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Dye-sensitized solar cell (DSSC) is one of the promising photovoltaic (PV) 
technologies for applications requiring high aesthetic features combined with 
energy production such as building integration PV (BIPV). In this context, 
DSSCs have the ability to be wavelength selective, thanks to the development 
of new sensitizers by molecular engineering. The long history of dye research 
has afforded is technology different colorations for reaching panchromatic 
light absorption. However, nearly 45% of radiation from sunlight lies in the 
near-infrared (NIR) region, where human cones are not sensitive. This review 
provides the reader with key information on how to selectively exploit this 
region to develop colorless and transparent PV based on DSSC technology. 
Besides selective NIR absorbers, the triptych photoanode, counter-electrode, 
and redox mediator are together contributing to reach high aesthetic features. 
Details of all the components, interplay, and an opinion on the technological 
limitations to reach colorless and transparent NIR-DSSC are herein discussed 
in relationship with BIPV applications.
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we registered a rise of power installed 
from renewable sources during the last 
decade, a significant amount of effort is 
still necessary to introduce more sub-
stantially renewable energies into the 
energy mix to fulfill the future demand. 
In this context, solar energies and, more 
particularly, PV technologies are at the 
center of an important stake. According 
to EU Market Outlook for Solar Power, 
the year 2020 witnessed the most substan-
tial growth of solar energy production in 
Europe since 2010.[1]

The dominant silicon-based technolo-
gies represent a market share of ca. 90%. 
However, emerging technologies are being 
under exploration to improve solar com-
petitiveness and find new applications. 
The concept of transparent PV modules 
has emerged to render the solar panels 
visually non-intrusive, an important aspect 

for building, automotive, or urban-street integration. Dif-
ferent approaches have been followed: from the extremely thin 
opaque absorber to wavelength-selective thin-film PV, for which 
only the non-visible part of the solar spectrum is converted.[2–8] 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202101598.

1. Introduction

One current challenge for humanity is to revolutionize the way 
energy is produced, distributed, and consumed. Even though 
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The theoretical limit of power conversion efficiency (PCE) for 
a single junction wavelength-selective transparent photovoltaic 
(TPV) technology, combining UV-selective and NIR-selective 
absorption, with an average visible transmittance (AVT) of 
100% is 20.5%. In practice, only 10.8% can be expected after 
considering all optical losses from the selective conversion of 
both UV and NIR region. For the same AVT, the PCE is theoret-
ically lower for nonselective broadband absorbing cells. Hence, 
selective TPV, i.e., selective conversion of either the UV and/or 
NIR part of the solar spectrum, represents an important stake 
for the advancement of such TPV technologies.[9]

The only technologies that can afford selective conversion in 
the NIR are molecular-based ones, such as organic PV (OPV), 
luminescent solar cells (LSC), quantum dots solar cells (QDSC), 
and dye-sensitized solar cells (DSSC). For those, light absorp-
tion involves electronic transitions from discrete levels and can 
be adjusted through the tuning of the molecular structure, in 
contrast with the crystalline semiconductors for which unselec-
tive photon absorption occurs. For example, the first selective 
TPV was based on an OPV, which achieved 1.3% PCE and an 
AVT of 65%.[10] Soon after, this technology made noteworthy 
progress with Chen et  al., who achieved 4% PCE and an AVT 
of 64%.[11] On the other hand, LSC technology has displayed the 
highest value for AVT of 88.3%, with a lower PCE of 0.4%.[12,13] 
In between these technologies, DSSC emerged to be one of the 
most interesting semitransparent/transparent PV technologies 
because i) the dye absorbance can potentially exploit selectively 
the near-infrared (NIR) part of the solar spectrum, which repre-
sents ca. 45% of the solar irradiance until 1700 nm[14] (Figure 1), 
ii) they are based on optically transparent conductive oxide glass 
that affords to achieve high transparency in the visible range 
and iii) they can also be associated with tandem applications 
in association with a UV top cell to maximize light capturing 
outside the human eyes photopic response. Given the multiple 
advantages described above, the potential outcome of devel-
oping a sustainable colorless and transparent DSSC module 
appears highly promising.

After introducing the working principle and the specific needs 
for NIR-DSSCs, an overview of the aspects to be considered for 
the development of new efficient transparent materials and the 

key characterization techniques needed for the optimization of 
the materials is described in Section 2. Section 3 discusses indi-
vidually each component, namely sensitizer (Section 3.1), photo-
anode (Section 3.2), redox couples (Section 3.3), counter-electrode 
(Section 3.4) and antireflective coating (Section 3.5) with the aim 
to present potential exploration for NIR-DSSC technology. For 
this type of application, the power conversion efficiency (PCE) 
and transparency/color evaluation are the same weighted met-
rics. Our assessment on how the transparency and device colora-
tion need to be reported is herein discussed.

2. Materials Design and Characterization toward 
NIR-DSSCs
NIR-DSSC does not only mean developing new materials. 
It also calls for possible adaptation of existing time-resolved 
characterization techniques to monitor the NIR region. In this 
section, it is given an overview of the concept of transparency, 
injection, regeneration and recombination processes. It affords 
to emphasize the possible issues that can be encountered by 
narrowing the absorber’s bandgap.

2.1. Device Structure and Working Principles

DSSC technology is the sole existing electrochemical PV tech-
nology, thus composed of two electrodes separated by an elec-
trolyte (Figure 2). The photoanode is at its heart. It is composed 
of a large bandgap mesoporous layer typically of anatase TiO2 
nanoparticles. A self-assembled monolayer of dye is chemi-
cally adsorbed on the nanocrystals to ensure incident sunlight 
absorption.[15] The counter electrode (CE) consists of an elec-
trocatalyst layer deposited upon FTO glass to facilitate the elec-
tron transfer for the reduction of the oxidized form of the redox 
mediator, typically I3

−/I− or Co(III/II) complexes are used.
The operating principle in DSSCs under light and load 

involves four main processes with different time scales: i) light 
absorption by the dye followed by electron injection from the 
dye excited-state to the conduction band of the semiconductor 
(fs-ps), ii) dye regeneration (ns–µs) iii) electron transport 
towards collection (ms) and iv) diffusion of the redox mediator 
to/from the counter electrode (ms-s). A more detailed descrip-
tion of these processes can be obtained in the literature.[16–20] 
The focus here will be given to the limiting factors for trans-
parent selective NIR-DSSCs. The electron injection can enter 
in competition with the deactivation processes of the excited 
states. The dye regeneration can also compete with the back 
electron transfer reaction (i.e., geminate recombination).

The successful production of current relies not only on 
reaching a quantitative yield of electron injection and dye regen-
eration but also requires the minimization of the nongemi-
nate recombination dynamic compared to the transport time. 
Each unfavorable deactivation path requires to be at least 103 
times slower than the favorable pathway to reach 99+ % yield. 
One important challenge to overcome when integrating lower 
bandgap NIR dyes is nested in keeping successful energy align-
ment to favor both injection and regeneration steps. This restric-
tion limits enormously the number of dyes that can be adapted 

Figure 1. Solar radiation spectrum at sea level on a clear day (A.M. 1.5G) 
and photopic response in blue.
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to the benchmark TiO2 nanoparticles and the conventional redox 
mediators introduced so far. Needless to remind that all dyes 
developed for this technology since the seminal work of Graetzel 
et al. were based on matching with the conduction band edge of 
TiO2 and the chemical potential of iodine/iodide redox mediator. 
This duo upper bounds experimentally the light conversion to 
around 920 nm considering ca. 500 mV energy losses related to 
overpotentials needed for both injection and dye regeneration. 
Looking outside this box with a longer-term view of perspectives, 
clear opportunities exist on developing NIR-DSSC, however at 
the cost of totally rethinking the materials to operate specifically 
with the NIR dye and their associations.

2.2. Transparency and Aesthetic Assessment

One main outcome for prompting the development of NIR-
DSSC is the selective transparent PV (TPV). The first key 
metric to evaluate is the average visible transmittance value 
(AVT). AVT is defined as the weight of the integration of the 
transmission spectrum of the PV device against the photopic 
response of the Human eye; as such, AVT is calculated from 
the following equation:

AVT
T V S d

V S d

λ λ λ λ
λ λ λ

( ) ( ) ( ) ( )
( ) ( ) ( )

=
∫

∫
 (1)

where λ is the wavelength, T is the transmission, V is the pho-
topic response and S is the solar photon flux (A.M. 1.5G). The 
absorption spectrum of the human eyes photopic response 
is shown in Figure  1. The theoretical PCE limit of a single 

junction selective TPV technology has been calculated to 21% 
with an AVT of 100% while being 0% for a nonwavelength 
selective PV.[9] It decreases to a maximum of 14% PCE in the 
case of a non-wavelength selective for an AVT of 50%, before to 
rapidly decline for AVT greater than 50%. For a nonwavelength 
selective DSSC, a maximum of 44% AVT was reported for 
semitransparent DSSCs based on the visible absorbing bench-
mark organometallic Ru complex dye (N719).[21,22] In 2014, Han 
et al. reported a green see-through DSSC with a PCE of 3.66% 
and a maximum transmittance value of 60% at 560 nm. Their 
work is based on the cosensitization between two efficient dyes 
absorbing in the visible range: a D−π−A dye (Y1) for blue-light 
conversion (λ = 400 nm) and a squaraine dye (HSQ5) as a nearly 
NIR dye (λ = 700 nm) leading to a final green semitransparent 
device.[23] Recently, a photochromic semi-transparent DSSC 
was also proposed by Demadrille et al., reporting an AVT value 
of 59% in the dark without photovoltaic activity. The AVT value 
decreases to 27% upon illumination leading to a maximum 
PCE of 3.7%.[24] To empower the adoption of this technology in 
the TPV market, the development of NIR-wavelength-selective 
DSSC has been rapidly targeted as both transparency and 
efficiency can be finely adjusted. The first colorless and trans-
parent NIR-DSSC concept is based on cyanine dye coded VG20 
reaching a remarkable AVT of 76%.[25] This dye shows a max-
imum PCE of 3.1%, which is a modest value given the state 
of the art in opaque technologies but brings important added 
values in terms of aesthetic and integration opportunities. As 
the PCE and AVT are often inversely related, Traverse et al. pro-
posed introducing a new metric, the Light Utilization Efficiency 
(LUE), to rationalize the PCE and AVT values.[12] LUE is defined 
as the product of AVT and PCE:

Figure 2. Schematic representation of a DSSC (left) and the different charge transfer processes taking place under load and illumination (right): Photo-
excitation (kexc), electron injection (kinj), deactivation of the excited state of the dye (kd), dye regeneration (kreg), geminate electron recombination (kgr), 
nongeminate electron recombination (kngr), electron diffusion transport (kdif), redox couple reduction at the CE. �Ginj−∆  and �Greg−∆ , are corresponding 
to the driving force energy for electron injection and dye regeneration, respectively being the potential difference between the conduction band of 
semiconductor and LUMO level of the dye. �Greg− ∆ , corresponds to the driving force for regeneration being the potential difference between the ground 
state oxidation potential of the dye �E (D /D+ ) and the redox couple �E (R /R+ ).
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LUE AVT PCE= ×  (2)

The LUE compares different TPV technologies against theo-
retical limits and represents an overall system efficiency from 
both electrical and aesthetic aspects.

To define the acceptable range of optical properties of the 
TPV by the windows industry, the quantification of the ability of 
the devices to render some colors is becoming another funda-
mental metric. As it is not possible to measure color directly, it 
is always based on the comparison.[26] Moreover, under different 
illuminants, colors may appear different. Therefore, a reference 
system is mandatory. This conscious or subconscious compar-
ison of the color appearance of objects under a reference or a 
standard illuminant is defined as color rendering.[27] The Com-
mission Internationale de l’Eclairage (CIE), which is considered 
to be the authority on the science of light and color, introduced 
the color rendering index (CRI) as a metric to describe quanti-
tatively how accurately the color of a given object is rendered 
either from a light source or through a transparent medium as 
the TPV devices, with respect to an “ideal” illumination source 
(Figure 3). CRI value is calculated within an evolution of func-
tions as an average score on eight different test color samples. 
Starting with the definition of the color matching functions 

( ), ( )x yλ λ  and ( )z λ  as the numerical description of the chro-
matic response of the observer (the ( )y λ  function is identical 
to the eye photopic response), reflecting that human color 
vision possesses trichromacy (since the cone sensitivity func-
tions are usually not used directly in color calculation), the CIE 
introduced in 1931 the tristimulus values (X, Y, Z) as a replace-
ment for the red, green, blue system, giving the stimulation of 
each of these three primary colors needed to match the color of 
the reference. As such, the tristimulus values X, Y, and Z are 
determined considering the light source’s spectral power dis-
tribution (SPD), A.M. 1.5G(λ) in the case of TPV, and SPD of 
the tested sample or rather the transmittance curve, τ(λ), of the 
TPV device. The tristimulus values of the light transmitted by 
a TPV are:

. .1.5
380

780

X A M G xt ∑ λ τ λ λ λ( ) ( ) ( ) ( )= ∆  (3)

. .1.5
380

780

Y A M G yt ∑ λ τ λ λ λ( ) ( ) ( ) ( )= ∆  (4)

. .1.5
380

780

Z A M G zt ∑ λ τ λ λ λ( ) ( ) ( ) ( )= ∆  (5)

In addition, the spectral reflectivity of each of the eight 
standard test color samples, βi (λ), needs to be taken into 
consideration in deriving the 1931 CIE tristimulus values (of 
light transmitted by the TPV and reflected by each of the eight 
test colors):

. .1.5,

380

780

X A M G xt i i∑ λ τ λ β λ λ λ( ) ( ) ( ) ( ) ( )= ∆  (6)

. .1.5,

380

780

Y A M G yt i i∑ λ τ λ β λ λ λ( ) ( ) ( ) ( ) ( )= ∆  (7)

. .1.5,
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780

Z A M G zt i i∑ λ τ λ β λ λ λ( ) ( ) ( ) ( ) ( )= ∆  (8)

Subsequently, the relative magnitudes of these tristimulus 
values are calculated, obtaining the chromaticity coordinates  
(x, y, and z). However, only (x,y) coordinates are needed to 
describe the color into a 2D chromaticity diagram (CIE1931 
color space). As it is expedient for the color difference to be 
proportional to the geometrical difference in the chromaticity 
diagram, the CIE introduced the (u,v) chromaticity coordinates 
for the CIE1976 color space, also calculated from the X, Y, Z 
tristimulus values.

x
X

X Y Z
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+ +
 (9)
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Y
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+ +
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z
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=

+ +
 (11)
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6
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X
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Moreover, the CRI calculation procedure takes into account 
the adaptive color shift that follows from the human ability 
of chromatic adaptation to certain illumination environments 
without substantial loss of color perception. Thus the (u,v) 
coordinates are transformed into (c,d) coordinates, leading to 
the calculation of the trichromatic coordinates correction after 
distortion by chromatic adaptation ( , ), ,u vt i t i′ ′ .

4 10
c

u v

v
n

n n

n

= − −
 (14)

1.708 0.404 1.481
d

v u

v
n

n n

n

= + −  (15)

where n = t for the test sample t,i the for test sample with the 
contribution of test color samples reflectivity and r for reference 
illuminant.Figure 3. Illustration of the effect of CRI value on color perception.
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Now, as the brightness (of a light source) and the lightness 
(for an object) are factors that define the color seen, CIE intro-
duced the brightness/lightness coordinate W*, that along with 
derived adaptive color-shifted chromaticity coordinates, we 
obtain the 1964 CIE uniform color space.
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13 0.1978,i ,i ,iu W ut t t( )= ′ −∗ ∗  (19)

13 0.3122,i ,i ,iv W vt t t( )= ′ −∗ ∗  (20)

Nonetheless, the quantification of the change in chromaticity 
coordinates of the test color samples when illuminated with the 
reference source or the transmitted source is a key step to eval-
uate the resultant color change, used in the final step in calcu-
lating the color rendering index; as such, the CRI is calculated 
from the following equation:

CRI u v W
i

i i i� �
1
8

100 4.6
1

8
* 2 * 2 * 2∑ ( ) ( ) ( )= − ∆ + ∆ + ∆

=
 (21)

CRI varies between 0 and 100. A value greater than 90% 
is generally considered to be of excellent quality. Mallick 
et  al. introduced CRI metric to assess the visual comfort of 
DSSC. They report values between 83 and 93% for colored-
semitransparent DSSCs. For the first transparent NIR-DSSC, 
the work on VG20 dye already demonstrated very high CRI 
values lying between 92.1% and 96.3% depending on the elec-
trolytes (vide infra).

Based on the CIE1976, the 3D color space CIELAB was also 
introduced and can be found as an alternative color metric to 
x,y chromaticity diagram. In this color space, the chromaticity 
coordinates used are a*, b* while L* indicates lightness, repre-
senting the human perception of contrast for a given (a*, b*), 
and are also determined from the X, Y, Z tristimulus values.[28] 
These values should also be considered other than the CRI for 
a complete and clear color analysis, as they are considered a 
standard in the window industry. On this scale, a* value indi-
cates the red-green component of the color, while the yellow 
and blue components are represented on the b* axis. L* is 
represented on a vertical axis with values from 0 (black) to 100 
(white). An important point when dealing with the CIELAB 
color space is that the CRI requirement differs depending on 
the a*, b* values; negative a* and b* values, revealing a blue-
tinted color, require CRI > 90% whereas a CRI > 95% is needed 
for yellow- or red-tinted colors corresponding to a* and b* close 
to zero or positive.[29]

To validate the measurements carried on TPV, Lunt’s group 
has also introduced the photon balance at every wavelength as 
a necessary consistency check.[29] The sum of the independent 
measurements gives the photon balance, and if this value is 
equal or lower to 1, then the single evaluations are verified. The 
measurements to consider for this validation are the external 
quantum efficiency EQE(λ), transmittance T(λ), and reflectance 
R(λ) and have to be evaluated on the transparent device:

1EQE T Rλ λ λ( ) ( ) ( )+ + ≤  (22)

The non-fulfillment of this consistency check suggests 
an overestimation in one of these three data sets that may 
be deriving from an incorrect way of measuring. To prevent 
such failure, it is important to avoid the “double-pass” effect 
by placing a matte black background and considering the 
correct area of the device in the photovoltaic performance 
characterization. Furthermore, the evaluation of transmit-
tance and reflectance of the transparent device should be in 
the absence of a reference sample in the case of a double-beam 
spectrometer since reflections on solid films become more 
complex and cannot be easily referenced to a piece of glass. A 
more detailed explanation of how to accurately measure these 
parameters is found in previous works of Lunt’s group.[29]

2.3. Time-Resolved Characterization Techniques

Narrowing the dye’s bandgap value raises important defies in 
reducing all internal energy losses to reach a sufficiently high 
level of performance. Different time-resolved characterization 
techniques have been specifically developed or adapted for the 
characterization of DSSC to monitor electron injection and dye 
regeneration kinetics.

