathodic current plateaus are
(20) usually similar. Therefore, the obtained limited current from
LSV is mainly valid for the calculation of the apparent diffusion
of I,~.°%* For efficient operation of the DSSC under 1 sun, the
apparent diffusion coefficient should be >107¢ cm? s71.%
Fast dye generation and rapid diffusion minimize the
recombination reaction (dark reaction) significantly; as a
result, higher J,. and V,_ values can be obtained by the device.
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4. REDOX ELECTROLYTE COMPONENTS

4.1. Redox Shuttles. In DSSCs, the redox couple is used
in liquid or gel electrolytes as a redox mediator or the redox
shuttle and the HTM is used in solid electrolytes as a hole
mediator. The role of the redox shuttle is to regenerate the dye
by giving electrons to the photo-oxidized dye and transferring
the electrons from the counter electrode to the oxidized dye to
complete the circuit. The redox shuttle is the crucial part of the
DSSC that strongly influences the photovoltage of the device.
The redox shuttle sets the electrochemical potential at the
counter electrode and influences the electrochemical potential
of the TiO, working electrode through the recombmatlon of
electrons in the TiO, by their oxidized species.”> Under light
illumination, the maximum theoretical V. for the DSSC can be
estimated from the difference between the quasi-Fermi level of
electrons in the TiO, semiconductor, which approaches the
energy level of the TiO, conduction band edge under intense
light illumination, and the redox potential of the redox shuttle
(see eq 11).

The redox potential of the electrolyte system can be
obtained by the Nernst equation (eq 21)

RT
=E”+ —In
nF

[Ox]
[Red]

E

redox

(1)

where E°’ is the formal potential, R is the ideal gas constant, F
is the Faraday constant, T is the absolute temperature, n is the
number of electron transfers for the redox reaction (for I /1,7,
n = 2; for Co**/Co** (complex) and Cu*/Cu** (complex), n =
1), and [Ox] and [Red] are the concentrations of oxidized and
reduced species, respectively.

From the discovery of the DSSC up to now, I;7/ 17,°°77*
Bry /Br~,>7* pseudohalogens such as Se(CN);™/ Se(CN)~"
and (SCN),7/SCN~,”® various transition-metal complexes
such as Co>/Co* (complex),”">”" 7% Cu®*/Cu* (com-
plex),¥! > 41081783 a3+ /Re2*  (complex),*”® and ferroce-
nium/ferrocene (Fc*/ Fc),'** and organic redox shuttles
such as TEMPO*/TEMPO (2,2,6,6-tetramethyl-1-piperidiny-
loxy radical)®” and T, (dimer of 5-mercapto-1-methyltetrazole
ion)/T~ (5-mercapto-1-methyltetrazole ion)** have been
employed and studied as redox shuttles in DSSC electrolytes.
Standard redox potentials of some redox shuttles used in
DSSCs are shown in Scheme 1.

A redox couple with a higher redox potential may result in a
high photovoltage of the device. To preserve the photocurrent,
the dye regeneration by the redox mediator should be faster
than the electron back transfer from the TiO, to the oxidized
dye.'® A sufficient driving force for dye regeneration is required
to avoid the recombination of injected electrons with the
oxidized dye. An inadequate driving force for dye regeneration
can cause a lower photovoltaic performance by reducing the
short-circuit current density (J,.) and V,, because of the
recombination of injected electrons with the photo-oxidized
dye. The high driving force for dye regeneration can also limit
the V. of the cell. Hence, an optimum driving force (around
20—25 kJ mol™") is required for efficient dye regeneration; this
rds pcﬁ){gsgi(r))le by selecting a suitable redox couple for the specific

ye.

Therefore, novel redox mediators with a more positive redox
potential that maintain the optimum driving force for dye
regeneration are the key to enhancing the open-circuit
potential and photocurrent of the device. Hence, the general
strategy for the V_. enhancement of a device is to
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simultaneously lower both the HOMO level of the dye and
the reduction potential of the redox shuttle toward a positive
potential (see Figure S). The optimum driving force for dye
regeneration can be varied with different redox couples.

(a)
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dﬁe’

TP
§ -0.5/¢B (Tio,) T 4
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: Redoxpotential
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Figure 5. (a) Strategy for enhancing the maximum theoretical
photovoltage (V,.) by simultaneously lowering the redox shuttle
redox potential and the ground-state oxidation potential of the dye
toward a more positive potential to ensure the optimum driving force
for fast dye regeneration. (b) Comparison of the redox potentials and
possible maximum open-circuit voltages among three of the most
efficient redox couples used in the DSSC.

4.1.1. Halogenide Redox Shuttles. The 1,~/I" redox shuttle
shows an impressive performance in DSSCs and has been
commonly used in the DSSC redox electrolytes since its
invention. The standard redox potential of the I;7/I" redox
couple 1s around 0.35 V (vs the normal hydrogen electrode
(NHE));** thus, there is a mismatch of more than 0.65 V with
dyes having an oxidation potential above 1.0 V. This high
driving force (>0.65 V) for the reduction of the oxidized dye
allows for a rapid dye regeneration and slow recombination of
injected electrons in TiO, with I;~, which favor the high J
value of the device. However, the excess driving force for dye
regeneration permits a significant V_ loss above 0.65 V for the
I,7/1" electrolyte-based device."** Furthermore, dye regener-
ation by I,;7/I" electrolytes involves complex two-electron
redox chemistry (eqs 22—24).%

D" +1 — (D-I) (22)
O-)+1T - D+1° (23)
2> I+ 17 (24)

The intermediate I,”* radical species formed in the dye
regeneration process has a more negative redox potential than
the standard redox potential of the I;"/I" redox species. Thus,
the formation of intermediate radical species causes additional
potential loss. Light absorption in the blue regron of the visible
spectrum by the I;7/I” redox electrolytes” competes with the
dye light absorption and causes a lower photocurrent. In
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addition, corrosiveness with the metal current collector,
especially the Ag metal grid, by the I;7/I" redox electrolytes
limits the commercial scale-up of the DSSC to a module.*>”* A
study of various metal thin films with I;7/I redox electrolytes
by Okada et al. confirms that Ag, Au, and Al are hlghly
corrosive with I;7/I7, while Pt, Ti, and Ni are less corrosive.””

Therefore, competltlve visible light absorption, corrosion with
metals, and limitation of the photovoltage are the major
drawbacks of the I;7/I" redox couple. To overcome these
limitations, a suitable alternative to the I;7/I" redox couple is
needed.

The Br;~/Br™ redox couple was also applied in the DSSC
because of its higher positive reduction potential (~1.1 V vs
NHE) than the I,/I” redox shuttle (~0.35 V vs NHE).*>7>%3
However, the Bry;”/Br™ redox electrolyte enhances the V__ up
to 1 V for the carbazole dye’* but reduces J. The dye
regeneration by Br™ is much slower than that of I due to the
low driving forces with most of the dyes. Besides, the Br;™/Br~
redox couple has a problem similar to that of I;7/I", including
environmental impact.

A comparison study of pseudohalide redox couples and I,/
I” redox couples with the N3-dye was carried out by Oskam et
al.”® They discovered that Se(CN);/Se(CN)~- and I,7/I"-
based devices had similar V. values. However, a significant
decrease in ] for the Se(CN);~/Se(CN)~ redox couple based
device was observed. The J,. and V. values were both the
lowest for the (SCN);"/SCN~-based device.”® Despite the
more positive equilibrium potentials of pseudohalide redox
couples than the I,7/I” redox couple, the V. value did not
improve.”® Therefore, a more positive equilibrium potential is
not always applicable to account for the V. enhancement of
the device. Shifting of the FTO/dye-sensitized TiO, and
FTO/Pt electrode potential with the equilibrium potential of
the redox couple is also required to account for the deviation
of the V. value. By transient absorbance studies, Oskam et al.
concluded that dye regeneration is much slower for the
Se(CN);7/Se(CN)~ and (SCN);/SCN™ redox couples than
the I;7/I" redox couple, and the decreasing order of dye-
regeneration rate is as follows: I;7/I” > Se(CN);™/Se(CN)~ >
(SCN),/SCN~."¢

