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Lightweight computing technologies such as the Internet of Things and flex-
ible wearable systems have penetrated our everyday lives exponentially in
recent years. Without a question, the running of such electronic devices is a
major energy problem. Generally, these devices need power within the range
of microwatts and operate mostly indoors. Thus, it is appropriate to have a
self-sustainable power source, such as the photovoltaic (PV) cell, which can
harvest indoor light. Among other PV cells, the dye-sensitized solar cell
(DSSC) has immense capacity to satisfy the energy demands of most indoor
electronics, making it a very attractive power candidates because of its many
benefits such as readily available materials, relatively cheap manufacturing
methods, roll-to-roll compatibility, easy processing capabilities on flexible
substrates and exceptional diffuse/low-light performance. This review dis-
cusses the recent developments in DSSC materials for its indoor applications.
Ultimately, the perspective on this topic is presented after summing up the
current progress of the research.
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INTRODUCTION

Humans have introduced more carbon dioxide
into the environment than the earth’s trees have
been able to recycle since the industrial revolution,
resulting in an increase in the global temperature.
Photovoltaics (PVs) play a major role in energy
harvesting and in realizing a low-carbon society.1–6

Alternative PVs are emerging alongside widely
commercialized semiconductor technologies based
on crystalline and thin-film silicon solar cells.7–14 In
addition to thin-film structures such as CuIn-
GaSe2

15,16 or CdTe15 cells, perovskite solar cells
have grown significantly in the last 5 years.17–21

The latter developed from dye sensitized solar cells
(DSSCs), which have recently experienced substan-
tial developments as part of the new environmen-
tally sustainable PV technologies after the
appearance of a publication in Nature by O’Regan
and Grätzel in 1991.22–31

The organic material-based solar cell has three
types, i.e., perovskite solar cells, polymer hetero-
junction solar cells, and DSSC.32 Among them
perovskite solar cells give the highest efficiency;
23.3% efficiency was reached recently by a pervskite
solar cell with single-junction layout.33 But the
perovskite solar cell is less stable against oxygen
and humidity, and the difficult production process
still makes it very difficult to market.34,35 Polymer
solar cells often require an intricate procedure for
the manufacture of their cells and are less effective
(10%).36 The fabrication of DSSCs is much simpler
and its related PCE has increased by 7% to
�14%.37–39 In all lighting conditions, DSSCs provide
an effective power output, including fluorescent and
LED lighting. In the conditions of diffused or dim
sunlight they can also function well. In these
lighting conditions, however, silicon-based solar
cells are not as efficient and are not very
competitive.40

The solar cell industry can currently be split into
large terrestrial power production panel facilities
and smaller portable electronic modules.41 DSSCs
may be used in both fields but within the second

context they are more promising. They demonstrate
excellent performance under indoor environment
with an artificial light source compared to other
solar cell technologies.42 This performance is essen-
tial for the development and manufacturing of
indoor DSSCs different applications. For example,
the Internet of Things (IoT) is attracting global
scientific and technological attention nowadays
since it underlines connections among wireless
sensor nodes, consumer electronic devices, wearable
devices, and smart meters.43,44 Although many
small devices are connected with communication
networks, there are major issues with charging such
devices.44 For IoT devices, batteries may be used as
power sources. However, the downside of the main
batteries is that their lifespan is restricted within
months to years. Such batteries need charging often
for the secondary batteries. These issues do not
occur in DSSCs, since the cells turn the room light
directly into electricity without external power
supply. In addition, the power needed for IoT
devices is typically low and can be supplied under
room light conditions by running the DSSCs. Hence,
indoor DSSCs are regarded as promising IoT system
power supply cells.45