2.3.1. Monitoring of Electron Injection

Electron injection is an ultrafast process taking place within 
ps down to fs-time scale. This calls for ultrafast spectroscopies 
such as femtosecond pump-probe transient absorption spec-
troscopy[30,31] or fluorescence up-conversion.[32] Alternatively, 
less complex spectroscopies can already provide some valuable 
indications, such as time-correlated single-photon counting 
(TCSPC), albeit the latter has a limited time resolution of few 
tenths of picoseconds. Thus, TCSPC does not always provide 
a robust assessment of the competing mechanisms that can 
occur, such as energy transfer processes between monomer 
and aggregates, intersystem crossing, or injection competition 
between aggregates and monomer.

The injection quantum yield (φinj) is the value that defines 
how efficient state the electron injection is compared to the 
excited states’ deactivation paths. It can be evaluated either from 
the rate constants of the processes involved, namely kinj and 
kd (Equation 23) or from the change of absorbance due to the 
formation of transients dye (radical) cation, ΔAc and electron, 
ΔAe according to Equation  24 for which the molar absorption 
coefficient, εc is required, and where T and N0 represent the 
transmittance of the excitation light and the number of incident 
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excitation photons per unit area. Several reported methods 
are used to determine the molar absorption coefficient of the 
dye (radical) cation.[19,33] For an efficient electron injection, kinj 
should be two orders of magnitude higher than kd.

d

k

k k
inj

inj

inj

ϕ =
+

 (23)

1 1
c

c 0

e

e 0

A

T N

A

T N
injϕ

ε ε( ) ( )
= ∆

−
= ∆

−
 (24)

2.3.2. Monitoring of Dye Regeneration

Dye regeneration can be the second phenomenon limiting 
the IPCE value. Dye regeneration kinetic is studied using ns 
pump-probe transient absorption spectroscopy by following the 
depopulation of the transient dye (radical) cation in the pres-
ence (kreg) or absence (kgr) of the redox couple. The geminate 
recombination rate constant, or the back electron transfer from 
TiO2 to the dye radical cation (kgr) is a competitive process to 
the dye regeneration (kreg), thus defining the regeneration yield 
(φreg) (Equation 25):

k

k k
reg

reg

reg gr

gr

gr reg

ϕ
τ

τ τ
=

+
=

+
 (25)

It is common that the ground-state absorption spectra of the 
dye overlap with the transient absorption spectra of the formed 
dye’s radical cation. The expansion of the spectral probe range 
towards the NIR region is helpful to probe the evolution of 
absorbance related to the free carrier population in the anatase 
TiO2.[34]

3. Materials

The development of efficient colorless NIR-DSSC relies on 
the design of specific transparent materials with tailored prop-
erties. A trade-off between high AVT and high efficiency ren-
ders the selection of the materials more complicated than for 
opaque technologies. Throughout this section, it is selected dif-
ferent constituent materials possibly of interest for improving 
NIR-DSSC technology. The sustainability of the proposed 
materials is also considered since the final aim of technology 
industrialization.

3.1. NIR Sensitizers

Research and development of NIR sensitizers is at the heart of 
the NIR-DSSC problematics as it rules not only the efficiency 
as standard DSSCs but also the final level of aesthetic. A con-
ventional photosensitizer requirement is to reach panchromatic 
absorption, covering all visible and near-infrared absorption, 
as they represent the main contributions to solar irradiance. 
A common approach toward panchromatic absorption is dye 
engineering to broaden its spectral response. A well-known 
example for Ru complexes is N749 dye, also known as “Black 

Dye.”[35] The introduction of a terpyridyl ligand resulted in an 
extended response of 100 nm compared to the benchmark N719 
dye. To further improve the weak absorption of Ru (II) dyes 
in the NIR, other routes have been explored like in the case 
of N1044 dye where the combination of the optical properties 
given by π-conjugated bipyridyl groups with the panchromatic 
response ensured by quaterpyridine ligands, led to an absorp-
tion broadness more extended than the Black Dye, with a con-
version tail in the IPCE spectrum reaching 33% at 800 nm and 
extended till 910 nm.[36] Nevertheless, the low molar extinction 
coefficient in the near-infrared region of this class of dyes led to 
the investigation of other sensitizers based on different transi-
tion metal or metal-free organic dyes and the use of NIR dyes 
as cosensitizers.[37]

However, involving metal to ligand charge transfer (MLCT) 
transition in this class of dyes renders difficult the selective 
absorption of the NIR region. The design of a sensitizer ful-
filling this requirement should stem from singlet-to-singlet 
transitions with narrowed gap energies. As a consequence, 
both electron injection and dye regeneration kinetics will be 
affected, therefore representing one important challenge in 
the optimization of such dyes and their interplay in the system 
with the selective contacts. In order to assure an effective elec-
tron injection, it is typically well-verified that the LUMO level 
should be located at least 0.2 eV above the conduction band 
edge of TiO2. This will place the LUMO level of the sensitizers 
at ca. -3.75 eV versus vac. and thus its HOMO level in the range  
of -5.25 eV versus vac. for a sensitizer with a bandgap in a range 
of 1.5 eV (ca. 820 nm). Specific dye designs are also required 
when replacing conventional redox mediators with a metal-
based redox couple to afford successful dye regeneration. One 
approach consists of adding the bulky triarylamine building 
block with four alkyl chains known as “The Hagfeldt donor.”[38]

There is a great variety of NIR dyes that have been synthe-
sized for DSSC.[39] Nevertheless, to reach selective NIR-DSSC, 
the dye requires an absorption close to zero in the whole spec-
tral region covered by the human cones. The different classes 
of dyes possessing energetic levels that can ensure an efficient 
injection while having a bandgap sufficiently narrow to selec-
tively absorb the NIR region are limited. Mainly polymethine, 
phthalocyanines, and porphyrins are of interest.[17,40–43]

3.1.1. Polymethine Dyes

Polymethine dyes are highly conjugated molecules well known 
for NIR absorption. They are characterized by a high molar 
extinction coefficient and easily tunable properties through 
modification of central core or lateral units. They have been 
first explored as sensitizers for silver halide photography, asso-
ciated with other large bandgap semiconductor materials, and 
as probes for biological systems.[44,45] By varying the length of 
the polymethine chain and the lateral groups’ nature, it is pos-
sible to shift the S0→S1 transition from the visible towards the 
NIR region. However, one important drawback in this class of 
dyes is the self-aggregation, mainly when anchored onto the 
semiconductor surface. Aggregates are very detrimental not 
only for the device performance but also for transparency level 
since they can induce absorption band broadening or even 
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cause an onset of new absorption bands, which can overlap 
with the human eyes photopic response, therefore conferring 
device coloration.[46] Aggregation can be mitigated either by a 
cosensitization approach, the addition of a deaggregating agent 
such as the chenodeoxycholic acid (CDCA) or via the introduc-
tion of bulky lateral units or long alkyl chains.[46]

Squaraine Dyes: Squaraine dyes have been widely developed 
for applications in DSSC because of the large versatility offered 
by this molecular platform toward new molecular design.[47,48] 
The core of the structure is a four-membered aromatic ring 
derived from squaric acid. Depending on the lateral units, they 
are categorized as unsymmetric or symmetric. The first beliefs 
were that unsymmetrical squaraine is needed to reach good 
performance thanks to the directionality created in the excited 
states. This led to the development of many derivatives, such as 
the most-known SQ01 by Nazeeruddin et al.[49] (Table 1 entry 1). 
A C8 alkyl chain was inserted as N-alkyl substituent to reduce 
dye aggregation on the semiconductor’s surface, leading to a 
PCE of 4.5% (Jsc  = 10.5 mA cm−2, Voc  = 603 mV, FF = 0.71). 
However, this dye is not red-shifted enough since the maximum 
absorption is at 636 nm only. The addition of an aromatic ring in 
the indolenine structure induced a bathochromic shift of 25 nm  
for SQ02 other than improving photovoltage and photocurrent 
with an overall 5.4% PCE (Jsc  = 11.3 mA cm², Voc  = 667 mV, 
FF = 0.72) (Table  1 entry 2).[50] However, the flat benzoindole-
nine structure brings more pronounced π stacking. An effec-
tive approach for red-shifting was proposed by Geiger et  al. 
who synthesized a squaraine dimer BSQ01, presenting a strong 
and sharp absorption at 730 nm (Table 1 entry 3).[51] The pres-
ence of two chromophores units in the structure leads to a very 
high molar extinction coefficient (ε = 389 000 M−1 cm−1). How-
ever, the performances of this type of dye were rather limited  
(PCE = 1.3% Jsc = 3.11 mA cm−2, Voc = 545 mV, FF = 0.76). Fol-
lowing this concept, Maeda et al. proposed the LSQ series that 
reached 2.3% PCE for LSQa dye (Jsc = 9.05 mA cm−2, Voc = 0.46 V,  
FF = 0.54) and strong absorption between 770 and 800 nm, how-
ever with tails in the visible range (Table 1 entry 4–6).[52] Subse-
quently, trimers TSQ-a and TSQ-b were also developed by the 
same group.[53] These dyes can absorb over 800 nm; however, 
they also show intense absorbance in the visible region, making 
them not suitable to reach a colorless device. This approach of 
oligomerization of squaraine was not further pursued because 
of the limited success and the high synthetic complexity.

Magistris et al. developed VG5 dye, where the simple introduc-
tion of a benz[c,d]indolenine unit shows a 36% IPCE at 800 nm  
with a tail of conversion up to 900 nm, though with low effi-
ciency of 1.1% (Jsc  = 7.3 mA cm−2, Voc  = 350 mV, FF = 0.43)  
(Table  1 entry 7).[54] The anchoring group in VG5 dye is not 
located on this benzoindolenine unit but on the other indo-
lium ring. The opposite position does not show as good per-
formances as Maeda et al. later demonstrated.[55] A remarkable 
accomplishment was achieved by Han et  al. with HSQ5.[23] 
This hemisquaraine dye reached a maximum PCE of 2.3% 
when associated with a very thick opaque photoanode structure  
(Jsc = 5.47 mA cm−2, Voc = 603 mV, FF = 0.70) (Table 1 entry 8). 
Unfortunately, this dye partially abdsorbs in the visible range, 
jeopardizing its application in colorless devices.

The need for developing asymmetric squaraine was ques-
tioned following the development of the symmetrical VG1 

dye showing similar performances to SQ01 counterpart dye  
(PCE = 4.6% Jsc  = 9.4 mA cm−2, Voc  = 629 mV, FF = 0.77) 
(Table  1 entry 9).[56] It has two anchoring groups on the indo-
lenine moieties and C8 alkyl chains. VG1’s IPCE spectrum is 
red-shifted of 15 nm and it generates more photocurrent due 
to the locked structure in the cis conformation, as also proved 
by Maeda and Han who inserted a dicyanovinilene unit as an 
electron-withdrawing group on the squaric core (SQM-1a)  
(PCE = 4.6% Jsc = 9.4 mA cm−2, Voc = 629 mV, FF = 0.77) (Table 1 
entry 10).[57] Since then, these different works seed many different 
structures. Viscardi et al. developed VG10 dye (Table 1 entry 11), 
incorporating for the first time two carboxylic acid directly con-
jugated on the benzoindolenine ring instead of on the N-alkyl 
substituent. It delivers a PCE of 6.2% (Jsc  = 13.6 mA cm−2,  
Voc  = 641 mV, FF = 0.70).[58] Compared to its corresponding 
unsymmetrical squaraine VG13, VG10 also shows a slight red-
shift absorption with a maximum at 673 nm. Han et al. demon-
strated the advantages of positioning two carboxylic anchoring 
groups in terms of stability to suppress dye desorption (HSQ4 
reaches a PCE = 5.6% Jsc  = 15.6 mA cm−2, Voc  = 558 mV,  
FF = 0.65) in association with a low-volatile electrolyte based on 
MPN (Table 1 entry 12).[59]

Squaraine dyes particularly suffer from a photoisomeriza-
tion process involving cis- and trans-configurations, limiting 
their cell efficiency.[60] The first strategy to address this issue is 
adding a second anchoring moiety[56] that provides a stronger 
electronic coupling with the semiconductor surface and greater 
stability. This also contributes to a slight bathochromic shift 
even though not sufficient to reach the NIR region. A second 
approach is the insertion of long alkyl chains on the lateral sub-
stituents[58] that increases the steric hindrance, thus preventing 
intramolecular rotation. Another approach is the functionali-
zation of the squaric core unit to lock the structure into the 
cis-configuration.[61]

The addition of electron-withdrawing groups on the core 
unit induces a bathochromic shift of the maximum absorption 
of about 50 nm and the occurrence of a second absorption band 
at higher energies. These observations were made on a dieth-
ylthiobarbituric moiety[58] and a dicyanovinyl group leading to 
a 30% increase in PCE.[17] A greater bathochromic shift can be 
achieved with a cyano-ester moiety.[59] Galliano et al. designed a 
series of squaraine dyes combining all these features to obtain 
a photoconversion onset that reaches 51% maximum IPCE at 
740 nm with a tail of conversion up to 800 nm for the VG12-C8 
dye bearing a cyano-ester group on the squaraine central core 
and two benzoindolenine units.[61] However, an important 
drawback for TPV application with the central functionalization 
is the occurrence of an absorption band in the visible region, 
thus limiting their use for transparent DSSCs substantially.

Cyanine Dyes: Cyanine dyes belong to the polymethine class 
that possesses several key characteristics for their application in 
NIR-DSSCs. Their tunability to shift the absorption maximum 
with the introduction of the vinylene moiety (CHCH) 
made them an interesting molecular platform for the purpose 
of NIR-DSSCs.

The first cyanine dye for DSSC was limited to the conversion 
of light in the visible region. It yielded low PCE values infe-
rior to 1%.[62] Soon after, different studies were taking advan-
tage of these dyes to absorb in the NIR region to maximize 
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Table 1. Photovoltaic performance and squaraine dyes in NIR-DSSC.

Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

1 647 292 × 103 (DMF) 10.5 603 0.71 4.5 [49]

2 662 319 × 103 (DMF) 11.3 667 0.72 5.4 [50]

3 730 389 × 103 (DMF) 3.11 545 0.76 1.3 [51]

4 777 174 × 103 (CHCl3) 9.05 460 0.54 2.26 [52]

5 779 180 × 103 (CHCl3) 8.64 410 0.57 2.01 [52]

6 800 189 × 103 (CHCl3) 9.01 400 0.51 1.82 [52]
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Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

7 769 n/a (EtOH) 7.29 350 0.43 1.10 [54]

8 693 178 × 103 (DMF) 5.47 603 0.70 2.30 [23]

9 646 350 × 103 (EtOH) 9.4 629 0.77 4.6 [56]

10 705 158 × 103 (CHCl3) 14.2 500 0.51 3.6 [57]

11 673 300 × 103 (EtOH) 14.3 623 0.69 6.2 [58]

12 703 137 × 103 (DMF) 15.6 558 0.65 5.7 [59]

Table 1. Continued.
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the harvesting capability of DSSC by cosensitization[63,64] or to 
explore selective NIR-DSSC.[65]

Sayama et al. synthesized a series of cyanine dyes, Cyn, for 
which the absorption maximum was red-shifted from 443, 555, 
to 660 nm by increasing the number of vinylene units from 
0 to 2, with the latter achieving the best performance with a 
PCE of 2.5% and an IPCE maximum of 50% up to 600 nm.[66] 
One of the most efficient NIR dyes is the cyanine NK-6037 
reported by Arakawa et  al. in 2009, achieving a PCE of 2.3%  
(Jsc = 8.85 mA cm−2, Voc = 450 mV, FF = 0.58) (Table 2 entry 1).[65]  
The introduction of the benzo-condensed heteroaromatic unit 
in the polymethine chain leads to a shift in the absorption over 
800 nm. When associated with an unusually thick photoanode 
(i.e., >25 µm), they reported an IPCE of over 50% at 840 nm 
with a tail extending up to ca. 950 nm. Later Matsui et al. pro-
posed another cyanine dye associated with ZnO photoanode.[67] 
This dye, coded KFH-3 (λ = 787 nm and ε = 263000 M−1 cm−1), 

was synthesized with an ethyl group in para position of the 
chloro-cyclohexene (Table  2 entry 2). The authors achieved an 
overall 1.2% PCE (Jsc = 3.34 mA cm−2, Voc = 490 mV, FF = 0.76) 
for a 7 µm thick TiO2 electrode and an IPCE maximum of 33% 
at ca. 790 nm.

A comparison between symmetrical and unsymmetrical 
cyanine dyes was investigated by Nüesch et  al. They showed 
that, similarly to squaraines, the symmetrical cyanine offers a 
red-shifted absorption and the highest molar extinction coef-
ficients.[68] The dye Hepta4 of the aforementioned series is 
designed as a polymethine core rigidified by a cyclohexene 
moiety and one anchoring carboxylic group terminating 
the benzoindolenine (Table  2 entry 3). The dye reached an 
absorption maximum at 758 nm (ε  = 82 500 M−1 cm−1) and a 
PCE of 1.2% (Jsc  = 3.22 mA cm−2, Voc  = 480 mV, FF = 0.78). 
In 2015, Ziolek et  al. discussed the challenges of using NIR 
cyanine-based DSSC through ultrafast transient absorption 

Table 2. Photovoltaic performance and cyanine dyes in NIR-DSSC.

Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

1 822 146 × 103 (EtOH) 8.85 450 0.58 2.3 [65]

2 787 263 × 103 (MeOH) 3.34 490 0.76 1.2 [67]

3 758 82.5 × 103 (EtOH) 3.22 480 0.78 1.2 [68]

4 824 146 × 103 (EtOH) 2.51 375 0.49 0.46 [30]

5 834 154 × 103 (EtOH) 11.2 422 0.65 3.1 [25]
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spectroscopy. His work provides a first explanation on the rather 
low PCE systematically obtained based on the strong tendency 
for dye aggregation. They investigated MK-245 dye, whose 
structure is closely related to NK-6037, however without being 
as efficient (PCE = 0.46%, Jsc  = 2.51 mA cm−2, Voc  = 375 mV,  
FF = 0.49) (Table 2 entry 4, Figure 4).[30]

The highest power conversion efficiency under AM 1.5G 
conditions reported so far is VG20-C16 dye reaching 3.1% PCE 
(Table  2 entry 5, Figure  4).[25] Its absorption lies perfectly out-
side the human eyes photopic response. As a result, a max-
imum of AVT of 76% has been reported and a CRI value above 
94%, which constitutes today the best characteristics obtained 
so far for selective NIR-DSSC and the first proof of concept of 
a totally transparent and colorless DSSC for TPV applications.

3.1.2. Phthalocyanine

Phthalocyanines are 2D tetrapyrrolic macroheterocycles con-
taining 18 delocalized p-electrons that exhibit absorption maxima 
in the red/near-infrared (NIR) region (blue pigment). Their high 
molar extinction coefficient and their thermal and chemical sta-
bility make this type of dyes suitable for DSSC application.[69,70] 
The optical and electronic properties can be adjusted by struc-
tural engineering of the Pc macrocycle, that is, the metal center, 
the peripheral, nonperipheral, and axial substitution, which 

allows, in particular, to tune their redox potential and extend/
shift their absorption toward the NIR region. Nevertheless, this 
class of dyes holds two important issues in the field of DSSC, 
their strong tendency to aggregate and their relatively low solu-
bility. Phthalocyanines were introduced to DSSC technology in 
1995 by Shen et al.[71] Soon after, this class of dyes has grasped 
rapid interest for photovoltaic applications because of their 
appealing optical characteristics and, in particular, to harvest 
light in the red/NIR regions of the solar spectrum. In 1999, 
Nazeruddin et  al. pioneered the utilization of a symmetrically 
substituted phthalocyanine (ZnTcPc) as a promising blue dye 
for efficient and stable DSSC, which achieved an overall power 
conversion efficiency of 1% with a remarkable IPCE of 43% 
(Jsc = 5.4 mA cm−2, Voc = 416 mV, FF = 0.45) (Table 3 entry 1).[72]  
In the same work, they also examined the differences between 
symmetrically and nonsymmetrically substituted phthalocya-
nines. With the latter, the authors pointed out the advantages 
of developing unsymmetrically substituted Pcs in order to 
obtain a “push-pull” structure that improves the directionality 
of intramolecular charge transfer processes and injection into 
TiO2 nanocrystals. In addition, the introduction of bulky groups 
in the periphery of the Pc (such as tert-butyl) is essential to 
improve the solubility of the dye and helps to limit aggregation. 
Following this concept, sensitizers TT1[73] and PCH001[74] were 
reported in 2007 with PCE above 3% (Table 3 entry 2 and 3) and 
an IPCE reaching 75% at 700 nm (PCE = 3.5% Jsc = 7.6 mA cm−2,  

Figure 4. Comparison between the NK-6037 and VG20 structures. Two pictures of transparent NIR-DSSC with VG20-C16 and I3
−/I− redox couple and 

Co(bpy)3+/2+ (bottom left) and CIE 1931 color space diagram of the resulting NIR-DSSC (bottom right). Reproduced with permission.[25] Copyright 2021, 
American Chemical Society.

Adv. Energy Mater. 2021, 2101598



www.advenergymat.dewww.advancedsciencenews.com

2101598 (12 of 47) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

Table 3. Photovoltaic performances of phthalocyanine dyes towards NIR-DSSC.

Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

1 686 33 × 103 (EtOH) 5.4 416 0.45 1.0 [72]

2 680 160 × 103 606 32 × 103  
350 80 × 103 (THF)

7.6 617 0.75 3.5 [73]

3 692 191 × 103 (EtOH) 6.5 635 0.74 3.05 [74]

4 684 81.3 × 103 (THF) 10.4 630 70 4.6 [75]
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Voc = 617 mV, FF = 0.75 for TT1 and PCE = 3.1% Jsc = 6.5 mA cm−2,  
Voc  = 635 mV, FF = 0.74 for PCH001). However, these 
macrocycles still display aggregation, despite the presence of 
tert-butyl groups in their periphery, which have limited for a 
long time to improve further the performances of Pc-based dyes 
in DSSC, since aggregation degrades their electron injection 
efficiency drastically. In fact, it is necessary to use a large excess 
of coadsorbent (typically CDCA) to decrease aggregation level 

and thus to reach optimal performances of these dyes in DSSC 
(ratio dye / CDCA of 1:100–1:2000). This constitutes the main 
drawback because it limits the total amount of Pc molecules 
that can be chemisorbed on the semiconductor’s surface, hence 
the JSC.

To tackle this issue a breakthrough stemmed in 2010 from the 
group of Kimura, who introduced 2,6-diphenylphenoxy groups 
at the peripheral positions of the Pc (PcS6; Table 3 entry 4).[75]  

Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

5 695 93.3 × 103 675 87.1 × 103 
642 21.4 × 103 613 20.4 × 103 

359 46.8 × 103 (Toluene)

15.1 600 0.71 6.4 [80]

6 698 89.1 × 103 675 81.3 × 103 
639 18.6 × 103 612 17.4 × 103 
361 51.3 × 103 296 26.9 × 103 

(THF)

12.3[81] 13.9[82] 638[81] 621[81] 0.70[81] 0.70[81] 5.50[81] 6.01[81] [81]

7 692 138 × 103 676 132 × 103 
639 22.9 × 103 612 27.5 × 103 

361 70.1 × 103 (THF)

12.8 618 0.69 5.5 [82]

Table 3. Continued.
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The PCE raised over 4% for a Pc dye for the first time, with 
a 4.6% value obtained with PcS6, which is considerably 
higher than the 2.6% value obtained for the tert-butyl periph-
erally-substituted analog (PcS2) studied in the same work  
(Jsc  = 10.4 mA cm−2, Voc  = 630 mV, FF = 0.70). The diphenyl-
phenoxy moieties completely suppress aggregation of the Pc 
molecules and, indeed, no- or very low amount of CDCA was 
necessary to reach optimal performance for this new family of 
dyes. In addition, the presence of heteroatom donating groups 
(oxygen) directly linked to the Pc macrocycle is also known to be 
beneficial in terms of better optical and energetic properties.[76] 
In particular, it produces a further intensification of the “push-
pull” effect and an appreciable red-shift of the Q-band absorp-
tion, which, together with the suppression of aggregation, are 
responsible for the considerable improvement in performances. 
This led to the development of the PcS dyes family[77–80]  
with constant improvement in performances over the years, 
to reach a maximum PCE of 6.4% with PcS20, peripherally-
substituted with 2,6-dibutoxyphenols and a carboxyl group as 
the acceptor/anchor unit (Jsc  = 15.1 mA cm−2, Voc  = 600 mV,  
FF = 0.71) (Table 3 entry 5).[80]

At the same time, Nazeeruddin and Torres’s groups reported 
a sterically hindered Pc dye, TT40 (Table 3 entry 6), substituted 
at the periphery with six bulky 2,6-diphenylphenoxy groups, 
achieving a PCE of 5.5% and with an IPCE greater than 85% 
at 700 nm (Jsc  = 12.3 mA cm², Voc  = 638 mV, FF = 0.70).[81] 
Noteworthy, TT40 gave higher PCE value than PcS6 previously 
reported by Mori’s group (5.5% vs 4.6%). TT40 and PcS6 have 
the same peripheral substitution from the structural point of 
view but differ from the acceptor/anchor part, a carboxyethynyl 
and carboxyphenyl group, respectively. The authors revealed the 
important contribution of the ethynyl moiety as a bridge, which 
is beneficial for optimal electronic coupling between the ZnIIPc 
and TiO2. In further work, the same authors reported an analog 
dye, TT58, with the same peripheral substitution as its prede-
cessor TT40, but with a direct connection between the carboxyl 
group and the Pc macrocycle (Table 3 entry 7).[82] TT58 reached 
a PCE of 5.6% (6.05% under 0.1 sun) with an IPCE greater 
than 90% at 700 nm, the latter being so far the highest value 
ever reported for a Pc dye (Jsc  = 12.8 mA cm−2, Voc  = 618 mV, 
FF = 0.69). In this new work, the previous dye TT40 was also fur-
ther optimized to a 6.0% PCE (Jsc = 13.9 mA cm−2, Voc = 621 mV, 
FF = 0.70). Although the new Pc TT58 underperformed slightly 
TT40 under the same optimized condition (5.57% vs 6.01%), the 
excellent performance of this dye suggests, contrary to what had 
previously been claimed, that the bulkiness of the diphenylphe-
noxy moieties does not exert a critical influence on the adsorp-
tion capabilities of this family of compounds, regardless of the 
distance between the Pc core and the carboxyl group. This family 
of dyes demonstrated already strong absorption and conversion 
in the red part of the solar spectrum; however, it still requires 
a substantial amount of work in order to bring the absorption 
beyond 800 nm, a threshold ensuring colorless features.

3.1.3. Porphyrins

Porphyrins (Pors) are tetrapyrrolic macroheterocycles con-
taining 18 delocalized p-electrons macroheterocycle, synthetic 

analogs of Pcs, and distinguished by a strong absorption in the 
visible region with a high molar extinction coefficient and tun-
able redox properties. Their thermal and chemical stability is 
quite high, although lower when compared to Pc. On the coun-
terpart, Pors tend to aggregate much less than Pcs, which is a 
major advantage for NIR-DSSC to ensure high performance on 
the one hand and colorless features on the other hand. As well, 
structural engineering throughout the metal center, axial sub-
stituents, the four meso- and eight b-positions offers a very large 
panel to tune their redox potential and electronic properties.

Given that the great majority of porphyrins usually display 
most of their absorption in the visible region at ca. 400–600 nm,  
they have not been considered as real NIR-sensitizers for 
DSSCs until now. However, by proper structural engineering, 
several porphyrins with extended absorption toward the red/
NIR regions have been reported in the past years. In fact, this 
has been the key success for the most efficient porphyrin dyes 
reported in DSSC to date.[83] In particular, the “push-pull” por-
phyrin dyes SM315[84] and GY50[85] reported by Grätzel group´s 
and collaborators, display extended absorption up to ca.  
800 nm, thanks to the incorporation of the proquinoidal benzo-
thia- diazole (BTD) unit directly connected to one meso position, 
and a donor amine N-linked to the macrocycle on the other 
meso side (Table  4 entry 1 and 2). SM315 reaches high IPCE 
values across the whole visible wavelength range (80% from 
450 to 750 nm) and extends up to 800 nm. The extension of 
absorption of these porphyrins toward the red and NIR regions 
of the solar spectrum while maintaining high IPCE values 
greatly contributed to the successive improvement in perfor-
mances over the years with respect to the former generation of 
porphyrin dyes (i.e.: YD2[86] and YD2-0-C8[87]). SM315 and GY50 
achieved record efficiency of ca. 13% in DSSC, which stand 
one of the highest certified values ever reported in DSSC for 
a single dye (PCE = 13.0% Jsc  = 18.1 mA cm−2, Voc  = 910 mV,  
FF = 0.78 for SM375 and PCE = 12.8% Jsc  = 18.5 mA cm−2,  
Voc = 885 mV, FF = 0.77 for GY50).

In a different strategy, Luo et al. used an N-annulated per-
ylene (NP) as an efficient electron donor, fused (WW4) or 
nonfused, (WW5), to the push-pull structure of the porphyrin 
(Table 4 entry 3 and 4).[88] Thanks to the improved π- conjuga-
tion of the porphyrin macrocycle through the carbon rich-
structure of the NP moiety, these dyes exhibit red-shifted 
absorption spectra with remarkably intense near-IR absorption, 
in particular for the fused one (WW4), which is extended up to 
920 nm with maxima at 792 nm (ε = 75.4 × 103 M−1 cm−1), and 
more modest for the nonfused analog WW5 with a maximum 
at 679 nm (ε = 75.4 × 103 M−1 cm−1). Although WW4 showed the 
best light-harvesting ability with intense absorption in the NIR 
region, this dye achieved a poor PCE of 0.3% (Jsc = 3.0 mA cm−2,  
Voc = 500 mV, FF = 0.30), in stark contrast with the non-fused 
analog WW5 that reached a value of 10.3% (Jsc = 18.4 mA cm−2, 
Voc = 766 mV, FF = 0.73). The poor performances of WW4 were 
rationalized by the mismatch of its energetics levels, namely a 
too low-lying HOMO and non-disjointed HOMO/LUMO pro-
files, which leads to an insufficient driving force for electron 
injection. This last example illustrates that the extension to the 
red and NIR features of a porphyrin dye through structural 
changes must be carefully engineered and is not necessarily (and 
in fact not often) accompanied by a net gain in performances 
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Table 4. Photovoltaic performance and porphyrin dyes towards NIR-DSSC.

Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

1 440 105 × 103  
454 117 × 103  
581 12 × 103  

668 53 × 103 (THF)

18.1 910 0.78 13.0 [84]

2 453 119 × 103  
538 11 × 103  

665 53 × 103 (THF)

18.53 885 0.773 12.75 [85]

3 444 552 × 103  
540 69.9 × 103  

792 75.4 × 103 (DCM)

3.00 500 0.299 0.3 [88]

4 441 158.5 × 103  
446 115.3 × 103  
502 61.5 × 103  

679 75.4 × 103 (DCM)

18.43 766 0.733 10.3 [88]

5 437116 × 103  
492 68 × 103  
580 167 × 103  
1011 26 × 103  
1169 59 × 103  

(DCM/ pyridine 100:1)

<0.5 400 n/a < 0.5 [89]
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for DSSC applications. Along the same lines, other interesting 
examples are the fused (YDD3) and doubly fused (YDD2) por-
phyrin dimers reported by Diau and co-workers (Table 4 entry 5 
and 6).[89] The fusion between the two macrocycles allows a full 
conjugation over the two coplanar porphyrin structures, which 
is not possible for the nonfused analog (YDD0) (Table  4 entry 
7). These dimers possess improved and very appealing optical 
features, with intense and broad absorption in the entire vis-
ible spectrum and remarkably intense near-IR absorption for 
both fused dimers. In the NIR region, YDD3 displays intense 
absorption bands with maxima 756 and 845 nm, whereas those 
of YDD2 are much wider but range from 900 to 1300 nm. How-
ever, both YDD2 and YDD3 exhibit poor cell performance with 
negligible generated photocurrent (0.12 and 0.23 mA cm−2, 
respectively), which is again in sharp contrast with the non-
fused analog YDD0 that displays great performances with a 
high JSC value of 9.2 mA cm−2 and an overall PCE of 5.2%. In 
other words, YDD2 and YDD3 are not capable of photoinjecting 
electrons in the TiO2. Once again, this is rationalized by the 
mismatch of their energetic levels, a too low-lying LUMO with 
respect to the TiO2-CB, making the electron-injection process 
noneffective. Although important synthetic efforts afforded sig-
nificant to progress in the porphyrin class of dyes by reaching 
the NIR conversion, still selective NIR absorption remains to be 
demonstrated through molecular engineering.

To conclude for this section, many classes of dyes have been 
investigated and dye engineering has afforded to develop DSSC 
panels with a variety of colors with very good level of perfor-
mances. However, in the case of NIR-DSSC, the choice of sensi-
tizers becomes limited to few classes. In the current state of the 
art, the most interesting family from an optical point of view 
remains the polymethine dyes. Particularly interesting seem to 
be cyanine dyes due to their absorption spectrum’s tunability, 
thanks to which is possible to obtain weak absorption in the 

visible while having a sharp and strong absorption in the NIR 
region (Figure  5). In analogy to many dyes, one crucial limi-
tation is the formation of aggregates, penalizing both perfor-
mances and aesthetics. Femtosecond transient absorption spec-
troscopy clearly assigned that the performance limitation with 
cyanine dyes stems from three competitive paths, i.e., energy 
transfer from monomer to aggregates, radiative decay of the 
short-lived excited states versus monomer injection.[25,30] All 
three steps are in the same range of halftime.

This issue can be partially mitigated either by introducing 
a long lateral alkyl chain, via a bulky lateral unit or by adding 
deaggregating agent into the dye solution such as the conven-
tional chenodeoxycholic acid (CDCA).[25,90]

The small driving force limits the electron injection. For 
VG20-C16 dye, this was overcome by adding a high concentra-
tion of potential determining Li+ cation in the electrolyte and by 
removing tert-butylpyridine and guanidinium cations from the 
electrolyte. It leads to an increase of short-circuit current den-
sity from 5.5 to 12.1 mA cm−2 and injection yield φinj up to 35%. 
On the contrary, in the case of squaraine dyes, it is reported that 
despite the small driving force for injection ( Ginj

�−∆  of 0.15 eV 
for SQ26 and 0.45 eV for SQ41) similar kinj (6.7 × 1011 s−1 and  
7.7 × 1011 s−1 respectively) are found on account of the strong elec-
tronic coupling.[90] Consequently, the addition of Li+ is not as fun-
damental and may even affect the level of molecular aggregation 
as it has been already demonstrated with VG1 dye.[91]

Other than polymethine dyes, we have also proposed PcS 
and Pors in this section. At the current state of the art, a NIR-
DSSC based on these dyes may not be as colorless and trans-
parent as the polymethine ones, due to absorption residuals in 
the visible range with a high molar extinction coefficient. This 
is particularly visible for Pors as shown in Figure 5. However, 
their high thermal and chemical stability makes them suitable 
for the application in building integration. Furthermore, many 

Table 4. Continued.

Entry Dye λMAX [nm] ε [M−1 cm−1] JSC [mA cm−2] VOC [mV] FF PCE [%] Refs.