4.1.2. Organic Redox Shuttles. The stable organic radical
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and its ion
TEMPO" can also be used as redox mediators in DSSC
electrolytes. The standard redox potential of TEMPO'/
TEMPO (0.80 V vs NHE) is higher than that of the 1,7/I”
redox couple (0.35 V vs NHE). Zhang et al. reported a 5.4%
power conversion efficiency under 1-sun conditions with a high
photovoltage of 830 mV."” However, the TEMPO*/TEMPO
redox couple based device suffers from a low ], value due to
the fast recombination (back electron transfer from TiO,). The
long-term stability of the TEMPO*/TEMPO redox electrolyte
based device also needs to be improved. Another iodine-free
redox couple, S-mercapto-1-methyltetrazole ion (T~) and its
dimer (T,), was also used in DSSC electrolytes by Wang et al.
due to advantages like noncorrosiveness, negligible visible light
absorption, and a closer redox potential (~0.48 V vs NHE)
with the I;7/ I" redox couple. Wang et al. achieved a
competitive power conversion efficiency of 6.4% under 1 sun
illumination with J;. of 16.18 mA cm™2, V. of 681 mV, and FF
of 0.58 using a Ru-based Z907Na dye.*” Despite the promising
performances of the T,/T~ redox couple, the long-term
stability of the device still needs to be improved. A thiol-based
self-assembled layer may form on the metal counter electrode,
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and devices with the T,/T~ redox couple and the Pt counter
electrode suffer from stability problems.**

4.1.3. Transition-Metal Complexes for Redox Shuttles.
The ferrocenium hexafluorophosphate/ferrocene (Fc*/Fc)
redox couple can be an alternative redox couple because of
its noncorrosive nature, simple one-electron-transfer redox
reaction chemistry, abundance, and suitable redox potential
(0.62 V vs NHE)."»”* The redox potential of Fc*/Fc can be
further tuned by introducing various substituents in the
cyclopentadienyl ring. Various substituted Fc compounds are
also commercially available.”>”® Daeneke et al. reported a 7.5%
efficiency under 1-sun condition by using the Fc'/Fc redox
couple and an organic sensitizer with the coadsorbent
chenodeoxycholic acid (CDCA). A V,. enhancement of
about 100 mV compared to I;7/I" was observed for the
Fc*/Fc-based device due to the more positive redox potential
of the Fc'/Fc redox couple.13 However, the charge
recombination rate is faster for Fc'/Fc redox electrolytes
than for the I;7/I" redox couple, which causes a reduction in
the J,. value for the Fc'/Fc-based device. Furthermore, an
oxygen-free environment is required for both the electrolyte
preparation and cell fabrication due to the instability of the Fc*
in the presence of O,. The Fe(bpy);>*/** redox couple can also
be interesting due to its positive redox potential of around 1.37
V (vs NHE). However, a proper dye with a more positive
oxidation potential is required for these redox electrolytes.
Rodrigues et al. obtained a 1.4 V photovoltage by using
Fe(bpy);**/*" redox electrolytes with the modified D—7z—A
structure based organic sensitizer RR9. However, the efficiency
of the device was poor due to the very low ], value and fill
factor.”” The stability of the Fe>*/Fe?* electrolyte based device
was also not reported.***>*” Ni- and Mn-based complexes
were also utilized as redox shuttles for DSSCs; however, their
photovoltaic performances were not significantly im-
proved.”®”” The greatest advantage of transition-metal
complexes as redox mediators is that the redox potential of
the complexes and V. of the device can be tuned by varying
ligands of the complexes.

Among the various transition-metal complexes, cobalt
complexes have received more attention as redox mediators
in the DSSC. Negligible visible light absorption, less
corrosiveness toward metals, outer-sphere one-electron-redox
chemistry, and higher positive redox potential of cobalt
polypyridine complexes make cobalt complexes promising as
redox shuttles. Generally, the Co(II) complex exists in the
high-spin (HS) state at room temperature, as a quartet state,
while the Co(III) complex is in a low-spin (LS) state, as a
triplet state (see Figure 6).'"’ The large reorganization energy
between d’ (HS) and d° (LS) causes slow regeneration of
Co(II) species in the counter electrode and enhanced charge
recombination with Co(III) species. Slow mass transfer due to
the large molecular size,""""” rapid back electron transfer
from TiO, to Co®* species,'” and slow regeneration of Co**

€y
tyg

4Co(ll) 'Co(lll) 3Co(lll)

2Co(ll)
Figure 6. Electronic configurations of Co(Il) species in doublet and
quartet states and Co(III) species in singlet and triplet states.
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Figure 7. Chemical structure of dyes and plots of current transients for various Co complexes with two different dyes: (a) D29; (b) D35S. Mass
transport can be avoided by using a less bulky Co(bpy), complex redox shuttle with the sterically bulky D35 dye. Reprinted with permission from

ref 15. Copyright 2010 American Chemical Society.

species in the Pt counter electrode'®” are the major challenges
of the cobalt complexes; these can be overcome by enhancing
the solubility of the complex by introducing a suitable
substituent in the ligand, optimizing the device structure
(especially the TiO, film thickness), reducing the spacer
thickness between electrodes, introducing a passivation layer to
inhibit the back transfer reaction, and using a suitable catalyst
in the counter electrode.

The redox potential of the cobalt complexes can be tuned by
using an appropriate ligand to match the oxidation potential of
the dye. Feldt et al. tested a series of cobalt complexes with
different redox potentials as a one-electron outer-sphere redox
mediator in the DSSC."> The standard redox potentials of
cobalt(IT1/11) tris(2,2"-bipyridine), [Co(bpy);]*/*, cobalt-
(II/11) tris(4,4'-dimethyl-2,2"-bipyridine), [Co(dmb),]>*/%*,
cobalt(III/I1) tris(4,4'-di-tert-butyl-2,2'-bipyridine), [Co-
(dtb);]3*/?*, and cobalt(III/II) tris(1,10-phenanthroline),
[Co(phen);]**/?*, were 0.56, 0.43, 0.43, and 0.62 V,
respectively. Here, for all the complexes, the counterion was
hexafluorophosphate (PFs™). The V.. value of the devices
should increase with increasing redox potential of the cobalt
complexes; however, Feldt et al. obtained an optimum V. and
J. from the [Co(bpy);]>*/** redox couple due to the optimum
driving force for dye regeneration, less mass transport
limitation due to the less bulky [Cu(bpy);] complexes (see
Figure 7), and reduction of recombination due to the
introduction of steric bulk in the D35 dye.'”

The standard redox potential of the cobalt complex
[Co(bpy);]****(B(CN),)™5,, redox couple is 0.57 V (vs
NHE).” Here, 2,2'-bipyridine (bpy) is the bidentate ligand
and tetracyanoborate (B(CN),)” is the counterion of the
cobalt complex. By a combination of the [Co(bpy);]**/**(B-
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(CN),)75/, redox couple as the redox mediator and the
donor—z-bridge—acceptor (D—7z—A) structure-based Zn
porphyrin dye YD2-0-C8 as a sensitizer, Yella et al. achieved
a 11.9% efficiency with a V. of 965 mV, J,. of 17.3 mA cm™2,
and FF of 0.71.”” By cosensitization with the organic dye, they
further increased the efficiency to 12.5% under simulated 1-sun
(AM 1.5G) illumination. The presence of octyloxy groups in
the Zn porphyrin YD2-0-C8 sensitizer enables slower
recombination of the injected electron in TiO, with
Co**(bpy);. This dye also absorbs light across the entire
visible range.”” Kang et al. obtained a 12.1% efficiency under 1-
sun illumination by using the D—z—A structured Zn-porphyrin
SGT-021 dye with the cobalt complex redox shuttle [Co-
(bpy);]***(B(CN),) 3, In this case, the presence of the
octyloxy group in the dye structure also prevented the electron
back transfer recombination reaction and retained a V. close
to 1 V without sacrificing the J,. value.* The D—z—A structure
based Zn-porphyrin SGT-025 also gave a promising efficiency
of up to 11.0%"7 with a coadsorbent 7-conjugated phenyl
linker (HC-A1).'""* Therefore, the D—7—A structure based
Zn-porphyrin sensitizer is a promising dye for cobalt complex
redox electrolytes.