DSSC efficiency depends on various variables,
such as system design, a spectral response module,
nature of the active material, light source power
intensity and illuminance, irradiance, reflection,
and temperature. Figure 1 provides a schematic
diagram illustrating these variables. Researchers
have made considerable efforts over the last few
years to improve cost-effective, robust and effective
DSSCs for indoor applications; however, these
attempts are still inadequate and their physical
and chemical properties must be refined in order to
increase the performance of DSSC and commercial-
ization.46,47 Additional study is needed to address
certain crucial DSSC issues such as environmental
durability, lifespan, large-scale processing, mechan-
ical efficiency and spectral compatibility between
the active DSSC material absorption range and the
indoor irradiance range of light sources. In this
regard, a thorough analysis of the production of
DSSC for indoor applications will be very helpful in
exploring the different issues that need careful
attention. Thus, in this review we focused on
different anode, sensitizer, electrolyte, and cathode
materials used for indoor DSSC with the hope that
this review will offer guidance to young researchers
on the potential development of new materials with
improved efficiency. This review aims to bind the
work of different researchers together in order to
increase the efficiency of the DSSC for indoor
applications. The suggested modifications and
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experiments are bifurcated appropriately, depend-
ing on the various DSSC components.

ARCHITECTURE OF DSSC

A standard DSSC consists of four essential com-
ponents for initiating the conversion of solar energy
to electrical energy.48–52 The components and their
roles are: (i) photosensitizer for electron injection,
(ii) photoanode for charge separation/conduction,

(iii) redox electrolyte for dye regeneration and (iv)
counter electrode (CE) for electron collection, as
displayed in Fig 2. Visible-light transmission (400–
700 nm) of glass substrate coated with fluorine-
doped tin oxide (FTO) or indium tin oxide (ITO)
should be> 80% with low resistance (< 15 to 40 X/
sq cm), allowing injection of electron and transmis-
sion. For superior conduction and transfer of
charges, crystallization and annealing of titanium
dioxide (TiO2) film at 100–500 �C is necessary.

Fig. 2.. Working principle of DSSC

Fig. 1.. Illustration of the factors affecting efficiency of DSSC
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Covalently bound monolayer sensitizer molecules to
the TiO2 surface boost the absorption of photons and
the production of e-h pairs. Regeneration of dye
happens by solid (gel) or liquid electrolyte when
sensitizers obtain their lost electrons from redox
mediator reduction.

WORKING OF DSSC

The full operating process of DSSCs consists of
the following phases.53–57

(i) Excitation of sensitizer (absorption of photonic
energy): When sunlight strikes the DSSC, the
sensitizer gets excited to a higher energy state
[lowest unoccupied molecular orbital (LUMO)]
from their ground state [highest occupied molec-
ular orbital (HOMO)] and subsequently produces
electrons and holes.
(ii) Injection of electron: The excited sensitizer is
oxidized and an electron is inserted into the
conduction band (CB) of the semiconductor
(TiO2), whereby electrons pass through the thin
film of porous TiO2 to the transparent conducting
oxide glass substrate to cathode from the anode
through an external loop, creating current and
completing cycles.
(iii) Regeneration of sensitizer: The redox pairs
present in the electrolyte (e.g. iodide and tri-
iodide [I- =I3

-] redox pairs) donate the electron to
oxidized-sensitizer, and thus it gets regenerated.
(iv) Electrochemical reduction: In addition, iodide
and the redox mediator in the electrolyte travel to
the CE and are regenerated on the cathode by
reducing tri-iodide.

In DSSCs, two recombinant mechanisms may be
taken into account, where the oxidation of sensitiz-
ing molecules and redox electrolyte species occurs in
two competing chemical reactions simultaneously.58

Within a microsecond timescale (10-6 s), the recom-
bination of photogenerated electrons are takes place
with redox species (I3

-) or/and oxidized
sensitizers.59,60

DSSC PERFORMANCE PARAMETERS

Since all forms of DSSCs are characterized by
standard equipment for solar-cell testing, it is
important to incorporate main parameters used for
the experimental validation of DSSC systems.