6 442 165 × 103  
505 90 × 103 579 84 × 103 
617 48 × 103 665 28 × 103 
756 27 × 103 845 102 × 103 

(DCM/ pyridine 100:1)

<0.5 460 n/a < 0.5 [89]

7 429 186 × 103  
445 199 × 103  
490 265 × 103  

547 20 × 103 753 77 × 103 
(DCM/ pyridine 100:1)

9.23 605 0.73 4.1% [89]
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efforts have already been made in terms of dye engineering, 
paving the way for new opportunities, particularly in the case 
of Pors, for which the aggregation issue also seems to be an 
important limitation compared to the other classes of dyes.

3.2. Fully Transparent Photoanode

Reducing the amount of internal energy losses requires mini-
mizing the driving force for electron injection, thus calling for the 
most efficient electronic coupling between the dye excited states 
and the large bandgap semi-conductor. However, in addition to 
this important feature that will impact on the power conversion 
efficiency, the technology’s particular benefit stems from aes-
thetic aspects in terms of transparency and coloration. For this, 
not only having a dye free of absorption bands in the visible range 
is needed to ensure no coloration features, but it also calls for a 
large bandgap semiconductor greater than 3.0 eV and nanocrys-
tals free of aggregates to avoid light scattering accordingly to Mie-
scattering theory which would be detrimental for the AVT value.

Typically, the photoanode is based on a mesoporous layer 
made of anatase TiO2 nanoparticles (NPs) with thicknesses in 
the range of few micrometers. However, different alternatives 
have been explored such as ZnO,[92–94] SnO2,

[95–97] Nb2O5,
[98] 

brookite and B form of TiO2
[99,100] or ternary metal oxides 

such as the spinel Zn2SnO4
[101,102] or the perovskite SrTiO3

[103] 
(Figure  6). The most used is anatase titania due to its high 
chemical stability, low cost, low toxicity and versatile ways of 
synthesis.[104–108] Furthermore, because of its large bandgap of 
3.2 eV, it is characterized by high transparency in the visible and 
NIR-spectral range. Figure  6 presents both valence band (VB) 
and conduction band (CB) edges position of different metal-
oxide semiconductors already used in DSSC. The potential posi-
tions are extracted from the literature for a pH ≈ 1. For most 
NIR dyes, the LUMO level is very close to the semiconductors 
CB edge, therefore strongly limiting electron injection kinetic.

In the case of the NIR-DSSC, the AVT is an additional 
metric to consider for the photo-anode optimization. Indeed, 
increasing excessively the electrode’s thickness will affect the 
device AVT, thus the aesthetic rendering.

Figure 5. a) Normalized UV−vis absorption spectrum of VG20-C16 in solution (blue curve) and steady-state photoluminescence (red curve) in 9/1 (v/v) 
ethanol/DMSO solvent mixture (dye concentration 100 µmol L−1, CDCA concentration 50 mmol L−1). Reproduced with permission.[25] Copyright 2021, 
American Chemical Society. b) Absorption spectra of VG10-C2 (solid black line), VG10- C8 (dashed red line), VG13 (solid green line) and VG1-C8 (dotted 
blue line) in ethanol. Reproduced with permission.[58] Copyright 2014, Royal Society of Chemistry. c) UV/Vis spectra in THF of TT58 (black line) and 
TT40 (gray line). Reproduced with permission.[84] Copyright 2014, Springer Nature. d) Absorption (solid line) and normalized emission (λex = 440 nm  
dashed line) spectra for SM371 (red) in THF solution. Reproduced with permission.[84] Copyright 2014, Springer Nature. The photopic response of the 
human eye is represented as a gray area for comparison in all graphs. All figures are Reproduced with permission.
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A careful control in the CB edge position, to which the 
design of a NIR dye is bounded, can be achieved through low 
levels of donor aliovalent doping. Indeed, the 3d0 electronic 
configuration of the Ti4+ confers a high sensitiveness to impuri-
ties and doping that will affect the optoelectronic characteristics 
of TiO2. A broad range of dopants has been explored in the lit-
erature,[109,110] but not all meet the criteria for NIR-DSSC appli-
cations as the CB varies its position depending on the dopant 
nature. Consequently, TiO2’s optical bandgap and electron 
injection rate can be affected.

Various authors reported that doping with Cr3+,[111] or hyper-
valent cations such as Nb5+,[112,113] V5+,[114] W6+,[115–117] or Ta5+[118] 
is the most promising approach to decrease the CB position 
by few tens of mV. Generally, the introduction of hypervalent 
cation into the anatase crystal structure creates donor levels and 
shallow traps below the CB, which can favor the electron injec-
tion in the particular case where the lack of driving force limits 
the injection yield. The dopant is introduced either in substitu-
tion of the Ti4+ when ionic radii are comparable or is positioned 
in interstitial sites, thus generating excess oxygen stoichiometry 
as charge compensation mechanism. As demonstrated by Chan-
diran et al., Nb5+ doping of anatase TiO2 is a successful mean 
to increase the photoanode transparency by 5–10% as a result of 
the Burstein-Moss effect.[112] However, care has to be exercised 
since a too high level of doping will create an excessive amount 
of deep traps which will affect the charge collection efficiency. 
Following this, they have highlighted both a gain in PCE and 
transparency in the visible range for the photoanode by doping 
TiO2 with Nb5+ from 0.5 to 2 mol%. On semitransparent DSSC 
based on ruthenium polypyril C101 dye, they achieved a PCE 
increase from 7.4% to 8.1% with a low doping level of 0.5 mol%. 
More recently, those interesting results with Nb5+ doping have 
been adapted with success to ZnO-based DSSC (∅NPs = 25 nm), 
leading to an optimal doping level of 3 wt%.[119]

Alternatives to anatase TiO2 have been explored, mainly with 
the aim to improve charge collection or to decrease energy 
losses for electron injection. ZnO has been rapidly explored 
due to the very similar band structure to TiO2 and the higher 

electron mobility, i.e., TiO2: 0.1–1 cm2 V−1 s−1[120] compared to 
1–5 cm2 V−1 s−1 for ZnO.[92–94,121] However, ZnO presents as 
a major drawback a rapid corrosion process in contact with 
iodine and lower chemical stability under acidic and basic con-
ditions. This issue strongly jeopardizes both the stability and 
the performance of the solar cell, except if new redox mediators 
developed along the NIR-DSSC will pave the way to the utiliza-
tion of ZnO.

Alternatively, SnO2 is very interesting for NIR-DSSC applica-
tion because of their higher transparency in the visible range 
due to the 3.8 eV bandgap value, the more oxidizing CB edge 
than TiO2 and the higher electron mobility reaching up to 
100–200 cm2 V−1 s−1 on a nanocrystalline film.[122,123] However, 
faster electron recombination has been reported with the redox 
couple or with the dye cation.[124,125] We estimate that further 
development of this semiconductor for NIR-DSSC is highly rel-
evant, particularly in association with possible new NIR dyes 
or discarded NIR-dyes already developed but poorly efficient in 
association with the anatase TiO2 as a result of too low-lying 
LUMO levels.[126]

As an intermediate between TiO2 and SnO2 in terms of 
CB position, Zn2SnO4 has a CB edge located at -0.35 V versus 
NHE with an optical bandgap value of 3.6 eV.[127,128] Optimized 
synthesis of this zinc stannate for DSSC has been reported in 
the literature by Chen et al. with different sizes and morpholo-
gies.[128] The authors reported a PCE of 3.5% in association with 
N719 dye, a value low compared to TiO2, possibly due to too 
large energy losses for the injection process. However, Zn2SnO4 
has the advantages of being chemically stable in the electro-
lyte compared to ZnO and exhibits higher electron mobility  
(ca. 10–15 cm² V−1 s−1).[127,129]

An effective strategy to reduce at least nongeminate recombi-
nation when fast one-electron redox couples are used is the sur-
face modification of the NPs with a subnanometer thick shell of 
wide bandgap materials such as MgO,[130,131] SiO2,

[132] Al2O3,
[133–135]  

ZnO,[136] ZrO2,
[137] or BaCO3.

[138] In the case of selective  
NIR-DSSC, Naim et  al. reported in association with very low 
colored cobalt-based complexes redox couple an optimal PCE 

Figure 6. Valence band (VB) and conduction band (CB) position of different metal-oxide semiconductors used in DSSC, compared with HOMO and 
LUMO levels of commonly used N719 dye and NIR-absorbing dyes.
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for a very thin shell of 0.1 nm of Ga2O3.[25] The authors observed 
an increase of both Jsc from 7.6 to 8.6 mA cm−2 and Voc from 387 
to 406 mV, leading to a PCE increase from 1.9% to 2.3%. For 
selective NIR-DSSC, considering new materials than anatase 
TiO2 nanocrystals can be extremely worthwhile not only to pos-
sibly improve AVT and PCE compared to current state-of-the 
art, but it will open a new path to introduce new selective NIR-
dyes having lower-lying LUMO levels than current NIR-dyes. 
Indeed, a broad range of NIR-dyes may have been discarded 
from the beginning because of the absence of charge injec-
tion into the TiO2 nanocrystals and may become efficient new 
dyes in association with SnO2 for instance, which is actually 
very promising in terms of transparency level as demonstrated 
in our group based on preliminary results associated with  
VG20-C16 dye.

3.3. Redox Couples for NIR-DSSC

Currently, the major energy losses in DSSC are related to 
the dye regeneration for which the conventional I3

−/I− redox 
couple requires at least 400 mV overpotential due to the two-
electron transfer and bond creation.[139] More than 200 mV is 
also needed in association with Co3+/2+ mediators. Although it 
is a fast redox couple, the oxidation of the Co2+ state leads to 
high reorganization energy due to structural rearrangement 
induced by the Jahn-Teller effect (single electron populating the 
antibonding Eg orbitals).[140] The suitability of an efficient redox 
couple in a NIR-DSSC depends on several properties, namely 
i) its ability to regenerate the oxidized dye efficiently with 
low reorganization energy, ii) fast electron transfer rate at the 
counter electrode, iii) fast mass transport in particular within 
the mesoporous network, iv) high thermal, photo, and chemical 

stability, and v) low molar extinction coefficient in the visible 
range (lower than 1000 L mol−1 cm−1). We can estimate that 
optimally the redox mediator should have a formal potential in 
the range of + 0.65 V versus NHE (normal hydrogen electrode) 
to reach high level of performance in conjunction with the 
already explored NIR-dyes (Figure 7).[141]

Tri-iodide species are strongly absorbing below 450 nm, 
thus limiting the CRI and AVT values because of the obtained 
orange color of the electrolyte. To replace I3

−/I− redox shuttle, 
metal-based redox couples have the great advantage of the redox 
potential tunability, fast redox couple as well as their optoelec-
tronic properties, which can also be tuned by the introduction 
of an inductive donor or withdrawing units, which modify 
electron density on the metal center.[142,143] A more oxidizing 
redox potential, closer to the dye HOMO level, would allow 
obtaining higher VOC as a result of internal reduced energy 
losses for the dye regeneration.[144] Two main classes of redox 
couples are existing. The first relies on metal complexes, i.e., 
Co3+/2+, Cu2+/1+, Fe3+/2+ or Ni4+/3+. The second class of mediators 
is the pure organic molecules that can be transparent and non-
corrosive, as the nitroxide or disulfide/sulfide systems.

3.3.1. Cobalt-Based Redox Systems

Historically, cobalt complexes represent a successful way to 
replace tri-iodide/iodide redox couple. It is a fast redox couple 
with, however, relatively nongeminate recombination kinetic 
due to low-spin (LS) to high-spin (HS) transition.[145,146] When 
optimized, the use of cobalt complexes afford to increase the 
cell photovoltage through a decrease of internal energy losses. 
It led to important progress in the field of DSSC with suc-
cessful PCE record braking up to today 14.3% PCE.[147]

Figure 7. The dispersion of redox potentials for different types of redox mediators. Color of the lines are coded type of redox mediator: purple—
cobalt-based, blue—copper-based, olive—manganese-based, wine—iron-based, black—nickel-based complexes. Dark yellow—TEMPO-based, cyan—
disulfide-based organic redox mediators, violet—iodine redox mediator. The orange line shows the conductive band level for TiO2. A black vertical line 
denotes the HOMO level of dyes for NIR-DSSC (see text for further details).
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One advantage of introducing Co complexes for the field of 
the NIR-DSSC stems from the low absorption coefficient of 
both the reduced and oxidized form. The reduced form has 
just a weak absorption feature in the visible region compared 
to the typical I3

−/I− redox couple (Figure 8). The type of counter-
ion can also slightly influence the absorption spectra and the 
apparent diffusion coefficient.[148,149]

The physical properties of cobalt-based redox couples strongly 
depend on the spin states. All cobalt-based redox couples are 
characterized by Co(III) species having a closed-shell electron 
structure without unpaired electrons, which results in a low-
spin state and translates into low absorption in the blue part 
visible region.[150] For Co(II) species, the situation is not straight-
forward because the energy difference between the HS and LS 
configuration is relatively low. As such, spin-crossover processes 
can take place, which leads to a decreasing of formal redox 
potential and higher internal reorganization energy.[151,152] The 
ground spin state depends on the ligand field strength. It can 
induce energy splitting of the t2g and eg orbitals.[153–155] Cobalt-
based mediators should preferably be close to the Co(II) state’s 
spin-crossover point to achieve high dye-regeneration rates.[151]

One of the first efforts to improve DSSC transmittance was 
reported in 2015 by Zaman Molla and co-workers, who com-
bined a conductive oxide-free DSSC with a commercially avail-
able cobalt-based tris-bipyridyl electrolyte (Table 5 entry 1).[145,156]  
The authors achieved similar photovoltage than the standard 
tri-iodide/iodide-based electrolyte.

In order to improve the cell photovoltage, common efforts 
from different groups focused on ligand modifications to 
replace the tris-bipyridine for increasing the redox poten-
tial.[147,158] DFT calculations could be of particular interest in 
exploring the effects of ligand modification on the computed 
redox potential (Table  5 entry 2).[159] Adding oxygen atoms on 
the peripherical ligand ring effectively increases the redox 
potential. Compared with bidentate ligands, tridentate ligands 
such as for instance the 6-(1H-pyrazol-1-yl)-2,2′-bipyridine],[160] 
pentadentate (2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine[161] or the 

most challenging to synthesize hexa-coordinated 6,6’-bis(1,1-
di(pyridine-2-yl)ethyl)-2,2’-bipryridine, hexapyridyl 6,6’-bis(1,1-
di(pyridin-2-yl)ethyl)-2,2’-bipyridine ligand (bpyPY4)[162] are not 
only improving the complex stability but also afford reducing 
internal energy losses for the dye regeneration. The redox 
potential is not highly sensitive to the size of the ring or the 
relative position (ortho/meta/para) of multiple nitrogen atoms 
but subtle to the number of nitrogen/oxygen atoms.[159]

Hamann et  al. reported in 2012 three types of cobalt-based 
redox mediator, namely [Co(R2-bpy)3]3+/2+ (R = H, Me, t-Bu) 
(Table  5 entry 3 and 4), [Co(X-phen)3]3+/2+ (X = H, Cl, NO2) 
(Table  5 entry 5–7). Through variation of the ligands and the 
introduction of electron-donating or electron-withdrawing sub-
stituents, the formal potential can be tuned by over 0.5 V. As 
above mentioned, an ideal redox potential of 0.65 V versus NHE 
can be achieved with the [Co(dbbip)2]3+/2+ (Table 5 entry 8).[157] 
Of course, this is only indicative and some other closely related 
redox couples with a slightly lower redox potential remain 
important to be explored. This is the case for instance of the 
[Co(phen)3]3+/2+ or the [Co(Cl-terpy)2](TFSI)2/3 complex (Table 5 
entry 9) for which the redox potential is slightly higher than 
the [Co(bpy)3]3+/2+ one (0.56 V vs. NHE).[148] Both the reduced 
and oxidized forms of [Co(Cl-phen-terpy)2](TFSI)2/3 complexes 
show absorption maxima in the UV region, at 287 nm, with an 
extinction coefficient of 69700 and 62300 L mol−1 cm−1

, respec-
tively (Figure 9a), thus opening the way to colorless devices.[149]

Another promising candidate as a transparent redox mediator 
is a cobalt complex based on bis[2,6-bis(1’-butylbenzimidazol-
2’-yl)pyridine] ligand (dbbip).[164,165] It displays a weak absorp-
tion of both oxidation states in the UV;, i.e., λmax  = 321 nm  
for the Co(dbbip)2

2+ and λmax  = 309 and 344 nm for the 
[Co(dbbip)2]3+ (Figure 9b). Its redox potential is 0.604 V versus 
NHE, which is comparable with the selected ideal threshold. 
Unfortunately, one drawback may stem from its slow diffu-
sion coefficient and electron transfer at the platinum counter 
electrode, thus resulting in low fill factor values. Lowering 
the charge transfer resistance at the counter electrode can be 
obtained by increasing the thickness and/or the active area of 
the counter electrode or choosing different electrode materials 
(vide infra).[166,167] Hence, its utilization can result in transmit-
tance loss because of the higher loading electrocatalyst at the 
counter-electrode.[165,166]

The modification of the redox potential by the insertion of 
different electron-withdrawing moieties in the ligand skeleton 
was studied on different redox mediators [Co(dma-bpy)3]2+, 
[Co(me-bpy)3]2+, and [Co(cnbpy)3]2+ (dma-bpy = 2,2′-bipyridine-
4,4′-bis(N,N-dimethylcarboxamide), me-bpy = 2,2′-bipyridine-
4,4′-bis(methylester), cn-bpy = 2,2′-bipyridine-4,4′-dicarbonitrile) 
(Table 5 entry 10–12).[168] This modification offers higher redox 
potentials and minimizes the impact of mass transport limita-
tion on the photocurrent by introducing shorter alkyl chains.[168] 
The redox potential decreases with the increase of the electron-
withdrawing nature of the ligands in the order [Co(cn-bpy)3]2+ 
(0.9 V vs NHE)> [Co(me-bpy)3]2+ (0.72 V vs NHE)> [Co(dma-
bpy)3]2+ (0.51 V vs NHE) [Co(bpy)3]2+. It is worth noticing that 
the complex stability tends to decrease as the redox potential 
increases. All mentioned cobalt complexes in both oxidized and 
reduced forms have strong absorption bands in the UV region 
and weaker band in the visible region (<200 M−1 cm−1), which 

Figure 8. Absorption spectra of typical I3
−/I− and [Co(bpy)3] electrolytes, 

diluted to represent absorption of the electrolytes in the mesoporous 
films. Also shown is the absorption spectrum of the N3 dye for com-
parison. Reproduced with permission.[157] Copyright 2012, Royal Society 
of Chemistry.
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Table 5. Summary of cobalt-based redox couple suitable for NIR-DSSCs.