The standard redox potential of the tridentate ligand bpy-pz
(6-(1H-pyrazol-1-yl)-2,2'-bipyridine) containing the [Co(bpy-
pz),>*/**(PF4")s, redox couple is 0.86 V (vs NHE), which is
higher than the standard redox potential of the bidentate 2,2’
bipyridine ligand based [Co(bpy);]**/**(PE¢"),,, redox couple
(~0.56 V vs NHE). Thus, the presence of pyrazole in the
ligand bpy-pz stabilizes the HOMO level of the complexes
more than does 2,2-bipyridine (bpy). By using the Y123
organic sensitizer and [Co(bpy-pz),]**/**(PFs);/, redox
electrolyte, Yum et al. achieved a 10% efficiency with a V.
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Figure 8. (a) Energy levels in DSSC for Y123 dye and Cu complexes, the chemical structures of (b) various Cu complexes and (c) Y123 dye, and
(d) the minimum-energy structures of Cu(II) complexes. Reprinted with permission from ref 16. Copyright 2016 American Chemical Society.

above 1 V.”* In 2014, Mathew et al. reported a DSSC with a
13.0% efficiency using a D—n—A structured porphyrin dye,
SM315, with the [Co(bpy);]>"/*" redox mediator.'” In 2015,
Kakiage et al. reported a record efficiency of 14.3% under full
sun illumination using a cosensitized organic dye, ADEKA-1 +
LEG#4, with the [Co(phen);]*/** redox couple."' In 2018, Ren
et al. reported a remarkable efficiency of 12.6% under full sun
(AM 1.5G) illumination using the [Co(bpy);]**/** redox
mediator and the D—z—A structured organic blue dye R6.*" Ji
et al. reported an outstanding efficiency of 14.2% under 1-sun
(AM 1.5G illumination) conditions by using the [Co-
(bpy);]**/** complex as the redox mediator and a cosensitized
D—rz—A structured organic dye, SGT-149, and a porphyrin
dye, SGT-021, with the coadsorbent HC-A1’

The driving force for the dye regeneration is sufficient for
the [Co(phen);]*/%(PF¢7);/, and [Co(bpy);]**/*(PFs )5,
complexes due to the moderate positive redox potential.
Therefore, when [Co(phen);]*** and [Co(bpy);]**/* com-
plexes are used as redox mediators, a photovoltage of around 1
V should be obtained from the device if the recombination
reaction can be minimized by optimizing the device and
selecting the proper sensitizer. For efficient dye regeneration, a
large driving force is usually required for the cobalt complexes
due to the high reorganization energy between high-spin d’
states of Co(II) and low-spin d® states of Co(III)-
complexes,'*”'% which is the major drawback of the Co
complexes.

Copper complexes have received a great deal of attention as
redox mediators due to their fast electron self-exchange
property, which decreases the charge transport limitation.'***
Copper complexes have been used both in liquid electrolytes
as redox mediators and also in solid electrolytes as hole
mediators.”'?” Like other transition-metal complexes, the
redox potential of the copper complexes can also be tuned
by changing the ligands in the complex. In addition, copper is
nontoxic, abundant in the Earth, and comparatively cheaper
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than cobalt. In 2005, Hattori et al. first introduced various blue
copper complexes as redox mediators in the DSSC. However,
the efficiency of the device was poor at that time, but the V_ of
the device using [Cu(dmp),]>"/* as the redox mediator was
higher than the V,. of the device using the I’”/I” redox
mediator due to the more positive standard redox potential of
[Cu(dmp),]**"* (0.93 vs NHE)."* In 2011, Bai et al. reported
a C218 dye sensitized solar cell with 7.0% efficiency using
[Cu(dmp),]**"* complex redox shuttles.”> The enhancement
in the efficiency of the copper complex redox couple based
device was mainly due to the significant increase in the V.
(0.93 V) because of the higher positive redox potential of the
copper complexes. The ], value for the copper electrolyte was
lower than that for the iodine electrolyte. They also found a
lower IPCE, especially in the blue region, for the copper
electrolyte device than for the iodine electrolyte device. Their
IPCE data indicate the stronger absorption of copper
complexes than iodine electrolytes. They also reported that
the copper redox shuttles may transfer electrons to a lesser
extent to a noble metal, carbon black, and conducting oxides,
which causes the poor fill factor. Therefore, careful selection of
counter electrodes, copper complexes, and photosensitizers can
further improve the efficiency of the device. Cong et al
compared the [Cu(bpye),]*** redox shuttle with the [Co-
(bpy);]**/** redox couple and found a higher PCE as well as a
higher V. for the [Cu(bpye),]*"/* redox couple based device
than the [Co(bpy),]**/** redox couple based device due to the
more positive redox potential (~0.59 V) of [Cu(bpye),]**'*
complexes.”” The main disadvantage of the [Co(bpy);]*"/**
redox shuttle is the mass transport problem, which may be
possible to overcome by changing the ligand of Co complexes
to bpye. Pradhan et al. found in their study with different redox
electrolytes that the [Cu(dmb)]**/* redox shuttle showed a
lower mass transport, better diffusion, and comparatively low
driving force (~0.1 V) required for efficient dye regeneration
compared to the [Co(bpy)]**/>* redox shuttles."* Saygili et al.
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Figure 9. Modification of DSSC device structure by direct contact between the dye-sensitized TiO, photoanode and the electrically deposited
poly(3,4-ethylenedioxythiophene) (PEDOT) in the FTO. Reprinted with permission from ref 12. Copyright 2018 Elsevier.

reported DSSCs with over 10% efficiency using three different
copper complexes, [Cu(dmp),]**/*TESI,,;, [Cu-
(dmby),]**/*TESL,;, and [Cu(tmby),]**/*TFSL,,, as redox
shuttles. The standard redox potential for [Cu-
(dmby),]***TESL,, is 0.97 V (vs NHE), which is higher
than the standard redox potential of the [Cu-
(tmby),]**/*TESL,,, complex (0.87 V vs NHE).'® Therefore,
the ligand 6,6'-dimethyl-2,2'-bipyridine (dmby) in copper
complexes reduces the redox potential toward a more positive
potential than the ligand 4,4’,6,6'-tetramethyl-2,2’-bipyridine
(tmby). However, the differences in the V,_ values for the
devices with these three different copper complexes were
insignificant (V,: 1.07 V for [Cu(dmby),]**’*, 1.04 V for
[Cu(tmby),]**”*, and 1.06 V for [Cu(dmp),]**/*)."° If we
consider the energy level of the TiO, conduction band edge of
—0.5 V (vs NHE), then the maximum theoretical V,_ under an
intense light condition for the device with the [Cu(tmby),]**/*
complex redox mediator (redox potential of 0.87 V vs NHE)
should be 1.37 V. For the devices with [Cu(dmby),]*"/* and
[Cu(dmp),]**"*, the maximum theoretical V,_ values can be
1.47 and 1.43 V, respectively (see Figure 8).

The theoretical losses of V. were around 400, 330, and 370
mV for the devices with [Cu(dmby),]**/*, [Cu(tmby),]**'*,
and [Cu(dmp),]**/, respectively. The lowest loss of V,_ was
for the device with the [Cu(tmby),]**/* complex redox couple
probably due to the slower back transfer recombination. There
was an enhancement of the ] value for the device with the
[Cu(tmby),]**/*TFSL,; redox couple. The small driving force
is required to regenerate the dye efliciently by these Cu
complexes due to the low reorganization energy, which may be
attributed to the distorted-tetragonal structure of the copper-
(II) complexes (see Figure 8d) due to the steric hindrance of
methyl groups in the 2,9-positions of the ligand.

Cao et al. reported an outstanding efficiency of 13.1% under
standard AM 1.5G illumination for the [Cu(tmby),]**/* redox
couple by modifying the device architecture by direct contact
between the dye-sensitized TiO, photoanode and the electri-
cally deposited poly(3,4-ethylenedioxythiophene) (PEDOT)/
FTO counter electrode (see Figure 9)."”
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There was no V. drop due to the direct contact between the
large-band-gap PEDOT conducting polymer (p-type) and
TiO, (n-type); this indicates the insignificant electrical shunt
between them. Cao et al. achieved this outstanding perform-
ance by improving the light-harvesting efficiency using
cosensitization of two D—z—A structured organic dyes, Y123
and XY1b, with the coadsorbent CDCA. The fill factor (0.79)
was also noticeably high for copper electrolytes due to the
improvement in the mass transport by using a high
concentration of the redox couple and no TiCl, post-
treatment. In this direct contact device architecture, the
redox shuttle diffuses through TiO, nanopores and the
Warburg resistance is significantly reduced due to the decrease
in the diffusion path."”