An essential quantity reflecting a solar cell’s total
efficiency is the power conversion efficiency (PCE)
(g):

g ¼
VOCJSCFF

Pin

� 100% ð1Þ

VOC is the open-circuit voltage that is in contrast
with the Fermi level of TiO2 and the redox potential
of the electrolyte,42 and the incident-light power
density is Pin. JSC is the current width of the short
circuit. FF is the fill factor that demonstrates the
cell’s inherent quality.

FF ¼
VmaxJmax

VOCJSC

ð2Þ

where Vmax and Jmax correspond to voltage (V)
and current density (J) values that maximize their
product.

RECENT DEVELOPMENT
IN THE PHOTOANODE MATERIALS

Semiconducting metal oxides with a wide band
gap were deposited on FTO or ITO and were used as
photoanode materials. The recent advancement in
materials used for the photoanode is presented here.

A thin layer of Nb2O5 was coated onto the FTO
glass utilizing a simple dip-coating process as an
effective DSSC photoanode substrate material and
its blocking effect on the recombination of charges
under different illuminance was analysed by Chen
et al.61. The results showed that the blocking effect
by Nb2O5 is strongly dependent on the illuminance
intensity, whereas at strong (one sun,>100,000 lux)
illumination, the blocking effect of Nb2O5 is negli-
gible, since the suppressed reverse charge flux
allows no significant impact to high-level injection
of photo-excited charges. In comparison, the block-
ing effect plays an essential role in increasing the
performance as the photon-injected charge flux
decreases dramatically at low-intensity illumina-
tion (300–6000 lux). Moreover the device showed a
significant improvement in FF which successfully
increased the PCE of DSSCs by 10% to 53% under
low-intensity illumination from 6000 to 300 lux.
Furthermore, the same research group62 deposited
Nb2O5 above the TiO2 layer via dip-coating with
different cycles (1, 3 and 5). Results revealed that
under one sun illumination, the device without
Nb2O5 displayed an efficiency of 5.26% and the
device with Nb2O5 (1 dipping cycle) displayed an
efficiency of 5.94%. Also, the device with Nb2O5

showed the highest efficiency of 17.40% under 6000
lux illumination, whereas the device without Nb2O5

displayed 15.53% efficiency under the same condi-
tion. It suggests that the thin film of Nb2O5 serves
as a shielding film which efficiently inhibits the
recombination of charges on the photoanode.

Chou et al.63 prepared a photoanode containing a
composite of TiO2-reduced graphene oxide–indium
gallium zinc oxide (TGI), which was synthesized
using a hydrothermal process, spin coating and
sputtering. Their study revealed that the device
with TGI photoanode displayed an efficiency of
5.66% and the device with TiO2 displayed a PCE of
3.46% under 100 mW cm-2 illumination, whereas
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under 0.63 mW cm-2 illumination, both devices
showed an increase in efficiency of 7.97% (TGI)
and 4.70% (TiO2). The highest efficiency of TGI
based device was due to the reduction in dark
reaction. RGO’s intense electrical mobility speeds
up photogenerated electrons from the TiO2 conduc-
tive band to the FTO conductive band prior to
recombination. In fact, the IGZO creates a shield to
prevent the recombination of photogenerated elec-
trons and I3

-.
In one more work, Hora et al.64 optimized the

TiO2 photoanode for DSSC’s indoor application. In
this work, photoanode mesoporous layers were
modified in thickness and light-scattering capacity
to optimize light harvesting and decrease recombi-
nation loss. A TiO2 blocking layer and the TiO2

mesoporous layer treated with titanium tetrachlo-
ride (TiCl4) decreased the re-combination of the
electron back with electrolyte. After the optimiza-
tion, the device displayed 9.84% efficiency under
simulated solar light and also it displayed 28.7%
efficiency under indoor light condition.