Entry Name Structure of complex Redox potential  
(V vs NHE)

Absorption in the visible  
region [M−1 cm−1]

Refs.

1 RH [Co(bpy)3] 0.56 ε450 ≈ 90 [145]

2 ROMe [Co(dMeO-bpy)3] 0.37 ε450 < 120 [159]

3 R t-Bu [Co(dtb-bpy)3] 0.42 ε440 ≈ 140 [157]

4 RMe [Co(dm-bpy)3] 0.43 ε450 < 150 [157]

5 XH [Co(phen)3] 0.62 ε450 < 90 [157]

6 XCl [Co(Cl-phen)3] 0.82 ε450 < 200 [157]

7 XNO2 [Co(NO2phen)3] 0.92 ε450 < 200 [157]

8 [Co(dbbip)2] 0.59-0.65 Co(II) ε480 = 130 Co(III) ε480 = 260 [165]

9 RCl [Co(Cl-terpy)2] 0.603 Co(II) ε440 = 849 Co(III) ε440 = 395 [148]

10 [Co(dma-bpy)3] 0.51 ε450 ≈ 180 [168]
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may originate from d–d forbidden transitions of the metal 
(Figure  9c). The matching between optimal redox potentials 
and the practically null absorption in the visible makes these 
complexes a really interesting choice as mediators in selective 
NIR-DSSCs.

The substitution of 2,2’:6’,2”-terpyridine with 2,6-bis(8’-
quinolinyl)pyridine ligand in cobalt-based complexes resulted 

in the formation of [Co(bqp)2]3+/2+ (Table 5 entry 13) complexes 
with relatively weak absorption in the visible range of spectra, 
which also endorses their application for NIR-DSSC. Both oxi-
dized and reduced forms exhibit absorption in the UV region 
assigned to ligand-centered π–π* transitions. The broad and 
relatively weak absorption (<1500 M−1 cm−1) observed in the 
visible region is due to charge transfer (CT) phenomena. The 

Entry Name Structure of complex Redox potential  
(V vs NHE)

Absorption in the visible  
region [M−1 cm−1]

Refs.

11 [Co(me-bpy)3] 0.72 ε450 ≈ 300 [168]

12 [Co(cnbpy)3] 0.90 ε450 ≈120 [168]

13 [Co(bqp)2] 0.56 ε <1500 [167]

14 SBCC 0.78 n/a [170]

15 [Co(ttcn)2] 0.69 n/a [150]

Table 5. Continued.
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redox couple is fast as for most of this class of complexes with 
an equilibrium potential of 0.56 V versus NHE, which is 0.04 V 
more oxidative than [Co(tpy)2]3+/2+ counterpart.[167]

Exploiting higher stability and higher oxidizing redox poten-
tials, first reported by Nasr-Esfahani and co-workers, Schiff base 
metal complexes are potentially good candidates being their syn-
thesis very straightforward and with quantitative yields (Table 5 
entry 14).[169,170] The redox potential of the Schiff base cobalt com-
plexes in acetonitrile is more positive than [Co(bpy)3], leading to 
higher VOC. However, JSC, FF, and PCE values are still lower than 
the [Co(bpy)3]3+/2+-based reference device.[170] This may be attrib-
uted in part to the lower electron transfer rate at the platinum 
counter-electrode and the lower symmetry in the Schiff-based 
cobalt complex compared to the cobalt polypyridine complex.

The final goal of this part is to select/suggest unique redox 
mediators combining superior charge transfer properties, high 
transparency, and ability to regenerate NIR sensitizers efficiently. 
In this context, Hamann et al. employed different Co-based redox 
mediators with a NIR absorbing sensitizer (namely D35CPDT 
dye).[171] The approach led by Hamann et al. to obtain LS states 
Co(II)-based mediators was really meaningful in lowering reor-
ganization energy by hampering the spin crossing.[150] Unfor-
tunately, DSSCs employing [Co(ttcn)2]3+/2+ (Table  5 entry 15) 
suffered from faster nongeminate recombination dynamic com-
pared to [Co(bpy)3]3+/2+. As aforementioned, the first and sole real 
attempt to tailor a Co-based selective NIR-DSSC was made with 
VG20 dye and [Co(bpy)3]3+/2+ as redox mediator in the electrolyte, 
delivering a 2.3% PCE, 68% AVT, and a CRI value of 92%.

When dealing with Co-based electrolytes, one should not 
forget that a major problem is the limited stability of the cobalt 

complexes under prolonged irradiation conditions. There are 
several reasons for this lack of stability: i) dissociation of the 
complexes and ligand exchange, ii) cobalt complex adsorption 
on TiO2, and iii) slow irreversible oxidation of Co(II) by dissolved 
oxygen in the solvent.[172] Therefore, the effort in synthetizing 
transparent redox mediators should also match the requirement 
of long-term stability and the sustainability feature using cobalt 
may be questioned and be a penalizing point at the industriali-
zation step. Indeed, cobalt is a Critical Raw Material.[173]

3.3.2. Copper-Based Electrolytes

With the aim to replace cobalt metal center with a more sus-
tainable and environmentally friendly transition metal, the 
first option is copper. The copper-based redox systems are 
particularly interesting as efficient redox mediators in liquid 
DSSCs because of their lower toxicity and their native prop-
erty of having moderate reorganization energy that can be even 
further reduced by ligand engineering with fast electron self-
exchange. This may also lead to a reduction in charge transport 
limitations and thus allow higher overall conversion efficien-
cies.[174,175] However, two important issues need to be tackled for 
their introduction in selective NIR-DSSC application. The first 
is the large difference in bond lengths and geometries between 
Cu(I) (tetrahedral) and Cu(II) (tetragonal) species, which can 
penalize the reorganization energy between the two oxidation 
states. Indeed, this could be milded by thoughtful engineering 
of the ligand. The second limitation is that Cu-complexes are 
usually much more absorbing in the visible region than the 

Figure 9. Absorption spectra of a) [Co(Cl-phen-terpy)2](TFSI)2/3;[149] b) [Co(dbbip)2]3+/2+;[164,165] c) [Co(dma-bpy)3]2+, [Co(me-bpy)3]2+, and  
[Co(cnbpy)3]2+;[168] d) [Cu(bpye)3]2+/+, [Co(bpy)3]3+/2+;[176] e) [Cu(mes-phen)2]2+/+;[178] f) comparison the absorption spectra of Mn, Cu, and Fe-based 
(bdmpza)2 complexes;[180] a) Reproduced with permission.[149] Copyright 2013, Elsevier. b) Reproduced with permission.[164] Copyright 2001, American Chem-
ical Society. c) Reproduced with permission.[168] Copyright 2015, American Chemical Society. d) Reproduced with permission.[176] Copyright 2016, Royal Society 
of Chemistry. e) Reproduced with permission.[178] Copyright 2016, American Chemical Society. f) Reproduced with permission.[180] Copyright 2017, Elsevier.
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Co-based counterparts (Figure  9d). In the following, we will 
briefly discuss some Cu-complexes effectively employed as 
redox mediators in conventional DSSC and we will evidence 
the details in order to reduce their absorption in the visible 
range and give some directions for the design of innovative, 
nearly colorless Cu-based redox couples.

A promising copper-based redox couple involving 1,1-bis(2-
pyridyl)ethane (bpye) ligands were employed in the DSSCs 
showing not only promising efficiency but also highlight 

the potential to develop further Cu-based redox couples for 
improving the NIR-DSSC technology (Figure  9d).[176] The 
redox potential of [Cu(bpye)2]2+/+ is 0.59 V versus NHE, which 
is 30 mV higher than that of [Co(bpy)3]3+/2+ (Table 6 entry 1). 
The devices associating the [Cu(bpye)2]2+/+ redox couple and 
the organic D-π-A LEG4 dye (3-(6-(4-(bis(2′,4′-dibutoxy-[1,1′-
biphenyl]-4-yl)amino)phenyl)-4,4-dihexyl-4Hcyclopenta[1,2-b:5,4-
b′]dithiophen-2-yl)-2-cyanoacrylic acid) exhibited a PCE of 9.0% 
(VOC = 904 mV, JSC = 13.8 mA cm−2 and FF = 72%). The authors 

Table 6. Summary of Copper-based redox couple of potential interests.

Entry Name Structure of complex Redox potential (V vs NHE) Absorption in the visible  
region [M−1 cm−1]

Refs.

1 [Cu(bpye)2] 0.59 n/a [176]

2 [Cu(SP)(mmt)] 0.53 Cu(I) ε456 ≈ 5 × 103 Cu(II) ε738 ≈ 2 × 103 [177]

3 RH [Cu(phen)2] 0.23 Weak [177]

4 RCH3 [Cu(dmp)2] 0.90 Cu(I) ε455 ≈ 8 × 103 Cu(II) ε741 ≈ 200 [177]

5 Rmesityl [Cu(mes-phen)2] 0.60 Cu(I) ε451 ≈ 4 × 103 Cu(II) ε696 ≈ 150 [178]

6 [Cu(dmmes-phen)2] 0.60 Cu(I) ε445 ≈ 4.5 × 103 Cu(II) ε697 ≈ 100 [179]

7 [Cu(but-phen)2] 0.59 Cu(I) ε450 ≈ 6 × 103 Cu(II) ε700 ≈ 100 [181]
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demonstrated slower nongeminate recombination compared 
to the Co-based system and a higher photocurrent ascribed to 
a faster dye regeneration and improved charge collection effi-
ciency. Aging under light exposure shows that, after an initial 
drop in PCE from 9% to 6%, the devices can remain afterward 
stable for up to 700 h.[176]

The photophysical properties of a series of copper complexes, 
namely [Cu(SP)(mmt)]0/− (Table  6 entry 2), (mmt = [(-)-spar-
teine-N,N’](maleoni maleonitriledithiolato-S,S’) [Cu(phen)2]2+/+ 
(Table  6 entry 3) (phen = 1,10-phenanthroline) [Cu(dmp)2]2+/+ 
(Table  6 entry 4), (dmp = 2,9-dimethy-1,10-phenanthroline) 
were reported by Hattori and co-workers.[177] The one-electron 
redox potential of [Cu(SP)(mmt)], [Cu-(dmp)2](CF3SO3)2, and 
[Cu(phen)2](CF3SO3)2 in acetonitrile were determined to be  
0.53 V, 0.90 V and 0.23 V versus NHE, respectively. The 
obtained cell photovoltage with these new mediators were 
in the range of 0.57–0.66 V with a trend agreeing the order 
of the redox potentials.[177] Worse photovoltaic properties of 
[Cu(phen)2]2+/+ compared to Co analogues-based devices were 
ascribed to the slower electron self-exchange rate and lower 
redox potential.

With a small change in the ligand structure, i.e., the 
absence of methyl moieties in the 2 and 7 position, [Cu(mes-
phen)2]2+/+ exhibits a similar redox potential value with respect 
to the dimethyl-substituted complex while the reorganization 
energy is changing (Table  6 entry 5). The absorption spec-
trum of the copper complex [Cu(mes-phen)2]2+/+ in acetoni-
trile shows a broad absorption band centered at 451 nm with 
an absorption coefficient of εmax  ≈ 4 × 103 M−1 cm−1 due to 
metal-to-ligand charge transfer (MLCT) transition, similarly to 
[Cu(dmmes-phen)2]+ and [Cu(dmp)2]+ exhibiting λmax at 445 nm  
(εmax ≈ 4.5 × 103 M−1 cm−1) and 455 nm (εmax ≈ 8 × 103 M−1 cm−1),  
respectively (Figure  9e). Its oxidized form [Cu(mes-phen)2]2+ 
exhibits a much less intense transition centered at around  
696 nm (εmax ≈ 150 M−1 cm−1) as for [Cu(dmmes-phen)2]2+ and at 
697 nm (εmax ≈ 100 M−1 cm−1) and 741 nm (εmax ≈ 200 M−1 cm−1)  
for [Cu(dmp)2]2+.[178] Colombo et  al. investigated a 
new redox couple, namely [Cu(2-mesityl-4,7-dimethyl-
1,10-phenanthroline)2]2+/+ (named [Cu(dmmes-phen)2]2+/+) and 
compared its efficiency with the 2,9-dimethyl-1,10-phenanthroline  
(named [Cu(dmp)2]2+/+), I−/I3

− and [Co(dtb-bpy)3]3+/2+ redox 
mediators (Table  6 entry 6).[179] The complexes [Cu(dmmes-
phen)2]2+/+ and [Cu(dmp)2]2+/+ had redox potential close to  
0.60 V versus NHE, comparable to Co-based reference.

Based on these works, it appears that the potentiality to 
introduce this class of complexes for application in NIR-DSSC 
is nested in the design of specific ligands having the ability to 
limit MLCT-type transition in order to lower the optical absorp-
tion of the Cu(I) species.

A fascinating springboard for sustainable DSSC can consider 
a solar cell based in which both dye and redox mediator are 
based on the same metal ions. The coupling of a copper dye with 
a copper electrolyte (Cu complexes with the 2,9-dimethyl-1,10 
phenanthroline ([Cu(dmp)2]2+/+) and 2-n-butyl-1,10-phenanthro-
line ligands ([Cu(but-phen)2]2+/+) in a DSSC resulted in a PCE 
close to 3% (Table 6 entry 7).[181–183] Unfortunately, this approach 
has a drawback for the implementation in NIR-DSSC because 
all copper dyes developed so far are exhibiting a strong absorp-
tion in the visible range.

3.3.3. Manganese and Iron-Based Electrolytes

Homoleptic manganese and iron-based complexes with mono-
anionic N,N,O-heteroscorpionate ligands can be considered for 
NIR-DSSCs.[180] Indeed, this type of ligand can be used as a 
model to study the influence of structural features on the char-
acteristics of the redox mediator. Both Mn(II) and Fe(II) com-
plexes are in the HS states based on magnetic measurements. 
A characteristic feature of these complexes is the internal 
reorganization caused by a Jahn–Teller effect or by spin-state 
changes upon the redox reaction. These effects may slow down 
the non-geminate recombination. The molecular structures 
for manganese and divalent iron complexes exhibit almost an 
octahedral, homoleptic coordination sphere around the metal 
center. Interestingly for the purpose of selective NIR-DSSC, 
the UV-Vis absorption fingerprint of such complexes shows no 
absorption in the visible range regardless of the oxidation state 
(Figure 9f). By contrast, a charge transfer band located at 517 nm  
was found for the Fe(III) complex, but with a sufficiently low 
molar extinction coefficient (ε  ≈ 1800 M−1 cm−1).[184] Electro-
chemical characterization of [Mn(bdmpza)2]BF4 (Table 7, entry 1)  
and [Fe(bdmpza)2]BF4 (Table  7, entry 2), evidenced a revers-
ible redox reaction located at 0.34 V and 0.46 V vesus NHE, 
respectively.[180]

In order to increase electrolyte transparency, 
tris(acetylacetonato) manganese (IV)/(III), [Mn(acac)3]+/0 
(Table 7, entry 3) is a promising complex.[185] A comparison of 
the UV-Vis spectra of the [Mn(acac)3]+/0 electrolyte and a typ-
ical [Co(bpy)3]3+/2+ electrolyte shows that the former has lower 
absorption in the visible range (εmax = 143 M−1 cm−1 at 543 nm). 
The redox potential of the [Mn(acac)3]+/0 is 0.49 V versus NHE, 
thus approaching to the ideal value. However, the electron life-
time of devices including [Mn(acac)3]+/0 in the electrolyte is 
around 1 ms time, a one order of magnitude shorter compared 
to the benchmark I3

−/I− redox couple or the [Co(bpy)3]3+/2+. This 
comparative study was carried out based on commercially avail-
able carbazole dye (MK2) and ruthenium N719 dye. For the 
sake of comparison, the PCE obtained with MK2 dye was 6.1% 
for cobalt-based, 4.6% for iodine and 4.4% for manganese-based 
redox couple.

Ferricinium/ferrocene redox couple (Fc+/Fc) and its deriva-
tives are one-electron redox couples (Table 7 entry 4–14). They 
have been proposed in the literature by Spiccia et  al. as an 
alternative to the benchmark I3

−/I−.[186] Ferrocene molecule 
consists of a sandwich structure with the Fe(II) ions between 
two negatively charged cyclopentadyenil (Cp) rings, creating 
a very stable 18-electron system.[187] Its most remarkable 
characteristic is its high stability to temperature, air, and 
water.[188] The redox potential is independent of the solvent. 
One advantage of ferrocene as a redox mediator is that the 
regeneration process does not involve high-energy interme-
diate species, thus leading to negligible energy losses.[186] 
Conventional DSSCs with ferrocene redox mediator yielded 
very good PCE values up to 7.5% in conjunction with a 
metal-free organic sensitizer Carbz-PAHTDTT.[186] Unfortu-
nately, its utilization for selective NIR-DSSC may be rather 
limited owing to its too high oxidizing potential, which will 
likely limit the dye regeneration kinetic. This is the case for 
instance, for VG20 dyes. In addition, ferricinium counterpart 
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Table 7. Summary of iron and manganese-based redox couple suitable for selective NIR-DSSCs.

Entry Name Structure of complex Redox potential (V vs NHE) Absorption in the visible region [M−1 cm−1] Refs.