In 2020, Ren et al. reported a DSSC with 12.7% efhiciency
with the [Cu(tmby),]**/* redox electrolyte using the
cosensitized organic blue dye R7 with the Y123 dye. In
2021, Zhang et al. introduced the Cu(tmby)>**/* redox
mediator in the D—7z—A structure based organic dye MS5."
They managed to maintain a theoretical V. loss of only 130
mV for the MSS dye, which may be due to the reduction of the
back interfacial recombination and less driving force required
for efficient dye regeneration by the Cu complexes. However,
the J,. value for the MSS-dye-based device was poor due to the
low light-harvesting efficiency of that dye. By using the D—7—
A structured organic dye XY1b with the adsorbent CDCA as a
sensitizer and Cu(tmby)**/* complex as a redox mediator, they
obtained an 11.8% efficiency under simulated 1-sun illumina-
tion with a comparatively high J,. and fill factor. This may be
due to the high LHE, efficient dye regeneration, and low back
transfer recombination reaction. To further increase the LHE,
they cosensitized the MSS dye with the XY1b dye and reported
a remarkable efficiency of 13.5% under standard AM 1.5G (1-
sun) illumination and 34.5% under 1000 Ix illumination
(Osram 930 warm white daylight).8 In 2022, Ren et al
reported a record PCE of 15.2% under 1-sun condition by
using cosensitization with the newly developed SL9 and SL10
organic dyes with [Cu(tmby)]**/* redox electrolytes.”” The
device optimization by preabsorbing hydroxamic acid made it
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possible to achieve such a high PCE of 152% of the
cosensitized device. [Cu(tmby)]*/* complexes were also
used as hole mediators in a complete solid-state DSSC, and
a record efficiency of 11.0% was obtained by Cao et al.'”’
Clearly, Cu(tmby)**/* complexes are more suitable as redox
mediators due to several reasons: (1) the favorable redox
potential (0.87 vs NHE) of Cu(tmby)*/* can minimize the
photovoltage loss and a low driving force (~0.1—-0.2 V) is
required for efficient dye regeneration due to the low internal
reorganization energy of the complexes, (2) 6,6'-methyl
substituents in the tmby ligand may protect copper complexes
from oxidation and moisture,'”” and (3) the 6,6'-methyl
substituent in tmby may be the reason for the rigid structure of
the Cu(tmby)]**/* complexes and prevent a structural change
as much as possible, which may favor the rapid self-exchange
electron transfer.'””'%" It is observed that Co®*/?* and Cu*"/*
complex redox electrolytes have already exceeded the perform-
ances of I;7/I" redox electrolytes. Metal complex redox
shuttles are more promising in terms of enhancing the V. of
the device. In particular, Cu(tmby),>"/* complexes are more
suitable due to the low driving force required for efficient dye
regeneration and minimal sacrifice of the ], value of the device.
Judicious device optimization can play a key role in reducing
the limitation of metal complex redox shuttles.

Both cobalt- and copper-based complexes can be potential
redox shuttles for DSSCs by proper optimization of the
electrolytes, tuning the redox potential by varying ligands to
get an optimum driving force (~0.2—0.3 V) for dye
regeneration, using complexes with small reorganization energy
between two states, optimization of the device to avoid charge
recombination, and use of a suitable counter electrode for the
specific redox shuttle.

4.1.4. Tandem or Mixed Redox Shuttles. Considering the
synergistic effect of the mixed shuttles on the device
performance, tandem or mixed redox shuttles, such as Co-
complex-phenothiazine (PTZ)/Ec,'° sulfide/polysulfide-io-
dide,'"* TEMPO-iodide,'"* TEMPO—Co-complexes,113 and
tris(4-alkoxyphenyl)amine-Co-complexes,"'* were also used
in DSSCs to enhance both ], and V. simultaneously. A
maximum PCE of 11% under 1-sun condition was reported by
using tris(4-ethoxyphenyl)amine (TPEA)-[Co(bpy),]*"/**
tandem redox shuttles with an organic dye (see Figure
10).""* The maximum V,. value of around 1.03 V of the
device was obtained by using the bulkier tris(butoxyphenyl)-

Vocmax : 1:03V N i 11%
EF-- ‘ S
Y &
SN ' ..... N
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\N/ ‘\N x
(NN
= N Z

n=0,1,23

Figure 10. Effect of tris(4-alkoxyphenyl)amine (TPA) mediator on
TPA-Co mixed redox shuttles. The recombination of TiO, (e”) was
retarded by the steric effect of the TPA mediator. Reprinted with
permission from the graphical abstract of ref 114. Copyright 2018
American Chemical Society.
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amine (TPBA) in this tris(4-alkoxyphenyl)amine-Co-complex
tandem redox shuttle, which was attributed to the suppression
of charge recombination by the bulkier butoxy groups in the
tris(4-alkoxyphenyl)amine mediator.''* The highest PCE was
achieved with the TPEA-[Co(bpy);]**/*" redox system due to
the balanced J. and V. values.

4.1.5. Redox Shuttle for Aqueous DSSCs. DSSCs using
nitrile-based organic solvents can raise serious concerns about
safety in practical applications, especially in indoor photo-
voltaics due to several drawbacks of organic solvents, such as
high vapor  pressure, toxicity, and acute environmental
impact.'® Regarding the nontoxicity, safe, and eco-friendly
nature of water, a 100% aqueous DSSC can be regarded to be a
safe and eco-friendly energy source. To date, in most of the
cases, the I;7/I" redox shuttle was utilized in aqueous
DSSCs.''°™""® The highest PCE of 7.02% for 100% aqueous
DSSCs was achieved under 1-sun illumination by using the
I;7/I" redox shuttle with an optimized counter electrode and
sensitizer."'® However, there is an increasing issue about iodate
formation and stability of the I;7/I7 redox shuttle based
aqueous DSSCs."'? Organic redox shuttles, such as TEMPO*/
TEMPO'* and thiolate/disulfide (T~/DS),"*' were also
utilized to fabricate aqueous DSSCs, and the PCE under 1-
sun condition was in the range of 4—5%. The most important
issue about organic redox shuttle based aqueous DSSCs is that
the stability of the device was not good.””'*" Among metal
complexes, the [Fe(CN)]*/3* redox couple can be a
promising candidate due to its noncorrosiveness and similarity
of its redox potential to that of I;7/I". By using the
[Fe(CN)s]*/3* redox shuttle and optimizing the device with
a carbazole-based dye, Daeneke et al. reported a maximum
PCE of 4.2% under 1-sun illumination. However, the
photocatalytic degradation of the [Fe(CN)4]**/3* redox couple
under white light illumination can cause instability of the
device.'*?* Various Co complexes, such as [Co-
(bpy),]3/2*,'2>"** [Co(phen);]>"/*,'** were also utilized as
redox shuttles for aqueous DSSCs; however, the PCE under 1-
sun illumination did not exceed 6% even by optimization of the
device in various manners.

4.1.6. Redox Shuttles for p-Type DSSCs. In p-type DSSCs, a
dye-sensitized p-type semiconductor film (e.g, NiO) on a
TCO substrate works as a photocathode, where the photo-
excited dye injects holes into the semiconductor. The reduced
dye is then regenerated by the oxidized species of electrolytes.
The reduced species of electrolytes inject electrons into the
counter electrode. The injected electrons in the counter
electrode move to the working electrode through the external
circuit and complete the cycle (see Figure 11).

Like n-type DSSCs, the I;7/I" redox couple is mostly used
as a redox shuttle in p-type DSSCs. The PCEs of p-type
DSSCs are much lower than those of n-type DSSCs due to the
large amount of visible light absorbed by typical NiO
semiconductors used in p-type DSSCs and small energy gap
between I;7/I” (+0.35 V vs NHE) electrolytes and the NiO
(+0.70 V vs NHE) semiconductor.**~"*’ Using the [Co-
(en)3]3+/ 2* (en = 1,2-diaminoethane) redox shuttle, Powar et
al. reported a 1.3% PCE with V. = 0.709 V under 1-sun
condition for p-type DSSCs. The enhanced V. value was due
to the use of the high negative redox potential [Co(en);]>*/**
redox shuttle.'”® Using the same redox shuttle in an aqueous
medium, the same research group further enhanced the
maximum PCE to 1.6% under 1-sun condition by controlling
pH =~ 10 of the aqueous electrolyte solution.'”” Perera et al.
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Figure 11. p-Type DSSC device structure with a p-type semi-
conductor and its working principle.

reported a PCE of up to 2.3% by optimizing a p-type device
using an organic-solvent-based [Fe(acac);]%~ (acac
acetylacetonato) redox shuttle with 7perylene-thiophene-
triphenylamine dye (PMI-6T-TPA)."”” They achieved a
maximum J,. of 7.65 mA cm™ by optimizing electrolytes and
using a blocking layer on the NiO working electrode.'”’
However, using the more negative redox potential [Fe-
(acac);]”~ redox shuttle (E,.q0x = —0.2 V vs NHE), they did
not achieve a high V,. compared to the [Co(en);]**/** redox
shuttle (E 40, = —0.03 V vs NHE) device, because of the fast
charge recombination across the electrolyte/FTO interface.'””