For the activity of cobalt-mediated DSSCs under
indoor light illuminations, compact blocking layer
with powerful blocking feature is eminently neces-
sary. The DSSCs use conventional TiCl4-derived
blocking layers functions effectively under normal
sunlight while the extreme transfer of electrons
from the FTO to the electrolyte under room light
condition limits the efficiency of these devices. To
overcome this effect, Liu et al.65 employed spray
pyrolysis to prepare compact blocking layers. Their
experimental finding shows that the compact block-
ing layer will prevent electron leakage across a
broad spectrum of intensities, allowing the DSSCs
to function efficiently in low-light conditions. Also,
they anticipated that other methods of thin film
production will perform a specific blocking role in
addition to the spray pyrolysis. The device with
compact blocking layer displayed highest efficien-
cies of 15.26%, 14.59%, and 15.12% compared to
TiCl4 blocking layer based DSSC (8.56%, 7.46%, and
6.19%) under 1001 lux, 601 lux, and 251 lux
illumination, respectively.

Nien et al.66 prepared TiO2 nanofibers containing
silver (Ag) NPs (TNSN) by employing the sol-gel
method for photoanode application in DSSC. They
prepared TNSN in two ways, firstly, they mixed
TNSN with pristine TiO2 and next, they initially
coated pristine TiO2 after which they coated TNSN
above the TiO2 layer (TiO2/TNSN). Among these
two photoanodes, the TiO2/TNSN based device
displayed the highest PCE of 5.13% under 100
mW cm-2 illumination. This was attributed to the
inhibition of electron recombination by introducing
the TNSN and the effective use of light radiation.
Because of Ag’s excellent conductivity, the electrons
were transferred easily and the recombination of
electrons was minimized. In comparison, the DSSC
based on TiO2/TNSN displayed an increase in
efficiency of 6.23% under 30 mW cm-2; conversely,

its PCE reduced to 5.31% as light dropped to 10 mW
cm-2 intensity.

A bifacial DSSC with improved light scattering
was fabricated by Sasidharan et al.67 by using
templated TiO2 surfaces formed by fugitive ZnO
microflower inclusions. The optimized device
showed highest efficiency of 6.82% and 4.71% under
one sun condition front and back side illuminations,
respectively. Further, it showed the highest effi-
ciency of 11.8% under 1000 lux CFL illumination
compared to bare TiO2 (6.39%).

RECENT DEVELOPMENTS
IN THE ELECTROLYTE MATERIALS

Typically, DSSCs with novel sensitizers and
iodide electrolyte are used in room light applica-
tions.68–71 The optimal conditions used for these
devices vary from those which work under AM 1.5
solar light conditions. Unlike AM 1.5 solar light
conditions, under indoor light conditions only a few
electrons are excited. These electrons are easily
recombined with the redox pairs, which has a
serious effect on the cell VOC.

72 Similarly, under
room light illumination, the formation of excited
holes reduce, under which a limited volume of iodide
is adequate to minimize the number of holes
created. Because of the amount of iodine in the
electrolyte, the light intensity is often influenced. To
overcome this problem, Venkatesan et al.73 pre-
pared an electrolyte using a cobalt redox pair and 3-
methoxypropionitrile solvent. Also, they regulated
the DSSC components, photoanode, CE, and elec-
trolytes to get the finest device performance. The
experimental findings reveal that the DSSC with a
photoanode with a TiO2 layer that is 10 lm thick (4
lm scattering layer and 6 lmmain layer), Y123 dye,
an electrolyte consisting of a Co (II / III) ratio of
0.11/0.025 M, 1.2 M 4-tert-butylpyridine, a CE with
a Pt layer thickness of 0.16 nm are the ideal
conditions for obtaining a high PCE. This device
displayed the highest efficiency of 24.52%, 23.48%,
and 22.66% under T5 light illumination of 999.6 lux,
607.8 lux, and 201.8 lux. At a TiO2 layer of 8 lm
thickness, the bifacial cell demonstrated an opti-
mum PCE of 17.31% under rear illumination and
20.65% under front illumination. Moreover, these
devices were also long-lasting and were able to
maintain 100% of their initial performance after a
1000-h examination at 35 �C.