1 MMn [Mn(bdmpza)2] 0.34 No absorption maxima for both  
Mn(II) and Mn(III)

[180]

2 MFe [Fe(bdmpza)2] 0.46 Fe(II) no absorption in the range  
400–800 nm Fe(III) ε517 ≈ 1816

[180]

3 [Mn(acac)3] 0.49 Mn(III) ε550 ≈ 75 Mn(IV) ε543 ≈ 143 [185]

4 Fc/Fc+ 0.63 Fc ε442 = 95 [186]

5 Me10Fc/Me10Fc+ 0.09 Fc ε423 = 97 Fc+ε778 = 488 [189]

6 Cl10Fc/Cl10Fc+ 0.95 n/a [190]

7 Cl5Fc/Cl5Fc+ 0.80 n/a [190]

8 Me8Fc/Me8Fc+ 0.24 Fc ε428 = 95 Fc+ε750 = 380 [191]
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is poorly stable as being very sensitive to oxygen and super-
oxide leading to the formation of dinuclear iron complexes. 
Interestingly, the redox potential of ferrocene can be easily 
tuned through the functionalization of the cyclopentadienyl 
rings with a variety of electron donating or withdrawing 
substituents.[189,190] This approach was recently investigated 
by both Sauvage et  al.[191] and Bach et  al.[192] The alkylated  
Fe-complexes are probably the most interesting for selective 
NIR-DSSC application. By the introduction of such electron 
donor unit, the electronic enriching of the iron 3d orbitals 
confers to the complex valuable properties for the NIR-DSSC. 
It affords to stabilize the oxidized form noticeably.[25] Second, 
it affords to modify the absorption features of both ferrocene 
and ferricinium derivatives. This family of redox mediators 
benefits from a low molar extinction coefficient due to the 
forbidden d-d transition, ensuring a negligible amount of 
light absorbed in the visible region.[191] The introduction of 

simple electron-donating units like the methyl or tert-butyl 
group on cyclopentadienyl rings afford great tunability of the 
redox potential down to 0.240 V versus NHE without drasti-
cally increasing the reorganization energy between Fe3+ and 
Fe2+ forms in the range of only few tenth of mV. The spin for-
bidden d−d transitions of ferrocene derivatives shift slightly 
toward the blue region with an increasing number of elec-
tron-donating groups on the cyclopentadienyl-rings with very 
little change in absorptivity values, whereas the ligand-to-
metal transitions of the corresponding ferricinium salt move 
significantly to the near-IR region. These results clearly high-
light that ferrocene-based redox couples can be a potential 
alternative for transparent electrolyte in selective NIR-DSSC 
with further development of cyclopentadienyl modified unit 
and with improved solubility in nitrile-based solvent which 
is today a major drawback in the utilization of such class of 
redox mediator.

Table 7. Continued.

Entry Name Structure of complex Redox potential (V vs NHE) Absorption in the visible region [M−1 cm−1] Refs.

9 tBu4Fc/tBu4Fc+ 0.41 Fc ε462 = 105 Fc+ε750 = 380 [191]

10 Me2Fc/Me2Fc+ 0.54 Fc ε438 = 96 Fc+ε462 = 105 [191]

11 Br2Fc/Br2Fc+ 0.94 n/a [192]

12 BrFc/BrFc+ 0.80 n/a [192]

13 Et2Fc/Et2Fc+ 0.51 n/a [192]

14 EtFc/EtFc+ 0.57 n/a [192]
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3.3.4. Organic-Based Redox Mediator

Besides the metal-based redox couples, purely organic redox 
mediators represent an important sake for the application in 
selective NIR-DSSC to achieve colorless devices and overcome 
the limitations displayed by the metal-based redox couples in 
terms of more transparency and improved sustainability com-
pared to transition metal complexes.[173] Indeed, organic redox 
molecules are, in principle, easier to synthesize and recycle. It 
can take advantage of relatively cheap starting materials and 
fewer synthetic steps, thus resulting in more cost-effective and 
sustainable redox mediators.[173]

The first application of an organic redox couple in 
DSSCs was reported by Grätzel et  al. in 2008 using the 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) (Table 8 entry 1).[193]  
The corresponding solar cell based on D149 achieved a prom-
ising PCE of 5.4% compared to 6.7% with the standard tri-
iodide/iodide redox couple. Despite the superior photovoltage, 
TEMPO-based electrolyte is penalized by faster nongeminate 
recombination and well-known instability of the oxidized 
TEMPO+, which affects not only the device performance and 
stability but also jeopardizes this type of redox mediator for 
application.

TEMPO is a radical-type redox mediator which involves 
a fast one-electron process at 0.80 V versus NHE (Figure  10). 
This type of radical redox couple affords to have transparent 
electrolyte and optimally limits internal energy losses as it 
has no reorganization energy while displaying all the fea-
tures of a very rapid redox system. It has a greater diffusion 
coefficient, between 10−5 to 10−4 cm2 s−1 compared to less than  
10−5 cm2 s−1 for the metal-based redox couples.[142] Unfortu-
nately, its high redox potential makes it hardly exploitable for 
narrowed bandgap NIR sensitizers. Indeed, most of these sen-
sitizers have HOMO energy levels also in the range of 0.8 V 
versus NHE. However, new design of such NIR sensitizers 
can potentially open the way for TEMPO0/+ compatibility for 
selective NIR-DSSC. As a matter of fact, also for the nitroxide 
species, the redox potential can be finely tuned by inserting 
different types of substituents in the 4-position. Indeed, the 

Table 8. TEMPO-based redox couples of interest for selective NIR-DSSC 
applications.

Entry Name Structure of complex Redox  
potential  

(V vs NHE)

Refs.

1 TEMPO0/+ 0.80 [193]

2 OH- 
TEMPO0/+

0.90 [194]

3 NHCOCH3-
TEMPO0/+

1.00 [194]

4 CN- 
TEMPO0/+

1.08 [194]

5 [JC-IL][I]0/+ 0.71 [195]

6 TEMPO-I0/+ 0.30 [196]

7 TEMPO-III0/+ 0.30 [196]

8 [MeIm- 
TEMPO] 
[TFSI]0/+

1.02 [197]

9 [Im-TEMPO] 
[TFSI]0/+

0.93 [198]

Table 8. Continued.

Entry Name Structure of complex Redox  
potential  

(V vs NHE)

Refs.

10 [Im- 
bisTEMPO] 

[TFSI]0/+

0.95 [198]

11 AZA0/+ 0.85 [199]

Figure 10. TEMPO oxidation process.
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insertion of the electron-withdrawing unit was proved to posi-
tively shift the redox potential while leading to lower diffusion 
coefficients (Table  8 entry 2–4).[194] Further modifications on 
4-position have been carried out by attaching hindered moie-
ties to prevent the charge recombination (Table  8 entry 5–10). 
The latter has been applied in hybrid systems with iodide 
source-based ionic liquids in a liquid electrolyte, improving 
the thermal stability, the life of the cell and the general perfor-
mance of the devices.[195–198]

A relevant breakthrough for the NIR-DSSC field in nitroxide 
radicals was achieved by the synthesis of a structure based on 
2-azaadamantan-N-oxyl (AZA) (Table 8 entry 11). The rigid and 
symmetric adamantane framework inhibits the elimination of 
the α-substituted protons improving the stability of the oxidized 
form, albeit it also leads to a slightly too high redox potential of 
0.85 V versus NHE. The lower hindered structure of AZA con-
fers a higher diffusion coefficient in the electrolyte. Combining 
AZA redox couples and D205 dye, Nishide et al. achieved a very 
promising PCE of 8.1%.[199] However, important efforts in syn-
thesis are needed since, although these radical redox mediators 
gather all desirables properties, either the redox potential is too 
high or below current triiodide/iodide redox couple but do not 
fall in the desired range of 0.65 V versus NHE.

Alongside nitrosyl-based couples, disulfide/thiourea and 
disulfide/thiolate-based redox couples are highly interesting 
since their redox potential is sufficiently more positive than the 
HOMO energy level of the current NIR-sensitizers. In 2010, Li 
et al.[200] reported a non-corrosive electrolyte based on tetrame-
thyl thiourea (TMTU) (Table 9 entry 1). TMTU and its oxidized 
dimer species (TMFDS2+) are colorless and soluble in common 
nitrile solvents. The redox couple is reversible at 0.53 V versus 
NHE. It is a two-electron redox process to lead to the disulfide 
bridge formation for the oxidized species (Figure  11).[201] This 
different behavior produces electronic interstates and leads to 
higher reorganization energies.

Table 9. Disulfide/thiolate-based redox couples of interest for selective 
NIR-DSSC.

Entry Name Structure of complex Redox 
potential  

(V vs NHE)

Refs.

1 TMFDS2+/
TMTU

0.53 [200]

2 T2/T− 0.48 [169]

3 BAT/AT− 0.53 [205]

4 BET/ET− 0.48 [213]

5 n-BuT2/T− 0.48 [207]

6 n-HexT2/T− 0.48 [207]

7 n-OctT2/T− 0.48 [207]

8 DTT/TT− 0.12 [208]

9 SD/S− 0.50 [206]

10 BMT/ 
McMT−

0.15 [209]

11 BMO/
McMO−

0.25 [210]

12 BPO/ 
McPO−

0.37 [210]

Table 9. Continued.

Entry Name Structure of complex Redox 
potential  

(V vs NHE)

Refs.

13 MTDD2+/
MDTD

0.47 [211]

14 BMIT/BMIDT 0.72 [212]

Figure 11. a) TMTU oxidation process. b) disulfide/thiolate oxidation 
process.
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The lower activity of Pt counter-electrode towards all 
disulfide/thiolate-based redox couples requires the development 
of innovative materials based on carbon, inorganic com-
pounds, and conducting polymers that will be discussed in  
Section 3.4.[202–206] Further investigations on TMFDS2+/TMTU 
redox couple focused on its interaction with different types of 
sensitizers, such as the ruthenium complexes and common 
organic sensitizers as indoline. The authors highlighted an 
improvement of regeneration yield in organic dyes associated 
with TMFDS2+/TMTU redox mediator.[200,201]

The same year, Grätzel et  al. reported a closely related 
disulfide/thiolate redox couple based on 5-mercapto-
1-methyltetrazole (named, T−) (Table 9 entry 2), paving the way 
to the development of several azole-based redox couples.[169] 
Compared to the TMFDS2+/TMTU system, this family of tetra-
zole redox mediators has the same negligible absorption in the 
visible range and has an easier tunability of the redox poten-
tial. The alkyl substitution with a progressive longer chain and 
bulkier substituent leads to a gradual decrease in the apparent 
diffusion coefficient of the redox couple without affecting its 
redox potential (Table 9 entry 3–7).[205,207,213] Moving on triazole, 
the redox potential can be noticeably decreased compared to the 
tetrazole counterpart. Therefore, this triazole family may not 
represent an ideal candidate as a suitable transparent electro-
lyte for selective NIR-DSSC. For instance, the DTT/TT− shows 
a redox potential of 0.12 V versus NHE only (Table  9 entry 8) 
and a maximum of 0.50 V versus NHE has been achieved on 
SD/S− redox couple (Table  9 entry 9) thanks to the incorpora-
tion of a very strong CF3 electron-withdrawing unit.[206−208] 
Intermediate values of redox potential can be obtained by 
modifying the central core with different heteroatoms, for 

instance, by replacing one nitrogen atom by sulfur or oxygen 
(Table  9 entry 10–12)[209,210] or by merging to a thione-based 
reduced species (Table  9 entry 13).[211] The thiopropionic acid-
based redox couple (Table 9 entry 14) reported by Yan et  al. is 
the only example of a mediator based on this structure. It is 
so far the most oxidizing redox mediator based on disulfide/
thiolate chemistry attaining as high as 0.72 V versus NHE. 
As seen for the tetrazole, the thiopropionic acid-based redox 
couple is also characterized by a negligible absorption in the 
visible range.[212] Among all disulfide/thiolate-based couples 
proposed in the literature, BAT/AT− (Table 9 entry 3) and BET/
ET− (Table 9 entry 4) were interestingly applied in combination 
with a fully transparent counter-electrode based on PEDOT and 
NiS, achieving PCE of 6.07% and 6.25% in association with 
N719 dye, respectively.[213,214]

Two-electron organic redox couples based on benzoqui-
none/hydroquinone have been reported with colorless features 
(Figure  12a).[215–217] The advantage compared to the dithiolate 
is the absence of a dimeric structure formation, which conse-
quently reduces energy losses related to the bond formation 
and covalent SS bond cleavage. It also alleviates the role of the 
electrocatalyst for the counter-electrode.

The two-electron process is well-visible on the cyclic voltam-
mogram with the occurrence of two quasi-reversible processes 
at 0.19 V versus NHE and 0.59 V versus NHE (Figure 12b).[215,216] 
However, the first electron process is too low for practical appli-
cation and the second process suffers from instability issues 
in air. This leads to important precautions needed for the elec-
trolyte storage while also requiring device fabrication under 
inert atmosphere. Long-term stability will also call for robust 
encapsulation.

Figure 12. a) Benzoquinone/hydroquinone-based redox couple and b) Benzoquinone/hydroquinone oxidation process.

Adv. Energy Mater. 2021, 2101598



www.advenergymat.dewww.advancedsciencenews.com

2101598 (31 of 47) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

3.3.5. Binary Redox Systems

In the context of colorless and transparent NIR-DSSC, binary-
based redox couples are one important alternative that should 
be considered seriously. The first binary system reported 
consisted of the addition of a second redox species in the 
iodide-based electrolyte either to form a new interhalogen/
pseudohalogen species, to reduce the amount of tri-iodide pre-
sent in the electrolyte, thus lowering the light absorption in the 
visible range substantially, or to insert an intermediate step for 
the dye regeneration. These redox couples have been primarily 
elaborated to enhance the cell photovoltage.[218]

Nath et  al. have examined both interhalogen and pseu-
dohalogen redox couples (I−,Br−/ I2

−,I2Br−) and (I−,SCN−/
I3

−,I2SCN−) (Table  10 entry 1 and 2).[219,220] The formation of 
the interhalogen ion, determined via ESI-MS, was character-
ized by cyclic voltamperometry. It was found a more posi-
tive redox potential than the benchmark I3

−/I− redox couple. 
Recently, for the case of the mixed Br−/I− redox couple, it 
was proven the possibility to tune the light absorption in the 
visible by varying the relative concentration of I− and Br− in 
the electrolyte.[221]

With the aim of reaching transparent electrolytes, the work 
of Cong et al. requires particular attention by mixing sulfur and 
iodine (Figure 13, Table 10 entry 3).[222] This type of electrolyte 
has been optimized in association with VG20-C16 dye in our 
group. It was achieved excellent optical properties in light of an 
AVT value crossing 80% threshold, a value greater than double 

glazing windows, and a CRI of 96%. This is the best optical 
result of a selective NIR-DSSC reached so far and among the 
best values reported for TPV. The devices exhibited a maximum 
PCE of 2.5%. Cong et al. also pioneered the hybrid redox system 
between TEMPO and Co complexes (Table 10 entry 4).[223] The 
most relevant finding in this work is nested in the observation 
of a faster dye regeneration, slowing down the fast recombi-
nation issue of the TEMPO and reducing the mass transport 
problematic of the Co complexes, thus resulting in a higher 
cell photovoltage. However, as previously mentioned, TEMPO, 
other than being highly unstable in its oxidized form, has a 
redox potential too close to actually reported HOMO levels of 
the NIR-dyes.

An alternative to TEMPO was found in TPAA (tris(p-anisyl)
amine) by Hao et  al. (Table  10 entry 5). The introduction of 
this molecule ensures higher stability in MPN electrolyte com-
pared to the TEMPO-Co redox system while maintaining the 
optimized electron transfer kinetics on the photoanode side.[224] 
Unfortunately, also in this case, the redox potential lies too 
close to the dye’s HOMO level (0.79 V vs NHE), thus may be 
a very interesting solution waiting for NIR-sensitizers with 
stronger stabilized HOMO levels.

A thoughtful design of the redox mediator and more gener-
ally, of the electrolyte is mandatory to obtain transparent and 
colorless DSSCs providing a good photoconversion efficiency. 
The former choice could lead to the implementation of metal-
based complexes: they have been thoroughly investigated to be 
implemented in the conventional device and their chemistry is 
well known. Among them, transparency-wise, cobalt complexes 
seem to be the most promising one coupling practical null 
absorption in the visible region and good efficiency in conjunc-
tion with NIR dyes. On the other hand, fast recombination reac-
tion at the photoanode/electrolyte interface limits the device’s 
efficiency. Moreover, some serious issues arise in terms of sus-
tainability, being cobalt a Critical Raw Material. In order to over-
come these two issues, cobalt could be replaced by other metals, 
i.e., copper, iron, or manganese. Copper complexes have been 
profusely investigated in conventional devices (both in liquid 
and solid configuration); by means of ligand engineering is pos-
sible to reduce the reorganization energy required in the Cu(I)–
Cu(II) transition leading to maximized efficiency. Unfortunately, 
the most important drawbacks of Cu-based redox mediator are 
their partial absorption in the visible range that seems to pre-
vent their application in colorless DSSCs; yet, some efforts have 
been made in order to properly modified the organic ligand to 
shift the MLCT in the UV region and to reduce the contribu-
tion of the d–d. Aiming at complete transparency in the visible 
range, both iron and manganese could be valuable choices. 
Ferrocene and its derivatives, once implemented in complete 
devices, lead to very high AVT but the overall efficiency (and 
thus LUE) is quite limited due to the high redox potential that 
prevents efficient dye regeneration. In this case, ligand engi-
neering just slightly influences the electrochemical properties of 
the complexes. With respect to manganese complexes, just few 
but promising results have been reported so far.

Besides metal-based complexes also fully organic redox sys-
tems have been proposed to be applied in colorless DSSCs, 
being characterized by very low absorption in the visible range. 
Two main classes of redox systems have been investigated so 

Table 10. Binary redox systems.

Entry Redox mediator Redox potential (V vs NHE) Ref.