4.2. Medium for the Redox Shuttle. The solvent is the
medium for the transportation of ionic species in the
electrolyte. The choice of the solvent in redox electrolytes
depends on the solubility and fast diffusion of the redox shuttle
through that medium. Viscosity, boiling point, dielectric
constant, and donor number are the important parameters of
the solvent when selecting a suitable solvent for the redox
electrolytes in DSSCs. Table 1 gives the physical properties of
some common solvents for the redox electrolyte system.

The solvent should have low viscosity to enhance the
mobility of the carrier ions, a high boiling point to reduce
solvent leakage and evaporation problems, high polarity to
dissociate the ionic salt, and inertness toward the dye attached
on the TiO, semiconductor surface or dye—metal oxide bond.

In addition, solvents should have low toxicity and environ-
mental impact. The dielectric constant of the solvent
represents a rough estimation of its polarity. The higher the
dielectric constant of the solvent, the higher the dissociation
capacity of an ionic salt in that medium. The donor number is
an empirical parameter to evaluate the nucleophilic property of
the solvent. The donor number is defined as the negative AH
value (kcal mol™) for the interaction of the electron-pair
donor with the standard acceptor SbClg in a diluted 1,2-
dichloroethane (DN = 0) medium."*° With an increase in the
donor number of the solvent, the V. value significantly
increases but J,. decreases.””"'** A high donor number (large
nucleophilic or basic property) of the solvent causes a negative
shift of the TiO, conduction band, resulting in the enhance-
ment of the V. Due to the negative shift of the TiO,
conduction band, the driving force for the electron injection
from the excited dye to the TiO, semiconductor is reduced; as
a result, the ], value decreases because of the reduction in the
electron injection efficiency. Therefore, sometimes a mixed
solvent can be used to tune the donor number of the medium.
For instance, a 90/10 (v/v) mixture of acetonitrile (ACN) and
3-methyl-2-oxazolidinone (NMO) enhances the V. with
minimal loss in J,, leading to an overall increase in
performance.'”> From an analysis of efficient DSSCs (see
Table 3), it is confirmed that nitrile-based solvents ACN and
MPN are the most effective for redox electrolytes; however,
they are highly volatile. Fukui et al. also found that an 80/20
(v/v) mixture of ACN and tetrahydrofuran (THF) in the I;~/
I" electrolyte enhances the V. with no loss in ], due to the
favorable donating ability of the medium."*" However, THF is
highly volatile and comparatively less polar and can solvate
most organic sensitizers. Water was also used as a solvent in
DSSCs, due to its safe and eco-friendly nature.''”'*%'%
However, in the I;7/I" redox system, the oxidation of iodide
by water and oxygen may produce iodate (IO;”) rather than
I~ (eq 25),"" which causes I~ depletion and decreases the
device performance.

2S* 4 31" + 40, + H,0 — 28 + 310; + H* (25)

The major limitation of aqueous DSSCs is the low
photovoltaic performance due to the mass transport issue'*°
and significant dye desorption, especially with metal-based and
hydrophilic dyes.'*” Alcohols, such as methanol and ethanol,

Table 1. Physical Properties of Some Common Solvents Used for DSSC Redox Liquid Electrolytes®

solvent melting point (°C)
water 0 100
acetonitrile (ACN) —44 81.6
propionitrile (PN) -93 97
valeronitrile (VN) —96.2 141
3-methoxypropionitrile (MPN) —63 164
tetrahydrofuran (THF) —108.4 66
N,N-dimethylformamide (DMF) -78 133
dimethyl sulfoxide (DMSO) 19 189
sulfolane 27.5 285
y-butyrolactone (GBL) —44 204
N-methyl-2-pyrrolidone (NMP) —24 203
3-methyl-2-oxazolidinone (NMO) 15 266
Ethylene carbonate (EC) 36 238
Propylene carbonate (PC) —49 241

“All data at 25 °C and 760 mmHg except where otherwise specified.

boiling point (° C)
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viscosity (cP) dielectric constant  donor number (kcal mol™)

0.89 78.4 18.0
0.33 (30 °C) 37.5 (20 °C) 14.1
0.39 (30 °C) 27.7 16.1
0.78
2.5 36 16.1
0.47 (30 °C) 7.6 20.0
0.80 36.7 26.6
2.0 46.5 29.8
10.07
1.7 42 18.0
1.65 322 27.3
2.5 77.5
90 89.1 16.4
2.5 64 15.1
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Table 2. Structures and Physical Properties of Ionic Liquids Used in DSSC Redox Electrolytes

Tonic liquid Structure Melting point | Viscosity
(W9 (cP)
1,3-Dimethylimidazolium iodide (DMII) Nﬁ\:\N 92 -
‘—\/
1-Ethyl-3-methylimidazolium iodide f 71.5 -
(EMII) NI
1-Methyl-3-propylimidazolium iodide [\ 17 865
(PMII) TR
1-Butyl-3-methylimidazolium iodide E\N‘ =72 963
(BMII) S
1-Hexyl-3-methylimidazolium iodide N\ -75 1439
1,2-Dimethyl-3-propylimidazolium \/NA:\N 94 -
iodide (DMPII) ,—j/ =
1,2-Dimethyl-3-hexylimidazolium M\ <100 -
iodide (DMHII) \A/V,Nj
1-Ethyl-3-methylimidazolium N 13 19.8
tetracyanoborate (EMIB(CN)4) NC\XN\ (20 °C)
Nc/B\CN
1-Ethyl-3-methylimidazolium [\ -10 18
tricyanomethanide (EMITCM) /\i;\‘ YEN\ (20 °C)
G
én
1-Butyl-3-methyltriazolium iodide \/\/N/t:\N <100 -
(BMTL) SN

are not suitable as solvents in DSSC redox electrolytes due to
their hydrophilicity, which can cause dye desorption. Ester-
and lactone-based solvents, such as ethylene carbonate (EC),
propylene carbonate (PC), and y-butyrolactone (GBL), are
also used in DSSCs due to their lower volatility and high
dielectric constant.’”'*>'** EC has a high melting point (~36
°C) and high viscosity. Therefore, a cosolvent is required with
EC. However, the performance of these solvents cannot
overcome the performance of the ACN-based solvent due to
the mass transport limitation of the redox shuttle in these
media. GBL has potential as a solvent for DSSC redox
electrolytes compared to other lactone-based solvents due to
its low melting point (~—44 °C), high boiling point (~204
°C), moderate donor number (18), and comparatively low
viscosity (~1.7 cP). N-Methyl-2-pyrrolidone (NMP) has a
high donor number (high basicity), so it can simultaneously
enhance the V. and decrease the ] value.

4.3. lonic Liquids. An ionic liquid (IL) is a salt whose
melting point is below 100 °C or even at room temperature.
The IL is composed of at least one organic ion (usually a
cation) with a delocalized charge to prevent a stable crystal
lattice. Due to the loosely coordinating bonds between ions,
the melting point is below 100 °C. An IL can be an alternative
to volatile organic solvents due to several advantages, such as
negligible vapor pressure even at the high temperature of the
solar cell operation, high electrochemical stability, wide
electrochemical window, and the ability to dissociate a wide
range of organic and inorganic compounds. Generally, the
viscosity of an IL is around 10—500 cP."** Thus, ILs are far
more viscous than the common organic solvents used in DSSC

redox electrolytes. The IL is called a “tunable” solvent because
its physicochemical properties can be varied by modifying the
cationic or anionic components.'*” The high viscosity of ILs
causes a mass transport limitation of the redox shuttle. A
relatively low viscosity and hydrophobicity of ILs are essential
for their use in redox electrolytes for DSSCs. Table 2 shows
the structure and physical properties of the most common ILs
used in DSSC redox electrolytes.