To date, the efficiency of liquid-state devices
under ambient light conditions has only been
recorded by minimal studies. The key concern of
this DSSC class is electrolyte leakage and organic
solvent evaporation. This disadvantage greatly
affects the DSSCs’ long-term performance, which
can limit their IoT applications and other applica-
tions. In comparison, good efficiency was only
obtained in laboratory devices using the injection
technology for fabrication. In reality, this approach
is not ideal for large-scale cells. The
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printable electrolytes (PEs) can solve these two
issues, which can be coated using a printing tech-
nique on a photoelectrode.74–77 This method can be
used in large-scale DSSC development due to good
penetration of the extremely viscous polymer gel
electrolytes and roll-to-roll coating processes.
Venkatesan et al.78 have developed printable elec-
trolytes for this reason, using 3-methoxypropioni-
trile comprising TiO2 nanofillers, polyethylene oxide
(PEO)/polyvinylidene fluoride (PVDF) gelator, and
an iodide/tri-iodide redox mediator. They observed
that modifying the formulations of the polymers did
not significantly affect the PCE of the DSSCs. The
device efficiency relied mainly on the TiO2 thickness
in the photoelectrode and the concentration of the
iodine in the electrolyte. The diffusivity of ions
reduced and the conductivity of electrolytes
improved with an increased concentration of iodine
in the electrolyte. Nevertheless, the DSSC’s effi-
ciency was not linked to the electrolytes ion con-
ductivity and diffusivity characteristics, but instead
to the photoelectrode/electrolyte interface charge
transfer resistance and the DSSC’s IPCE. Further-
more, the optimized device having N719 dye dis-
played the highest efficiency of 20.67% and 15.39%
under 600 lux and 200 lux illumination, respec-
tively. In addition, high efficiencies of 12.8% and
11.2% were achieved by the sub-module cells using
Z907 and N719 sensitizers, respectively, under 200
lux irradiation. The long-term stability analysis
reveals that after 1000 h of under 200 lux irradia-
tion, the production of DSSC would maintain its
initial performance by 97%.

In one more work, the same research group45

prepared cobalt based gel polymer electrolyte (GPE)
containing poly(vinylidene fluoride-co-hexafluoro-
propylene) and different metal oxide nanofillers for
DSSC indoor application. Among the other GPE,
zinc oxide nanofillers containing GPE displayed the
highest efficiency of 20.11% under 200 lux of T5
fluorescent light which is higher than the corre-
sponding liquid-state DSSC. Where, zinc oxide
nanofillers reduce the diffusivity of ions and the
electrolytes conductivity. However, the efficiency of
the device was not affected by this, but were highly
reliant on the DSSC capacitance and charge trans-
fer resistance at the photoelectrode/electrolyte
interface, whereas the reduction in capacitance
and the rise in charge transfer resistance at the
photoelectrode/electrolyte interface in the zinc oxide
nanofillers’s presence contributed to the DSSC’s
high VOC. Furthermore, the iodine or cobalt redox
couple containing PEO and poly(methyl methacry-
late) (PMMA) PEs were prepared by the same
research group.79 Moreover, PEO PE with a cobalt
redox mediator has shown to be more ideal for
assembly of high-performance room light DSSCs
(21.06%) than iodide PEO/PMMA PE. The optimum
PEO PE had less ion conductivity and diffusivity
than the respective liquid electrolyte. The efficiency

of the DSSC with this PE was, however, close to that
of the device utilizing liquid electrolyte under the
illumination of 200 lux T5 radiation. Also, this
efficiency was considerably superior to the DSSC
efficiency using iodide PEs. The cobalt PE sub-
modulated cell displayed a high efficiency of 12.60%,
whereas the bifacial DSSCs utilizing the 9 wt% PEO
demonstrated a performance of 17.60% and 14.58%
under the 200 lux conditions from front and back
illumination, respectively. These PE-based cells
showed greater stability than the liquid elec-
trolyte-based cells at 35 �C.