1 I−,Br−/I2
−,I2Br− 0.56 [219]

2 I−,SCN−/I3
−,I2SCN− 0.47 [220]

3 S2
−/S2

2− and I− 0.75 and 0.35 [222]

4 TEMPO+/0 and Co(bpy)3
3+/2+ 0.80 and 0.56 [223]

5 TPAA+/0 and Co(bpy)3
3+/2+ 0.79 and 0.56 [224]

Figure 13. UV–vis absorption spectrum of S2
−/S2

2− and I− redox couple 
compared to I3

−/I− redox couple. Reproduced with permission.[222] Copy-
right 2012, Royal Society of Chemistry.
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far, namely TEMPO-based and disulfide/thiolate-based redox 
couples. The former, widely employed in conventional DSSC 
is hardly exploitable in NIR-based device because of a too high 
redox potential (between 0.80 and 1.00 V vs NHE) that makes 
impossible an effective regeneration of the NIR dye. On the 
other hand, disulfide/thiolate-based redox couples show more 
suitable redox potential but they are characterized to slower 
electron transfer kinetic due to required bond formation/
cleavage. Indeed, some efforts deal with the modification of the 
organic scaffold to limit the energy losses of this process and to 
optimize the PCE. Additionally, disulfide/thiolate systems also 
require tailored counter electrode to prevent their unreversible 
absorption, e.g., on platinum films. Very recently, also binary 
redox systems have been proposed. The aim of the exploita-
tion of the latter is to couple the advantages of each system, 
trying to minimize the drawbacks. This binary allows obtaining 
colorless electrolytes that properly work also in conjugation 
with NIR dyes opening the way to transparent and efficient  
DSSCs.

3.4. Fully Transparent Counter Electrodes

The counter electrode (CE) is the last important part of the 
DSSC to ensure the effective regeneration of the reduced form 
of the redox couple while closing the circuit of the photogal-
vanic cell.[225] The property of the CE influences the device per-
formance in particular through the fill factor value.[226] The 
support FTO glass is usually coated by a nanocatalyst to reduce 
the charge transfer resistance (RCT) at the counter electrode, 
thus the type of electrocatalyst strongly depends on the type of 
redox mediator used in the electrolyte. The prerequisites for the 
electrocatalyst are i) high electrochemical catalytic activity for 
the reduction process and to avoid electrode polarization,[227–229] 
ii) inertness with respect to the electrolyte components, and 
iii) high thermal and photostability. For NIR-DSSC, the CE 
requires a high level of transparency which can be achieved 
either by an ultrathin electrocatalyst layer or via a transparent 
conducting material.

Historically, a platinum-coated FTO glass is employed as 
a CE. It represents so far the best electrocatalyst to reduce 
tri-iodide to iodide. On the other hand, it can be corroded by 
iodine-based redox couples in particular for electrolytes free of 
guanidinium thiocyanate.[230] Best performing devices usually 
involve opaque Pt-based CE deposited either by screen-printing 
or drop-casting.[231,232] In this case, the CE displays relatively 
high optical reflectance,[231] which can enhance light confine-
ment in the device of regular DSSC but is an oust parameter 
for NIR-DSSC application. Controlling the thickness of the 
electrocatalyst layer to a level that will become optically trans-
parent while maintaining its high electrochemical activity is an 
important stake.[233,234]

Otaka et al. demonstrated that a Pt thickness as low as 0.5 nm  
has no negative impact on the photovoltaic characteristics while 
providing a good transmittance in the visible region,[235] thus 
appealing for selective NIR-DSSC application[236] and for bifa-
cial devices.[237] Alternatively, Gong et al. reported a film trans-
mittance reaching 95% for rGO-modified Pt films, leading to 
a PCE of 7.7% (Table 11 entry 1).[238] Note that in this case, the 

contribution of the FTO substrate was subtracted in the trans-
mittance calculation.

When selecting appropriate electrocatalysts to replace the 
platinum, it has been considered that both the charge transfer 
resistance and the sheet resistance should be low enough to 
ensure a fast electron transfer to the FTO layer.[225] It should 
be pointed out that both transmittance and sheet resistance are 
intrinsic properties of the film depending on the deposition 
technique and the conditions of the thermal post-treatment. 
Among alternatives to platinum, carbonaceous materials,[239] 
conducting polymers,[240] and metal oxides or sulfides (except 
for the Co-based ones),[241] can provide excellent catalytic prop-
erties while remaining low cost and sustainable. However, most 
of them do not comply with the transparency standard required.

Among C-based materials, graphene and reduced graphene 
oxide (rGO) have attracted great attention due to their unique 
features, combining excellent electrical and thermal conduc-
tivity with high optical transparency at the sub-nanometer thick-
ness (Table  11 entry 2).[242,243] Yet, the deposition of graphene 
sheets onto FTO glass remains challenging. Both transmittance 
and conductivity strongly decrease when more than 4–5 sheets 
are deposited.[244,245] Nemala et  al. reported on the application 
of pressure exfoliated single graphene sheet as possible CE 
in DSSC (Table  11 entry 3).[246] They have reached a transpar-
ency level close to 100%. However, the low catalytic activity 
of the CE with respect to the tri-iodide/iodide redox system 
strongly penalized the fill factor value compared to Pt. Dodoo-
Arhin et  al. reported on a graphene layer grown by chemical 
vapor deposition (CVD) on FTO reaching a transmittance value 
of 80% and a PCE of 4% (ff = 55–60%) with a custom-made 
I-based electrolyte.[247] Similar transmittance values (81%) and 

Table 11. Different classes of transparent counter-electrode of possible 
interest for selective NIR-DSSC.

Entry Material Transmittance [%] Electrolyte Photocurrent 
density  

[mA cm−2] and 
PCE value (%) 
into brackets

Refs.

1 rGO+Pt 90% I3
−/I− 16 (7.7) [238]

2 rGO 81% I3
−/I− 16 (3.6) [243]

3 Exfoliated  
Graphene

Same of FTO 
(only relative  

data available)

I3
−/I− 12 (3.2) [246]

4 Graphene 85% I3
−/I− 6 (2.3) [244]

5 CoS honey 65% I3
−/I− 14 (6.0) [266]

6 CoS 80% I3
−/I− 17 (8.5) [267]

7 NiS 75% I3
−/I− 12 (5.9) [275]

8 NiS 82% I3
−/I− 15 (7.4) [276]

9 NiSe 88% I3
−/I− 17 (8.0) [262]

10 FeSe 78% at 550 nm I3
−/I− 17 (9.2) [279]

11 MoS2 79% I3
−/I− 17 (7.4) [280]

12 Mo0.6Se 85% I3
−/I− 16 (8.0) [279]

13 CuSe 100% I3
−/I− 12 (6.0) [284]

14 Cu2−xSe@N-doped 
carbon nanosheets

83% Co-based 13 (7.6) [285]
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power conversion efficiency (3.6%) were reported by Jang et al. 
with moderately reduced GO. Another example of rGO films 
was reported by Roy-Mayhew et  al. who successfully achieved 
thermally reduced graphene oxide CE efficient for iodine-based, 
Co-based and S-based redox mediators, reaching a PCE of 6.7%, 
4.5%, and 3.5%, respectively.[248] The advantage of a thermally 
driven reduction of graphene oxide is nested in its higher level 
of transparency compared to the ones conventionally obtained 
with chemically or electrochemically rGO.[249] An innovative 
approach was reported by Choi et  al., who produced rGO by 
the Hummer’s method and successively deposited it onto FTO 
glass by electrophoresis.[244,250] By controlling the deposition 
time, they were able to modulate both film transparency and 
its electrochemical activity. For short deposition time (5 seconds 
under 30 V polarization), 85% transparency was achieved 
with a film able to support current density close to 6 mA cm−2  
(Table 11 entry 4). However, longer deposition time was reported 
to affect both the optical and the electrical properties of the 
resulting film.

For transparent CE, research on conducting polymers is 
also very fruitful due to their good catalytic activity, excellent 
stability, and ease of tuning their properties through simple 
synthetic modifications.[251–254] Yet, a relatively thick polymeric 
film is required to achieve a good catalytic activity, meaning 
that transmittance values higher than 70% are hardly obtain-
able. However, few noteworthy exceptions have been reported. 
For example, Lee et  al. successfully reduced by in situ polym-
erization a PEDOT-based CE thickness down to 60 nm leading 
to a transmission value of 88% at 550 nm.[255] However, com-
pared to carbon-based CE, the film obtained exhibited a rela-
tively high surface resistivity of 140 Ω sq−1. This characteristic 
can be mitigated by the introduction of a graphene layer shel-
tering the PEDOT film. This affords to enhance the overall 
film’s mechanical stability while decreasing the surface resis-
tivity down to 60 Ω sq−1. This has a beneficial consequence for 
reducing the charge transfer resistance, by ≈50% compared to 
Pt with an I-based electrolyte.[245] Unfortunately, the introduc-
tion of a graphene layer with their methodology reduced the CE 
transmittance down to 70% due to excessive light interactions 
at the interface between the two materials.

Grätzel et  al. proposed a new class of CE based on transi-
tion metal materials, namely CoS.[256] This new family has 
been extended to sulfides and selenides (TMS),[257] phosphides 
(TMP),[258] nitrides (TMN),[259] carbides (TMC),[260] and oxides 
(TMO).[261] A systematic study for iron, nickel, cobalt selenides, 
and sulfides as counter-electrode started back in 2009 as a 
result from potential lower cost.[226,262–264] TMSs and TMOs are 
the most widely investigated electrocatalyst as being easily syn-
thesizable even for large areas together with being thermally, 
chemically, and electrochemically robust. TMNs and TMCs 
usually exhibit very good electrocatalytic activity, especially with 
I3

−/I− redox couple, albeit they are less robust than their oxide 
and sulfur-based counterpart. PCE value is regularly the main 
metric highlighted while the optical properties of the CE or the 
charge transfer resistance grasped less attention.

Cobalt selenides and sulfides were first investigated, 
obtaining power conversion efficiencies comparable to the 
standard of Pt.[256] Congiu et  al. highlighted the superiority of 
CoS with an I3

−/I− based electrolyte in terms of charge transfer 

resistance: 1.51 and 2.30 Ω cm2 for CoS and Pt, respectively. A 
similar level of transparency was obtained between the two CE, 
78% at 555 nm compared to 82% for Pt.[265] The transparency 
of the CE strongly depends on the morphology of the particles. 
For example, Lin et  al. reported CoS-based CE with a honey-
comb morphology also reaching a higher level of performances 
(RCT  = 1.45 Ω cm2) than Pt-based CE (RCT  = 2.03 Ω cm2)  
(Table  11 entry 5). However, the high crystallinity of the film 
penalizes the film’s transmittance which only reaches a 
maximum of ca. 65%.[266] More transparent (>80% transmit-
tance at 555 nm) and more efficient CE films were obtained 
by Huo et  al. through a hydrothermal approach leading to a  
PCE = 8.5%, JSC  = 17 mA cm−2.[267] In addition, the authors 
modified these films with a controlled amount of rGO allowing 
to reach a PCE of 10%.

Nickel oxide nanoparticles have been largely employed in 
p-type DSSC,[16,268] and its catalytic activity toward the reduc-
tion of tri-iodide has been thoroughly reported. However, 
under continuous illumination, negative charged iodide spe-
cies tend to strongly chemisorb onto the electrode’s surface, 
limiting its catalytic activity.[269] To avoid this drawback, NiSx 
and NiSex materials have been largely explored as a new type of 
CE.[270–273] These materials are cost-effective and could be easily 
synthesized.[274] However, some precautions are required to be 
taken during the synthesis to avoid the formation of hydroxide 
and oxide phases that jeopardize both the catalytic activity 
and the stability of the CE in complete devices. The synthesis 
under H2S or H2Se flow is required to avoid the formation 
of harmful impurities. Zhang et al. investigated the effect of 
the morphology of NiS nanostructures on their optoelectronic 
properties (Table 11 entry 7).[275] The morphology could be care-
fully modulated by the amount and the nature of the template 
employed during the synthesis. Among the different nano-
structures proposed, the nanosphere was proved to be the most 
transparent (75% at 555 nm), however with a lower catalytic 
activity (RCT = 6.68 Ω cm2, that the double compared to Pt-
based CE, respectively, when an I-based electrolyte is employed). 
The highest level of electrocatalytic activity is obtained with 
nanoflower-type morphology but at the expense of the film’s 
transparency owing to aggregation. A step forward in this trade-
off between transparency and electrochemical activity has been 
demonstrated by the work of Song et al., who reached a high 
level of transparency greater than 80 % over the whole spec-
trum (Table 11 entry 8).[276] The replacement of sulfur with sele-
nium improves the electrocatalytic activity of the CE, reaching 
a charge transfer resistance lower than 3 Ω cm2 (with a I-based 
electrolyte), a value three times lower than conventional Pt. The 
authors also reached a high level of transparency greater than 
90 % over the whole visible range (Table 11 entry 9).[262] Ku et al. 
reported highly transparent NiS CE exceeding 90 % value and 
associated with both tri-iodide/iodide and sulfur-based redox 
mediators. In conjunction with the latter, they obtained a PCE 
of 6.25% (FF = 68%, RCT = 2.4 Ω cm2) which is much better 
than the reference Pt-based counter electrodes (FF = 50%, RCT 
= 48.2 Ω cm2). Additionally, the NiS electrode was proved to 
lose its catalytic activity with time due to the formation of Ni-
thiolate bonds at the interface between NiS and the electrolyte.

Iron-based materials have also been explored. The 
hematite α-Fe2O3 has been showing ability to reduce triiodide 
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efficiently.[277] However, its bandgap value of 2.1 eV leads to sub-
stantial light absorption in the visible range, thus not fulfilling 
one requisite for NIR-DSSCs. A similar issue arises when hem-
atite is replaced with the pyrite FeS.[278] The enhancement of 
the optical transparency of the iron-based CE can be obtained 
by the substitution of S with Se that allows enhancing the trans-
mittance to almost 80% and remarkably high PCE approaching 
10% (FF = 72%, RCT 5.5 Ω cm2) and 5.5% in front- and rear-
illumination geometry (Table 11 entry 10).[279]

Another interesting material for counter-electrodes is MoS2. 
Although it is usually opaque, Kim et al. reported counter-
electrodes based on 2D MoS2 catalyst that can reach up to 80% 
transmittance after optimizing the thermal treatment.[280] In 
this work is also highlighted the necessary trade-off between 
such high transparency and the device performance since high 
annealing temperature leads to poorer electrocatalytic activity 
(Table 11 entry 11). Jeong et al. reported a low-temperature 
approach below 100 °C using ALD to achieve semi-transparent 
CE (65% @ 555 nm), working as well as Pt standards in the 
presence of an I-based electrolyte (RCT = 4.75 Ω cm2), which can 
be used for bi-facial DSSC.[281] When sulfur is replaced by sele-
nium, the films are attaining a very high level of transparency 
above 85% with good electrocatalytic activity compared to I3

−/I− 
redox couple (Table 11 entry 12).[282] An interesting approach to 
tune the transparency of the hydrothermal CuSe2 was proposed 
by Tang et al., who reported on the synthesis of CuSe at dif-
ferent pH and their simultaneous deposition of FTO: the most 
transparent electrode was obtained at a relatively low alkaline 
pH of 9 leading to transparency close to 100% after subtraction  
of the FTO transmittance (Table 11 entry 13).[284] More recently, 
a transparent CE reaching 83% transmittance was developed by 
Ou et al. based on Cu2−xSe@N-doped carbon nanosheets asso-
ciated with the cobalt couple (i.e. tris(2,2′-bipyridine)-cobalt(II)/
(III)) as the redox mediator for bifacial DSSC application and 
demonstrating good chemical stability (Table 11 entry 14).[284]

Highly transparent CE has been first developed for bifacial 
DSSC applications. Very interesting results have been obtained 
in this field and this knowledge grasp is of particular inspira-
tion for the selective NIR-DSSC. As an added value, some of 
them have also been designed to reduce both the synthetic 
steps and the production energy required in order to increase 
their sustainability and ecofriendliness. Albeit very high trans-
parency (even close to 90%) (Figure  14) has been obtained, 
one should note that these CE have been optimized to work 
in conjugation with the standard iodine-based electrolyte. The 
absence of literature about the coupling of transparent CE and 
alternative redox mediator prevents us to draw very specific 
conclusions. Indeed, each redox mediator has its own electro-
chemistry and the CE should be tailored to assure the highest 
electrocatalytic behavior and the longest longevity. Among the 
different materials proposed, the most promising results have 
been obtained with carbon-based materials, especially graphene 
and its derivatives. They have also been proven to work prop-
erly with Co-based redox systems. However, importantly for the 
NIR-DSSC application, they often required a trade-off between 
transparency and catalytic activity. Very promising results have 
also been obtained with sulfide-based and selenide-based CE. 
The beneficial effect assured by their good catalytic properties 

with respect to conventional I3
−/I− based electrolyte combined 

to high optical transmittance could be jeopardized by stability 
issues when organic-based redox mediators are used. In the 
case of sulfide/thiolate redox couple, one should consider that 
the reduced species of the electrolyte could irreversibly bind 
on the CE surface leading to a dramatic decrease in cell per-
formances. Similar issue could arise from the implementation 
of a metal based redox system, especially if there are based on 
atom with good affinity with S or Se, as copper, iron, and cobalt 
are.

3.5. Antireflective Coatings for NIR-DSSC

To achieve specifications in terms of transparency, antireflec-
tive coating (ARC) aims to reduce optical losses due to reflec-
tion (R) owing to refractive index mismatch between glass 
and air (nglass ≈ 1.52; nair = 1) in agreement with Fresnel’s law 
(Equation 10).[286] The corresponding reflection in contact with 
air is 4.3% per interface, resulting in a total optical loss of 8.6% 
only by light reflection and solely considering the two external 
interfaces. Indeed, the same approximation with different 
values of reflection loss will apply inside the DSSC cell, through 
FTO/electrolyte, TiO2/electrolyte interface, and CE/electrolyte 
interface.

Usually, ARC consists of a submicrometric layer thick-
ness with the main function of accommodating the refractive 
index change between the two aforementioned media, thus 
minimizing light reflection to increase the cell’s AVT and maxi-
mizing light transmission in the range of the dye’s absorption 
to enhance PCE.