In the I-alkyl-3-methylimidazolium iodide series, com-
pounds with an alkyl chain from propyl (C3) to nonyl (C9)
are viscous liquids, and their viscosity increases with increasing
alkyl chain length due to the increasing van der Waals
interactions. Kubo et al. studied a series of 1-alkyl-3-
methylimidazolium iodide ionic liquids with alkyl chain lengths
from C3 to C9 as molten salts in iodine electrolytes and found
that the 1-hexyl-3-methylimidazolium iodide molten salt
electrolyte had the best photovoltaic performance despite
having a higher viscosity and conductivity than the lower alkyl
chain length members.'"*" The J,. value increases with
increasing alkyl chain length from propyl (C3) to heptyl
(C7) and then decreases for longer chain lengths. They
reported that the reason for the ], value increasing with
increasing alkyl chain length from C3 to C7 is due to the
enhanced diffusion coefficient of electrons in the TiO,/
electrolyte system. The increasing alkyl chain length increases
the van der Waals interaction and aggregation of the 1-alkyl-3-
methylimidazolium cation, which could enhance the adsorp-
tion of this cation onto the TiO, surfaces. As a consequence,
the J,. value may increase with increasing diffusion of electrons
in TiO, due to the enhanced adsorption of the 1-alkyl-3-
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methylimidazolium cation."*"'** In the imidazolium-based
ionic liquid, the viscosity can be reduced by changing its
counteranion to a loosely coordinating anion.'* 1-Ethyl-3-
methylimidazolium iodide (EMII) is solid at room temper-
ature, and the viscosity of the I-ethyl-3-methylimidazolium
(EMI) cation based ionic liquid decreased in the following
order: EMI*(PF,)~ < EMI*(BE,)~ < EMI*[N(CE;SO,),]" <
EMI*(CF,CO0O)~ < EMI*[B(CN),]” or EMI*[C-
(CN), ]~ Wang et al. achieved a remarkable efficiency
of 7.4% under 1-sun illumination completely using ionic liquids
as the solvent.'*’ They used binary ionic liquids, 1-propyl-3-
methylimidazolium iodide (PMII) and 1-ethyl-3-methylimida-
zolium tricyanomethanide (EMITCM), as nonvolatile sol-
vents. The viscosities of EMITCM and PMII are around 18 cP
(at 22 °C) and 865 cP (at 25 °C), respectively."*""'*® Thus,
due to the loosely coordinating bond between the
tricyanomethanide (TCM) anion and the 1-ethyl-3-methyl-
imidazolium (EMI) cation, the viscosity of the EMITCM ionic
liquid is significantly reduced. The reason for using binary
ionic liquids is to reduce the viscosity of the media; therefore,
the mass transport limitation of the redox shuttle can be
suppressed. Kuang et al. reported a 7.6% efficiency at simulated
1 sun illumination using 65% PMII with 35% 1-ethyl-3-
methylimidazolium tetracyanoborate (EMIB(CN),) as binary
ionic liquids in organic-solvent-free I;7/I" redox electrolytes.
They also claimed this binary ionic liquid based device was
highly stable even at 80 °C in the dark. During a 1000 h
accelerated test under 80 °C and dark conditions, they claimed
that their device was able to retain more than 90% of its initial
efficiency."*” Due to the high viscosity of the ionic liquid, when
the ionic liquid is used as a solvent in redox electrolytes, a high
concentration of the redox shuttle is required to compensate
for the mass transport limitation for fast dye regeneration. The
Grotthus-type charge transport mechanism (eq 26) may affect
the overall transport with increasing iodide concentration in
ionic-liquid-based 1;”/I” redox electrolytes.”®

LAl 5T LT 5T L - > +1; (26

Thus, triiodide might transfer to the counter electrode not
only by diffusion but also by other nondiffusional hopping type
mechanisms.®>'*® However, a high concentration of the redox
shuttle (iodide species) can increase the probability of the
reductive quenching of the excited dye.'”” Wang et al.
discovered evidence of the reductive quenching of the dye
excited state by a very high iodide concentration (eq 27) in
PMII ionic-liquid-based I,7/I" redox electrolytes. They also
reported from their transient laser experiment that reduced dye
species (S7) do not inject electrons into the TiO, conduction
band; rather, they decay by a slow reaction process (¢, = 1
ms) with oxidized species of electrolytes (I;7)."*

§*/Ti0, + 21" —» S7/TiO, + I,° (27)

Thus, reductive quenching of the excited dye can cause a
low photocurrent of the device. The short-circuit current
density and PCE of the device decrease with increasing
viscosity of the ionic liquid."*® From a comparison of the
impedance of the room-temperature ionic liquid (RTIL) and
liquid solvent based cells, it was determined that a higher
recombination and lower injection efficiency are the main
causes of the limiting performance of RTIL-based cells.'*” Due
to the limitation of the performance, the ionic liquid is not
suitable as a single solvent in redox electrolytes; rather, it can
be mixed with an organic solvent to enhance the performance
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of the device. Despite the high viscosity and mass transport
limitation of the RTILs, several attempts have been made to
use an RTIL as a single nonvolatile solvent in DSSCs to
enhance both the performance and stability of the devices. Shi
et al. tested two types of redox liquid electrolytes: a low-
volatility electrolyte (1) organic solvent MPN with a
combination of an ionic liquid salt DMII and additives in
the 1;7/I" redox couple and a nonvolatile electrolyte (2) fully
organic-solvent-free mixed ionic liquids EMII, EMIB(CN),
with a combination of DMII and the same additives.">’ They
obtained an efficiency of 9.6% for the organic solvent based
low-volatility electrolytes and 8.6% for the fully ionic liquid
based nonvolatile electrolytes under standard AM 1.5G
illumination. However, in a long-term stability test, both low-
volatility organic solvent based and nonvolatile ionic liquid
based devices were stable with an insignificant difference
(efficiency dropping 9% for the low-volatility electrolytes and
6% for the ionic liquid electrolytes) under 60 °C and full
sunlight for 1000 h."° Recently, Bousrez et al. reported that
the 1-alkyl-3-methyltriazolium iodide ionic liquids can be more
suitable in DSSC electrolytes over imidazolium iodides due to
their less hygroscopic nature. In the 1-alkyl-3-methyltriazolium
iodide series, compounds with an alkyl chain length from C4 to
C10 exhibit the characteristics of ionic liquids. They found that
the 1-butyl-3-methyltriazolium iodide ionic liquid based device
showed the best efficiency of 6.63% under 40 °C and 1-sun
conditions."*'

Although ionic liquids limit mass transport due to their high
viscosity, this class of compounds has great potential due to the
enhancement of the stability of the device. Under ambient light
conditions, the operation of the device requires a lower mass
transport of the redox shuttle due to the lower photocurrent
generated by the dye in low light. Therefore, in indoor
photovoltaics, the ionic liquid can play a significant role as a
nonvolatile solvent. By proper optimization of the device, the
PCE under 1 sun may also be enhanced to a certain extent.
The most important use of this class of compounds can be as
additives in organic solvent based liquid redox electrolytes and
iodide sources of I"/I;~ redox electrolytes.

4.4. Additives for the Redox Electrolytes. Additives are
certain compounds whose presence in electrolytes can improve
the photovoltaic performance of the solar cell. The common
additives used in DSSC redox electrolytes are shown in
Scheme 2.

Nazeeruddin et al. first reported that a TBP treatment in a
dye-sensitized TiO, electrode significantly enhanced the V.
and fill factor of the device due to the suppression of the
interfacial recombination reaction between the injected
electrons in TiO, and the oxidized species of the redox
couple."”® The V,. value for DSSCs with the I;"/I" redox
electrolyte can be expressed by eq 28"

T Iin‘
b

q ncbkrec[IS ] (28)
where I is the flux of the charge from injection by the

sensitizer to the TiO, semiconductor, ng, is the carrier electron
density on the conduction band of TiO,, and k,. is the rate
constant of the interfacial recombination reaction (back
electron transfer from TiO, to I;7; see eq 29).

I; + 2e, = 31 (29)
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Scheme 2. Structures of the Most Effective Additives in
DSSC Redox Electrolytes

Lewis base as additive

/
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- methylbenzimidazole
Butylpyridine (MBI) (CEMI)
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pK, ~5.99
Cation as additive
+ —
NH,
. | rR-NE N—
Li /C\ —
HoN NH, R= C4Hg or, CgH43
Guanidinium ion Dimethylalkylimidazolium ion
(Gu™) (DMAIY)