Double-layered printable electrolytes were pre-
pared by Liu et al.80 using PVDF and PEO blend
having zinc oxide. The optimized device showed the
highest efficiency of 8.50%, 15.7%, and 15.9% under
AM 1.5G, indoor fluorescent lighting 200 lux and
1000 lux conditions, respectively.

RECENT DEVELOPMENTS IN THE CE
MATERIALS

The CE, a major component of a DSSC, must have
a high conductivity to transport electrons flowing
via an external circuit and an excellent catalytic
ability to reduce I3

-.81–84 Pt is the most frequently
used catalyst on the CE in DSSCs because of its
high stability, high conductivity and high electro-
catalytic activity towards redox reaction. But the Pt
CE’s high cost and energy-consuming manufactur-
ing process restricts its applicability. To replace Pt-
based CE, a CoSe2/CoSeO3 hierarchical urchin-like
structured (CoSe2/CoSeO3-UL) CE material was
prepared by Huang et al.85 via a one-step hydrother-
mal process. For comparison, they also prepared
CoSe2/CoSeO3 nanoparticles and platinum (Pt)-
based CEs. CoSe2/CoSeO3-UL comprises hexagonal
prisms and nanoparticles which provide a one-
dimensional charge transport route and a large
surface area for catalytic reactions, respectively.
Under 1 sun condition, a CoSe2/CoSeO3-UL CE
based device displayed the highest efficiency of
9.29% compared to Pt (8.33%) and CoSe2/CoSeO3-
NP (8.81%) CE based devices. Also, under dim light
conditions, CoSe2/CoSeO3-UL CE based device
showed efficiencies of 16% (4,800 lux), 18.24%
(6,000 lux), and 19.88% (7,000 lux). Further, the
same research group86 also prepared pristine car-
bon aerogels (CAs) based CE for replacing Pt CE,
whereas the CAs were prepared via sol-gel method
by regulating the molar ratios of resorcinol
(R)/sodium carbonate (C) and resorcinol
(R)/formaldehyde (F). They found that highest
specific surface area of the CE reached 724 m2 g�1

with 377 and 0.76 molar ratios of R/C and R/F and
this CE based device displayed the highest effi-
ciency of 9.08% under 1 sun condition. Also, this
device achieved an efficiency of 9.16% and 20.1%
under 0.5 sun and T5 lamp with 7000 lux condi-
tions, respectively. In addition, CoSe2/CoSeO3-UL
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and CAs have tremendous potential to substitute Pt
in DSSCs as a highly effective electro-catalyst.

RECENT DEVELOPMENTS
IN THE SENSITIZERS

Among the dyes developed (metal-free organic
dyes, ruthenium, porphyrin, etc.), metal-free
organic sensitizers have been studied extensively
due to the benefits of low synthetic cost, versatile
molecular design, environmental friendly and
potentially higher extinction coefficients.87,88

Recently, ample work has been conducted to make
all feasible improvements in the sensitizers for
indoor DSSC applications. Few of those are pre-
sented here. The chemical structures of the dyes are
presented in a separate section below and the
corresponding PV parameters of DSSCs under room
light conditions are presented in Table I.

Chen et al.89 synthesized a sequence of dyes (1-6)
for DSSCs and tested them under standard AM 1.5
and indoor light illuminations. Under AM 1.5
conditions, the highest efficiency was obtained for
dye 4 based device (5.02%). While the highest
efficiency values obtained under the T5 and LED
lamps were 13.43% (dye 4) and 12.21% (dye 6),
respectively. They explored the connection between
the dye’s molecular structure and their subsequent
efficiency and they found the following approaches
to produce the optimal sensitizers for indoor light
condition. (i) It is desirable to increase the amount
of alkyl chains on the sensitizers to lift the VOC of
the device. (ii) The dye’s absorption range would
also align with the indoor light emission spectra.
The emission spectrum of indoor light does not cover
the near-infrared region (NIR) region (> 700 nm) as
opposed to the solar spectrum. For this case, the
optimal dye under indoor lighting does not require
either a long conjugation framework or a strong
dipole, which dramatically lowers the synthetic
costs of the dyes.