1

1

2

R
n

n
glass

glass

=
−
+
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Typically, ARCs can reduce the reflection per interface 
down to 1% level, thus increasing the transmission by 7–8%. 
ARCs can be categorized into three main types: single layer 
(SLARC), multilayers (MLARC), and “moth-eye.” For suc-
cessful integration of the ARC, pores with a diameter in the 
range of the incident wavelength should be avoided accord-
ingly to the Mie-scattering theory. Single-layer ARC con-
sists of a layer of material with controlled thickness and 
refractive index value between the air’s and substrate’s ones 
resulting from its chemical nature or porosity (Figure 15a-1–4).  
Multilayers ARC relies upon the successive use of different 
materials of various refractive indexes to cumulatively reduce 
reflection at different wavelengths (Figure 15b). In some cases, 
MLARC is achieved by depositing layers while gradually tuning 
the refractive index, generating a gradient of refractive index 
(Figure 15.c-5). Another possibility to form such a gradient con-
sists of the periodic nano-texturation of the ARC, by imitating 
the surface structure of a moth-eye (Figure 15c-6).

For a SLARC, the total thickness (d) is crucial to obtain 
destructive interferences between the reflected light between 
air/ARC interface and ARC/substrate interface. For this, a so-
called “quarter wave” layer is needed following Equation 27:
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4
n darc

λ× =  (27)

The simplified Fresnel equation at the air/ARC interface 
enables the calculation of the best ARC refractive index to abate 
light reflection following Equation 28:[287,288]

n n narc air sub= ×  (28)

Therefore, in the case of selective NIR-DSSC, an efficient 
SLARC can be designed with a material exhibiting a refractive 
index of 1.23 and a thickness of 114 nm (Figure 16).

The ARCs can be elaborated with polymer-based materials, 
inorganic compounds, or a mix of these two.[289–291]

Polymers have been widely discussed in the literature due to 
their processability, low cost, flexibility, and their tunable refrac-
tive indexes.[292,293] A well-known strategy consists of increasing 
the film’s porosity following the volume averaging theory, 
which relates the volume of voids in the film and its refractive 
index by Equation 29:[294–296]

1
100

1 12
1/2

n
P

npc dc( )= −





 − +







 (29)

Where npc and ndc are the refractive index of the pores (air) 
and nonporous material, respectively, and P is the porosity of 
the layer.

Another approach for nanoporous ARC film is the use 
of polymer colloids such as PMMA (poly methyl meth-
acrylate),[299,300] PTFEMA (poly(2,2,2-trifluoroethyl meth-
acrylate)[301] or a mixture of PS (polystyrene) and PMMA.[300] After 
depositing by spin-coating, a gain of around 4% in transmittance 
has been reported regardless of the type of polymer used. How-
ever, although this type of ARC is optically optimal, this polymer 
technology suffers from a lack of long-term stability under UV 
irradiation and lack of mechanical adhesion to the glass surface.

These drawbacks can be tackled by replacing the polymer 
with inorganic materials deposited either by vacuum 
process,[302] chemical vapor deposition,[303] or wet processing 
like sol−gel.[304,305] Unfortunately, a simple quarter-wave ARC 
cannot be totally fulfilled because the lowest refractive index 

Figure 14. Transmittance curves of CE films based on a) CoSe[278] b) CoS/rGo composites[267] c) MoSe[279] and d) NiS.[280] a) Reproduced with permis-
sion.[278] Copyright 2014, American Chemical Society. b) Reproduced with permission.[267] Copyright 2016, Elsevier. c) Reproduced with permission.[279] 
Copyright 2015, Elsevier. d) Reproduced with permission.[280] Copyright 2015, Elsevier.
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of inorganic material is n  = 1.38 for MgF2. In this case, it is 
required the formation of multilayer ARCs (see Figure  15a,b) 
or the implementation of nano-objects or nanotexturization to 
minimize further the light reflection.[292] However, the vacuum 
process of MgF2 is not compatible with DSSC fabrication which 
requires a post-annealing treatment at ca. 450 °C, a temperature  

well above the thermal stability limit of amorphous MgF2. It 
is also not totally compatible with an end process for DSSC 
because the high vacuum level will challenge the sealing 
retaining the liquid electrolyte. Based on these technical limi-
tations, one of the simplest approaches consists of the depo-
sition of silica nanospheres by spin-coating even though SiO2 

Figure 16. a) Operative principle of a quarter-wave SLARCs. Reproduced under the terms of use of ref. [297] Copyright 2019. C.B. Honsberg and S.G. 
Bowden and b) reflectance as a function of wavelength for ARCs (air/glass)]. Blue curve: SLARC made of l/4 MgF; green curve: quarter-quarter Arcs 
made of l/4 MgF2- l/4 Al2O3. Red curve: three layers ARCs made of l/4 MgF2- l/2 ZrO2- l/4 Al2O3. Reproduced with permission.[298] Copyright 2010, 
Elsevier.

Figure 15. Schematic illustration of different existing categories of ARCs: a) Quarter-wave SLARCs, b) multilayer interference coating, and c) gradient-
index ARCs. Gradient-index ARCs can be subcategorized in MLARCs (c).5. and “Moth-eyes” like (c).6. textures with their associated gradient of the 
refractive index profile.
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has not the optimal refractive index with a value of 1.45 in the 
visible range.[306,307] Once deposited, they can form a layer with 
a different level of random/organized arrangement depending 
on the deposition technique and conditions. Once annealed, 
those NPs form a 3D network with a porosity ranging from 
26% to more than 75% depending on the particles size, mor-
phology, spatial arrangement of NPs, and the concentration 
of binding molecules added in the colloidal solution.[308–311] To 
achieve a medium refractive index of 1.23, a porosity of 53% is 
needed.[292] In that way, Li et  al. have elaborated a protocol to 
synthesize SiO2 NPs of 100 nm diameter followed by a spin-
coating step that allows forming a monolayer of NPs at the sur-
face of a DSSC (see Figure 16a).[312] In that ideal conditions, and 
in addition to an internal ARC made of ZnO NPs at the FTO/
TiO2 interface, the authors reported a transmittance gain in the 
whole visible and NIR range by 5%, resulting in a gain of Jsc 
from 10 to 12 mA cm−2 and an increase of PCE by 5.8% with 
N719 dye. Naim et al. have recently demonstrated the possibility 
of reproducing this protocol with VG20-C16.[25] By applying SiO2 
ARC on both sides of a transparent selective NIR-DSSC, they 
managed to measure a significant increase of transparency 
in the visible and NIR region based on a 3.8 µm thick TiO2 
photoanode. The AVT value increased from 70% to 76%, thus 
demonstrating the relevance of ARC deposition for NIR-DSSC 
application. The PCE was also slightly enhanced as a result of 
the improved transmittance in the NIR region (Figure  17c). 
Unfortunately, the mechanical stability of such layer remains 
low due to the high porosity. Chen et  al. have addressed this 
important issue by forming inter-NPs chemical bonds once 
deposited on the substrate thanks to hydroxylation of silica 
surfaces in presence of H2O2.[313] Another option relies on 
adding an organic binder such as polypropylene glycol, which 

can tune the medium refractive index as expected from the 
effective model theory[314,315] in the range of 1.13 to 1.34.[316,317] 
A complementary approach relies on tailoring the morphology 
of the nanoparticles, for instance through hollow-nano-obj
ects.[292,313,318–320]

More recently, focus has been given on new biosourced 
material for SLARCs for DSSC such as cellulose or chitin NCs 
or nanofibers. To our knowledge, the only application on NIR-
DSSC consists in chitin nanoneedles obtained from shrimp 
wastes recycling. By spin-coating a thin layer of ca. 100–200 nm 
chitin NCs, we have measured on a complete NIR-DSSC based 
on VG20-C16, a gain of transmittance in the visible and NIR 
range affording a Jsc gain from 11.4 to 12.7 mA cm−2 leading to 
an enhancement of PCE from 2.6% to 2.8% (Figure 17). We also 
demonstrated an AVT increase of 3.1%.

As the FTO/TiO2 interface also contributes to the total light 
losses in DSSC, some ARCs research also focused on this 
interface, particularly through nanometric coating made of 
ZnO[312] or ZnSnO4.

[321] Additionally, electrolyte based on ace-
tonitrile allows reducing substantially reflections occurring at 
FTO/ electrolyte and TiO2/electrolyte interfaces as modeled by 
Wenger et al., due to its low refractive index in the visible and 
NIR range (n  ≈ 1.35) in comparison to FTO (n  ≈ 2.0–1.7) and 
TiO2 (n ≈ 2.0–1.8).[322]

MLARCs can consist of a periodic multilayer quarter-
wave coating or a multilayer stacking of materials with dif-
ferent refractive indexes, alternating high and low (photonic 
bandgap crystals) or gradually increasing according to a  
gradient.[323]

In the simplest design (quarter-quarter stack),[324] the external 
layer is made of a lower refractive index material in compar-
ison with the internal layer (in contact with the substrate). The 

Figure 17. a) SEM pictures of 100 nm SiO2 NPs deposited on a glass substrate by spin-coating. Reproduced with permission.[312] Copyright 2019,  
Elsevier. b) Photography of FTO substrate (glass side) exposed under sunlight with and without SiO2 ARC (1 monolayer of NPs, 100 nm). c) Comparison 
of total transmittance of a complete DSSC (dye = VG20-C16) with and without SiO2 ARC (1 monolayer of NPs, ≈ 100 nm per glass/air interface). Repro-
duced with permission.[25] Copyright 2021, American Chemical Society.
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reflection plot as a function of the refractive index presents for 
this kind of “quarter-quarter” MLARCs a typical “V” shape curve 
with a distinct minimum (Figure  16b). The optimal refractive 
index for these two layers can be calculated (for a targeted wave-
length) following Equation 30:

1 L

H

2

n

n

nsub

=






  (30)

where nL and nH are the refractive indexes of the low and high 
refractive index coatings, respectively. An example of quarter-
quarter MLARCs can be with an external layer (on air interface) 
made of MgF2 (n = 1.38) and an internal layer (on glass inter-
face) made of CeF3 (n = 1.65) or Al2O3 (n = 1.76).[298]

To minimize reflections on a broader wavelength range 
broad band ARC (BBARC)[324] were studied by introducing 
a third layer (called “absentee layer” composed of a dielectric 
material with a thickness equal to λ/2) in between the two 
quarter−quarter layers. Based on Fresnel’s theory, the contin-
uous transition of refractive index from 1 to 1.5 (no steep walk 
contrary to SLARCs) is mandatory to achieve BBARC from vis-
ible to NIR range. Such a BBARC can consist of an external 
layer made of MgF2 (n = 1.38), an intermediate layer made of 
ZrO2 (n = 2.1) and an internal layer made of CeF3 (n = 1.65) or 
Al2O3 (n = 1.76) (Figure 16b).[298]

Ulusoy et al.[290] have reported a MLARCs based on ORgani-
cally MOdified SILlica (ORMOSIL). Tuning the porosity of this 
coating[325,326] decreases progressively the refractive index of 
successive layers resulting in a gain in light transmission in the 
visible range in between 2% and 5% for a single FTO substrate. 
The same authors also measure a significant increase of 23% 
for the Jsc on a working DSSC based on N719 dye.

As aforementioned, hollow structure are used to prepare low 
refractive layer[327] and MgF2 is a very interesting material for 
ARCs as it presents the lowest refractive index among inorganic 
materials (n = 1.38).[328,329] Bao et al.[313] have achieved an ARC 
consisting of a bottom layer made of chemically bonded silica 
nanoparticles and a top layer made of hollow MgF2 nanorods 
with a refractive index that can be adjusted from 1.10 to 1.35. 
Another design of ARCs is “Moth-eye” like texture; able to 
limit reflection due to the presence of a spatially ordered array 
of sub-micrometric dots. In other words, this strategy consists 
of the formation of a periodic framework directly on the glass 
substrate. Many types of geometry have been studied, such as 
nanohemisphere, cones, and pyramidal.[298] When incident 
light penetrates this lattice, the refractive index progressively 
enhances due to the increased volume ratio of material/air with 
depth. The geometric profile of the “dots” directly determines 
the refractive index gradient profile. Those dots are usually 
formed by top-down techniques such as ion-beam etching,[330] 
template imprinting,[331] and NPs assembly/sintering.[332]

Kim et al[333] have illustrated a route to creating a “moth-
like” ARCs via photolithography of a “hard” silicon master, 
which then can be replicated by deposition and reticulation of a 
“soft” layer of PDMS (Poly dimethyl siloxane). After removing 
the template, a textured PDMS film is obtained with a gra-
dient of refractive index from 1 to 1.43. Optimal reduction of 
R (4.3% compared to the reference value of 7.9%) has been 
measured for pores-radius of 300 nm while presenting a good 

transmittance in NIR, interesting for increasing the PCE and 
AVT of NIR-DSSC. An interesting example applied directly on 
DSSC with N3 dye has been highlighted by Tsai and Tu,[334] 
showing a gain of transmittance of 5% from 400 to 800 nm 
with a gain in PCE leading to 6.8% through a moth-eyes sub-
micrometric PMMA ARC. Lim et al.[335] or Heo et al.[336] were 
providing other examples consisting of a reduction of reflec-
tance of ca. 3% and between 5%–10% respectively in the whole 
visible range by forming moth-eyes ARCs made of PDMS or 
PTFE, respectively. In both cases, the final PCE of DSSC based 
on N719 was demonstrated.

Regardless of the transparency gain achieved, many authors 
have pointed the two major disadvantages of current ARCs. For 
polymer-based and nanotextured ones, mechanical strength and 
durability versus external conditions such as solar irradiation 
are important issues. For MLARCs, their elaboration via mul-
tistep process (coating, curing steps, etc) can reach a high cost. 
Considering photovoltaic applications, one should weight the 
pros and cons and emphasize a low-cost and efficient ARC that 
is easily applicable to high volumes and for large substrates.

4. Conclusions and Prospects

The emergence of TPV represents a new opportunity for DSSC. 
The current state of the art for NIR selective technologies, lumi-
nescent solar concentrators being the more transparent and 
organic PV having the highest efficiency reported so far. How-
ever, the interest in NIR-DSSC stands in their ability to reach 
high transparency as recently demonstrated by our group and 
the possibility of reaching efficiencies close to the theoretical 
10.8% calculated by Lunt. For the future of this technology, 
the main effort should be targeting the improvement of the 
PCE. The current state of the art provides detailed informa-
tion regarding which are the main limitations for NIR-DSSC 
as already discussed in this review. We can estimate that a fully 
optimized selective NIR-DSSC can reach a maximum PCE 
value of ca. 8%. This value has been calculated, estimating that 
the maximum photocurrent density achievable would be ca.  
13 mA cm−2 considering the total sun photon flux between 350 
to 420 nm and 750 to 950 nm. We can estimate realizable to 
reach a cell photovoltage of ca. 0.8 V considering an electrolyte 
based on a redox mediator in the range of 0.65 V vs. NHE and a 
fill factor value of 75%.

With this review, we intend to provide the reader a full 
understanding of color perception and its evaluation. When it 
comes to the aesthetic assessment of TPV, to our knowledge, 
there are different metrics that can be applied other than the 
ones presented in the main text. Therefore, we find it impor-
tant to introduce other evaluation methods that can help extend 
the applicability of the technology in the market and compare it 
with other emerging TPV.

In evaluating the CRI two important metrics are obtained, 
which help identify the position of the test sample on the 
CIE color space, x and y in the CIE 1931 known as chroma-
ticity coordinates and u and v in the CIE 1976, known as 
uniform chromaticity coordinates. On the perimeter of the 
chromaticity diagram, it is also possible to define the domi-
nant wavelength which helps relating the final coloration of 
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the test sample to a monochromatic color. It is determined 
by drawing a straight line from the equal-energy point  
(xee  = yee  = 1/3) to the chromaticity coordinates of the test 
sample and by then extending this straight line to the perim-
eter of the chromaticity diagram.[337] Once the dominant 
wavelength is known, the next step in the characterization is 
the evaluation of the color purity (saturation), which is given 
by the distance in the chromaticity diagram between the 
chromaticity coordinates of the investigated sample and the 
coordinates of the equal-energy point of the sample divided 
by the distance between the equal-energy point and the domi-
nant wavelength point:

c
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where (xd,yd), (xee,ydee) and (x, y) are the chromaticity coordi-
nates of the dominant wavelength, equal-energy point, and the 
tested sample, respectively. The final value of Pc varies between 
0 and 1, representing respectively a pale color when the point 
is close to the reference white and highly saturated color when 
close to the purple boundary.[26]

In this same color space, it is possible to project the black 
body locus, representing the color variation of a black body 
with the temperature (Figure  18). This results in another 
important metric in the color evaluation named the correlated 
color temperature (CCT) associated with the light source’s 
tone. Each temperature corresponds to one tone and is speci-
fied in degrees Kelvin. The CCT value is calculated from McC-
amy’s equation reported below (Equation 16)[338] and it allows 
understanding of whether the color is neutral, bluish white, or 
reddish white.[22]

449 3525 6823.3 5520.333 2CCT n n n= + + +  (32)

where n = 
( 0.3320)

(0.1858 )

x

y

−
−

 and x and y being the chromaticity coor-

dinates in the CIE 1931 color space.

To further complete the aesthetic assessment of the afore-
mentioned parameters, we also find it important to define the 
suitable standard illuminants, which have the role in portraying 
illumination conditions and are defined by the CIE. For this 
aim, we define the white point of an illuminant in the chroma-
ticity diagram, which coordinates in the CIE space are obtained 
by illuminating a white object with the reference illuminant 
of choice. By changing the white point, one can partially com-
pensate for changes due to the color of the illuminant. Typical 
white points used in color evaluation are the equal energy 
point (xee = yee = 1/3) and the D65 illuminant (x65, y65) = (0.3112, 
0.3371) which is a representation of the average daylight. In 
order to simulate the color perception through the TPV with 
an incandescent bulb as the illumination source (the case of 
internal lightning condition), the CIE standardizes the illumi-
nant A, which represents a tungsten-filament lamp operating 
at CCT of 2856 K. With the final aim of using TPV technolo-
gies for building integration, we highly recommend using A.M. 
1.5G as standard illuminant, which is characterized by a CCT 
value of 5513 K.
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Figure 18. CIE 1931 chromaticity space projecting black body locus (black 
line), the x = y = 1\3 position in red and A.M. 1.5G illuminant position 
in black.
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