Therefore, the V. value can be enhanced by reducing the
rate of the interfacial recombination reaction (eq 28).
Adsorption of electron-donating TBP at the electron-accepting
TiO, sites causes passivation at the TiO, surface, which
suppresses the back electron transfer from TiO, to the oxidized
species (electron acceptor) of the electrolytes and reduction in
the electron injection efficiency from the excited dye. Boschloo
et al. quantified the effect of the addition of TBP to the I;/I"
redox electrolytes in DSSCs. From the charge extraction and
electron lifetime measurement, they concluded that the
increase in the V. of around 260 mV due to the addition of
0.5 M TBP in MPN solvent based I;”/I" electrolytes could be
attributed to both a shift of the TiO, conduction band toward
negative potential (~60% contribution) and an enhancement
of the electron lifetime (~40% contribution).'”> The
adsorption of TBP on the TiO, surface may decrease the
chance of I~ accessing the TiO, surface. The increase in the
electron lifetime may be attributed to the blocking effect of
TBP and the complexation of free iodine with TBP, which is
much more pronounced at higher TBP concentrations and for
the MPN-based solvent than for the acetonitrile solvent.'>”
However, the major factors for V_. enhancement can be
attributed to the shifting of the TiO, conduction band edge
toward negative potential >*'>* to suppress the interfacial
recombination reaction of the injected electron and oxidized
species (electron acceptor) of the redox electrolytes.'”*'>
Besides, the presence of TBP may decrease the amount of
adsorbed protons and cations on the TiO, surface. However,
TBP and pyridine can be adsorbed readily on the Pt surface by
its nitrogen atom in the aromatic ring."**"*” Kim et al. studied
the effect of TBP on DSSC electrodes. They found from the
EIS measurement of the Pt-FTO/iodine electrolytes/Pt-FTO
cell that the catalytic effect of Pt can deteriorate and the
diffusion resistance of electrolytes can be increased by a higher
TBP concentration (>0.5 M)."*®* There is no measurable
influence on the charge transfer resistance in the counter
electrode and the diffusion due to the addition of TBP in
Co**/Co*" complex redox electrolytes. However, TBP harms
the charge transfer in the counter electrode and the diffusion in
the Cu®*/Cu" complex redox system.'*® The Cu(II) species is
the diffusion-controlling ion (low concentration of Cu(II)
species) in the Cu(II)/Cu(I) redox system. The Cu(II) species
is susceptible to altering its coordination sphere, which may
influence its coordination geometry and increase its coordina-
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tion number from 4 to 6. The substitution of the ligand by
TBP, solvent, and/or counterions in the Cu(II) complex may
happen.'” The Cu(I) species in the redox solution can
become bulky and hydrophobic due to this change.'"
Therefore, the reduced charge transfer and diffusion can be
observed due to the changes of the Cu(II) species. Ferdowsi et
al. found correlations of the basicity (pK,) of the pyridine bases
with the charge transfer rate in the PEDOT counter electrode
and the diffusion resistances of the copper redox mediator. By
studying the series of pyridine bases, they found that an
increase in the basicity of the pyridine bases leads to a decrease
in the formal rate constant of the charge transfer and an
increase in the diffusion coefficient.'*” However, a weak Lewis
base like 2,6-bis-tert-butylpyridine (pK, ~ 3—4) is ineffective in
increasing V,. by shifting the TiO, conduction band edge
upward. Therefore, bases with a pK, value near 6.0 like TBP
and 4-(S-nonyl)pyridine can be effective in enhancing the V.,
and the overall performance of the solar cell.

The pK, value of 1-methylbenzimidazole or N-methylbenzi-
midazole (MBI or NMB) (~6.0)"®" is almost the same as that
of TBP. The role of MBI as an additive in DSSC redox
electrolytes is also the same as that of TBP: ie., an
improvement in the V,_ value by shifting the TiO, conduction
band edge to a more negative potential and enhancing the
electron lifetime on the TiO, surface.'®* Like TBP, MBI may
also affect the TiO, surface charge by reducing the Li* ion
adsorption on the TiO, surface and may suppress the back
electron transfer to the electron acceptor species of electrolytes
by interacting with them.'®® Recently, it was found that the
effect of MBI in enhancing V. is much more pronounced than
that of TBP in I;7/I" electrolytes.'” However, MBI reduces the
Ji value more in comparison with TBP probably due to the
lower electron injection efficiency by a higher upshift of the
TiO, conduction band. There was no significant difference in
the overall PCE and stability of the device due to the use of
either the TBP or MBI additive in I,7/I” electrolytes.'” The
best power conversion efficiencies for copper complex redox
mediators have been achieved by using the MBI additive (see
Table 3). Therefore, MBI may be more suitable as a Lewis base
additive in copper electrolytes over TBP. Recently, Fiirer et al.
studied the role of Lewis base additives in the copper redox
mediator.'®* They concluded from their CV analysis that the
coordination of strong Lewis bases like TBP and MBI with the
Cu(II) complex (coordination number 4) is the main factor for
efficient blocking of the electron recombination with the
Cu(II) species (see Figure 12).

Fiirer et al. achieved the best efficiency with the MBI
additive in [Cu(dmp),]*"/* redox mediators mainly due to the
improvement in V,. with minimal sacrifice of the J,. value.'®*
However, it is still unclear why the J,. value is more reduced in
the case of TBP rather than the MBI additive in Cu(dmp)**/*
redox electrolytes. They also claimed that a weak Lewis base
additive, which may not coordinate with the Cu(Il) center, can
reduce the photovoltaic performance due to a higher charge
recombination. The possibly rational reasons for the low cell
performance with weak LB additive are the inability of a weak
LB additive to increase V. by shifting the TiO, conduction
band edge upward'® and the ineffectiveness in blocking
charge recombination processes. The binding or coordination
of Cu(II) complexes with the additional Lewis base additive
TBP or MBI may slow down the reduction of the Cu(Il)
species at the counter electrode'®* and complicate the redox
process. It should be noted that the binding or coordination of

https://doi.org/10.1021/acsomega.2c06843
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Figure 12. Effect of the coordination of an additional Lewis base (LB)
on the oxidation and reduction in copper complexes, with the most
favorable paths for oxidation and reduction being ACD and DBA,
respectively, and the possible mechanism of dye regeneration and
electrolyte regeneration by copper complexes in the presence of LB.
Reprinted with permission from ref 164. Copyright 2020 Wiley.

Cu(Il) complexes can negatively shift the redox poten-
tial,"*'® which can enhance the rate of the charge
recombination reaction due to the lower driving force for
recombination.'®® Recently, Ren et al. obtained a high FF
without sacrificing J,. and V. by using a S-chloro-1-ethyl-2-
methylimidazole (CEMI) additive in [Cu(tmby),]**/* redox
electrolytes instead of using MBL > The high FF may be due to
the low interfacial transport resistance between the electrolyte
and the counter electrode. The comparable ], and V_ values
with MBI additive indicate a similar interaction of [Cu-
(tmby),]**/*and CEML

The adoption of certain cations also affects the performance
of the DSSC. From laser-pulse-induced photocurrent transient
measurements, Kambe et al. found that the photogenerated
electron in the TiO, electrode increases in the order DMHI* <
TBA* < Na* < Li*.'"*” At high concentrations, the adsorption
of Li* on the TiO, surface boosts the photogeneration of
electrons and also increases the electron diffusion coeflicient in
the TiO, electrode. The multilayer adsorption of the
imidazolium cation, DHMI", increases electron diffusion to a
great extent but lowers the photogeneration of electrons.'**
The presence of a high concentration of both Li* and
imidazolium cations in the electrolyte solution may be
beneficial due to the increase of electron diffusion and the
optimum photogeneration of electrons. Guanidinium thio-
cyanate (GuSCN) is also used as an additive in DSSC redox
electrolytes. The guanidinium cation affects the photocurrent
in the same way as other cations, shifting the TiO, conduction
band toward a positive potential, which increases the electron
injection efficiency.'”” The adsorbent Gu* suppresses the
electron recombination at the TiO,/electrolyte surface by
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passivating recombination sites. The net effect of the
downward shift of the TiO, conduction and slower
recombination due to the adsorbent Gu' may increase the
overall V,. up to 20 mV.'*® Like Li*, intercalation of Gu" into
TiO, is not anticipated. However, Kopidakis et al. reported
that the Li* interaction in the TiO, film does not affect the
photovoltaic performance of the DSSC and only has a small
influence on the charge collection efficiency and the rate of
recombination.'®’

5. PROGRESS OF PHOTOVOLTAIC PERFORMANCE
OF DSSCS BY LIQUID REDOX ELECTROLYTES

5.1. Under 1-Sun lllumination. In Table 3, the
outstanding photovoltaic performances of DSSCs by using
redox liquid electrolytes under standard AM 1.5G (100 mW
cm™?) illumination are summarized. The sibgniﬁcant PCEs of
11.7% and 12.4% with a ruthenium dye® and concerted
companion dye,10 respectively, for I;7/I" redox shuttles, 14.3%
with two cosensitized organic dyes, for a Co*"/Co** redox
shuttle, and 15.2% with two cosensitized organic dyes® for a
Cu®/Cu" redox shuttle have been reported under standard
AM 1.5G (1-sun) illumination by optimizing the dye structure,
the counter electrode, and device fabrication.

5.2. Under Ambient Light Conditions. The intensity of
indoor light is much lower than that of outdoor light. The
spectra of ambient light also vary significantly with the solar
emission spectra. In Figure 13, a comparison of the emission
spectra of fluorescence and LED bulbs with the spectra of AM
1.5G standard is shown.'”” The intensity of standard indoor
light is around 200—2000 lx, which is around 0.2—2% of the
full sun (100 mW cm™, AM 1.5G) illumination (100000—
110000 Ix).