Furthermore, four new dyes (7–10) with two
bis(alkoxy)phenyl substituent containing a
benzo[3,4-b]pyrazine (BP) or a thieno[3,4-b]pyrazi-
nes (TP) agent as auxiliary acceptor were reported
by Desta et al.90. They found that the addition of the
3,4-dihexyloxyphenyl moiety at the TP and BP’s 2-
and 3-sites increases its solubility in organic sol-
vents and helps inhibit dark current in the device.
The devices produced from the two BP dyes (8 and
10) with a chenodeoxycholic acid displayed effi-
ciency of 8.39% and 9.03% respectively, under 1 sun

illumination. Also, 10 exhibited a PCE of 27.17%
and 18.95% under 6,000 lux and 300 lux luminance,
respectively, under dim light conditions.

For indoor and outdoor dye-sensitized studies of
solar cells, three novel organic dyes based on
anthracene, denoted as 11, 12, and 13 were synthe-
sized by Tsai et al.91. Further, they prepared flexible
and rigid modules, as well as small cells, and their
PV efficiencies were evaluated. The 11 unit gives
rise to a black colour and exhibits an excellent PV
efficiency, because of the panchromatic absorption
of visible light. Under 1000 lux fluorescent light of
T5, the 11/R26 module performs better than the
Z907 counterpart with an efficiency of 11.94%.
Furthermore the same research group92 synthe-
sized five more dyes labeled 14, 15, 16, 17, and 18.
15, 14, and 11, (or 18, 17 and 16) chemical
structures vary in their anchoring groups, i.e.,
hydroxamic acid, isophthalic acid, and carboxylic
acid, respectively. Additionally, an ethynyl bridge is
positioned between the anchoring groups and the
benzothiodiazoyl moiety for 16, 17, and 18. The
small cell with 16 outperforms others and the
counterpart (dye 11) under 1 sun irradiation. Fur-
ther, under 1000 lux of indoor light T5, the 16 based
device displayed PCE of 13.48% which surpasses the
PCE of the 11 based device (11.94%).

Chou et al.93 synthesized perylene based dyes
(19–23) with N,N-diarylamine and arylcarboxylic
acid as the donor and acceptor units, respectively.
The 23 dye displayed the highest efficiency of 6.16%
using liquid iodide-based electrolyte under the
illumination of AM 1.5 G simulated sunlight. This
dye based device also showed a good efficiency of
15.79% under 6000 lux light intensity (T5). Ironi-
cally, under the same condition, 19 with a simple
molecular structure showed an efficiency of 15.01%.

Freitag et al.42 fabricated a device with two
sensitizers (24 and 25) with Cu(II/I)(tmby) redox
couple (tmby = 4,4¢,6,6¢-tetramethyl-2,2¢-bipyri-
dine). The optimized device displayed a VOC over 1
V and high efficiency of 11.3%. Also, this device
reached an external quantum efficiency for pho-
tocurrent generation that surpassed 90% over the
entire visible domain from 400 to 650 nm and
achieved power outputs of 15.6 mW cm–2 (200 lux)
and 88.5 mW cm–2 (1000 lux). Under 1000 lux
condition, the optimized device showed the highest
PCE of 28.9%.

A series of dyes (26-31) with spiro[fluorene-9,9’-
phenanthren]-1’’-one as an auxiliary acceptor were
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Table I. PV parameters of different dyes based DSSC under room light conditions.