The low photocurrent is generated by indoor light
conditions. Therefore, a low concentration of the redox couple
is required to operate the solar cell and for efficient dye
regeneration. The reduced concentration of redox species in
electrolytes for indoor light conditions suppresses the
interfacial charge recombination.” Outstanding performances
under ambient light have already been achieved for DSSCs.
The exciting performances for liquid-state DSSCs under
ambient light conditions reported in the literature are shown
in Table 4. A record power conversion efficiency of 34.5% was
reported for DSSCs by using copper complex redox shuttles.”
The outstanding performances of DSSCs under indoor light
conditions make this technology a promising and clean energy
source to integrate in IoT and low-energy-consumption
electronic devices.

6. SUMMARY AND OUTLOOK

The redox electrolyte is the major component of a DSSC,
which affects the PCE and long-term stability of the device. By
using an I;”/I” redox shuttle, a remarkable PCE of up to 12.4%
has been achieved under 1-sun illumination. However, its low
positive redox potential restricts the V,_ of the device to 0.8 V.
Also, its drawbacks, such as competitive visible light absorption
with dye, corrosiveness toward metal, and volatile nature of
iodine, limit the large-scale module development by using the
I;7/T" redox shuttle. Thus, Co complex based redox shuttles
with a high V_ value have received great attention due to the
less competitive visible light absorption, with tuning of the
redox potential by replacing ligands. An outstanding PCE of
over 14% has been achieved by using the [Co(bpy);]**/

https://doi.org/10.1021/acsomega.2c06843
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[Co(bpy);]** redox shuttle, however, slow mass transport and 2
large reorganization energy in the counter electrode still limit . £ £ £ 2
. < 4 £ <2 £
the V. value to 1 V. Recently, using a Cu complex, a o £ g _ E ;E ;E ;E ;E
o < ST 8
[Cu(tmby),]**/[Cu(tmby),]* redox shuttle, the PCE of DSSC 5 . oM R R
BN ) 8 & gg & §C < 85 §£5
under 1-sun illumination has reported to be 15.2% with a V_ £ 8 g8 8 YN LY
of over 1 V. Although the V,_ value was improved significantly = % Sx g ‘g 8 ‘2 8 ‘; 8 ‘E 8
. ) 15} 1) 15}
by using the [Cu(tmby),]**/[Cu(tmby),]" redox shuttle, T 283 EE EE 82 £ &
further improvement of J,. value using this redox shuttle is EoaE © © © ©
difficult, due to the competition of the visible light absorption
i e
of Cu complexes and the requirement of using a dye with a £%E & 5 5 &5 &
. g . . . P
higher positive HOMO level, which limits the scope of the ESE S L. . 8 2 &8 &
. .. . oo g . © g 9 A~ A~ A~ A~ A [ ~
entire range of visible light utilization. Due to the higher
positive redox potential of [Cu(tmby)]**/[Cu(tmby)]* .
complexes (~0.87 V vs NHE), most of the developed high- < < P I
; . +
efficiency porphyrin dyes, such as SM315 (Eyopmo & 0.89 5] g - kL
V),'” SGT-021 (Eyomo =~ 0.82 V),* and XW17 (Eyomo ® = 2 L 4
0.68 V),'”® some organic dyes, such as SGT-149 (Eyono Z e E TE¥E:
@ <
0.84),” and near-infrared (NIR) absorbing organic dyes, such g L= ql:—g < B
as ISQ1 (Egomo = 0.62 V)'”? and AP3 (Eyonmo = 0.74 V),'® g I 5 4§ 5T
. . = = o o
cannot be explored with this Cu redox shuttle because of the z L8 A B8RS
17} < - = 1
insufficient driving force for dye regeneration. Therefore, 2 5_;5 g =) §°§ DUS g 5
research is needed to find a suitable redox shuttle with a redox T2 2 §° S8 §08 58
potential of 0.45—0.65 V or replacement of a ligand to tune the 28R T 288t at
. L L N~ — 8 E
redox potential of the Cu complexes, so that most of the §5 © 8 g %5 4B & E
porphyrin and organic dyes can be utilized. £ 22 g TE & - % 2
It has been assessed that the commercial application of §z = ISRl R

DSSCs for outdoor applications may be possible and
economically beneficial if the PCE of the device exceeds
15% under 1-sun illumination® and the device retains high
stabililgf under light-soaking at a high temperature (~60
°C)."*" Therefore, as proposed and depicted in Scheme 3 for
the PCE enhancement of over 16% (1) simultaneously
improving J. to over 21 mA/cm® and V. to 1.0 V of the
device can be feasible by utilizing cosensitization of currently
developed organic/porphyrin dyes with a NIR-absorbing dye
and redox shuttles with a redox potential around 0.45—0.65 V
and (2) improving the FF to 0.80 can be possible by using a
superior counter electrode catalyst with a specific redox shuttle
and proper device optimization,”””%!#11%>

Redox shuttles with a redox potential around 0.45—0.65 V
can give a theoretical V in the range of 0.95—1.15 V. The use
of cosensitization of previously developed porphyrin, organic,
and NIR absorbing dyes can broaden whole visible light
absorption, which surely can enhance the ] value by entire
visible light utilization. Depending on the cosensitization
system and maintenance of an optimum driving force of ~0.2—

liquid electrolyte composition
1,7/17 (0.07 M Lil, 1 M PMI], 0.0 M L,, 0.05 M TBP in ACN/VN

Co*/Co® (0.11 M [Co* (bpy);](PEs),, 0.025 M [Co* (bpy);](PE)s,

0.1 M LiClO,, and 1.2 M TBP in MPN)
Cu®*/Cu* (0.2 M [Cu(tmby),]TESI and 0.04 M [Cu(tmby),][TESI],,

Cu®*/Cu* (0.04 M [Cu(tmby),](TESI),, 0.20 M [Cu(tmby),]TESI,
0.1 M LiTFSL, and 0.6 M TBP in ACN)

0.1 M LiTFSI and 0.6 M tributyl phosphate in ACN)
Cu?*/Cu* (0.04 M [Cu(tmby),](TESI),, 0.20 M [Cu(tmby),]TESI,

0.1 M LiTFESI, and 0.6 M MBI in ACN)
Cu?*/Cu* (0.1 M [Cu(tmby),]TESI, 0.04 M [Cu(tmby),](TESI),,

pyridine derivatives in ACN and VN solvent mixture)
0.1 M LiTESI, and 0.6 M MBI in ACN)

(85:15, v/v)

Table 4. Progress of the Photovoltaic Performances for DSSCs Using Various Redox Electrolytes under Ambient Light Illumination
I;7/I” (EL-HPE; iodine, inorganic iodide salt, organic iodide salt,
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Scheme 3. Proposed Strategy for the PCE Enhancement of
over 16% in DSSCs under 1-Sun Illumination

1. Simultaneous Improvement of J,. and V,_ by

. Redox shuttles with redox potential ~0.45-0.65 V vs NHE
. Co-sensitization of present dyes with NIR-absorbing dye

JSC VOC

(221 mA cm?) (~1V) PCE
~ e 216 %
FF
~0.80

2. The improvement of FF by

. Using superior counter electrode, and
. Device optimization

0.3 V for dye regeneration, the use of a metal complex
(especially, Co or Cu complexes) redox shuttle with redox
potential of ~0.45—0.65 V may enhance the V. and J,. values
of the device simultaneously by reducing small potential loss
and increasing the LHE. The proper optimization of the device
and use of a superior catalyst for the specific redox shuttle can
reduce the charge transfer resistances and enhance the fill
factor of the devices.

In DSSC redox LEs, ACN-based solvents were highly
effective; however, they are volatile. Ionic liquids can play a
significant role as nonvolatile additives in the redox LEs to
improve the stability of the device. The improvement of sealing
by using advanced techniques and the development of
semisolid electrolytes are also demanded for the long-term
stability of the devices. Both TBP and MBI were effective as
Lewis base additives in DSSC redox electrolytes; however,
MBI was more effective for copper electrolytes than TBP. The
additional coordination of Cu(II) complexes with the strong
Lewis base TBP can slow down the reduction of Cu(II) species
in the counter electrode, complicate the redox process, and
negatively shift the redox potential. The record PCE of over
34% under ambient light was obtained by using a [Cu-
(tmby),]**"* complex redox shuttle, which ensures the great
potential of copper-based redox electrolytes for commercial
application in DSSCs to power IoT and low-power-
consumption electronic devices.
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