Dyes PCE (%) FF VOC (V) JSC (mA/cm2) Light source Light intensity (lux) References

1 6.42 0.67 0.5 0.038 LED 600 89
7.8 0.67 0.49 0.044 T5 600

2 11.71 0.73 0.57 0.056 LED 600
12.73 0.71 0.55 0.06 T5 600

3 6.56 0.69 0.53 0.036 LED 600
9.99 0.71 0.55 0.047 T5 600

4 11.49 0.7 0.58 0.056 LED 600
13.43 0.7 0.6 0.058 T5 600

5 10.76 0.73 0.59 0.050 LED 600
12 0.71 0.6 0.053 T5 600

6 12.21 0.71 0.56 0.061 LED 600
12.74 0.7 0.5 0.062 T5 600

7+CDCA 6.39 0.75 0.49 0.015 T5 300 90
6.67 0.75 0.51 0.029 T5 600
6.81 0.76 0.53 0.044 T5 900
8.62 0.76 0.58 0.315 T5 6000

8+CDCA 15.1 0.77 0.54 0.033 T5 300
16.49 0.77 0.68 0.067 T5 600
17.38 0.78 0.58 0.104 T5 900
23.17 0.79 0.65 0.762 T5 6000

9+CDCA 12.08 0.76 0.54 0.26 T5 300
12.79 0.77 0.56 0.53 T5 600
13.24 0.77 0.57 0.8 T5 900
16.86 0.77 0.63 0.562 T5 6000

10+CDCA 18.95 0.75 0.57 0.04 T5 300
20.16 0.76 0.59 0.081 T5 600
21.1 0.76 0.61 0.124 T5 900
27.17 0.76 0.67 0.913 T5 6000

11 9.08 0.64 0.90 0.010 T5 200 91
11.17 0.65 1 0.034 T5 600
11.94 0.64 1.05 0.061 T5 1000
9.68 0.64 0.9 0.010 LED 200

10.95 0.65 0.99 0.031 LED 600
11.26 0.64 1.03 0.529 LED 1000

16 11.77 0.68 0.43 0.023 T5 200 92
13.30 0.70 0.47 0.066 T5 600
13.48 0.75 0.49 0.116 T5 1000
9.13 0.66 0.42 0.021 LED 200

11.29 0.7 0.47 0.064 LED 600
12.82 0.75 0.49 0.114 LED 1000

19+CDCA 9.15 0.69 0.49 0.027 T5 300 93
10.37 0.72 0.50 0.056 T5 600
11.27 0.73 0.51 0.085 T5 900
12.14 0.73 0.53 0.117 T5 1200
12.94 0.74 0.55 0.221 T5 2400
13.49 0.74 0.57 0.334 T5 3600
14.19 0.74 0.58 0.459 T5 4800
15.01 0.74 0.59 0.594 T5 6000
8.35 0.70 0.46 0.026 LED 350
9.29 0.72 0.49 0.048 LED 600

10.47 0.72 0.51 0.076 LED 900
10.74 0.73 0.52 0.102 LED 1200
12.13 0.74 0.56 0.213 LED 2400
12.56 0.74 0.57 0.321 LED 3600
12.62 0.74 0.58 0.427 LED 4800
13.05 0.74 0.59 0.540 LED 6000
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Table I. continued

Dyes PCE (%) FF VOC (V)
JSC (mA/

cm2) Light source
Light intensity

(lux) References

23+CDCA 9.12 0.62 0.45 0.029 T5 300 93
11.76 0.68 0.48 0.062 T5 600
12.24 0.70 0.49 0.093 T5 900
13.26 0.72 0.50 0.127 T5 1200
14.12 0.74 0.53 0.254 T5 2400
14.83 0.75 0.54 0.382 T5 3600
15.29 0.75 0.55 0.510 T5 4800
15.79 0.76 0.56 0.640 T5 6000
8.13 0.63 0.45 0.029 LED 350
9.58 0.68 0.48 0.053 LED 600

10.29 0.70 0.49 0.080 LED 900
11.08 0.72 0.51 0.109 LED 1200
12.11 0.74 0.53 0.222 LED 2400
12.57 0.75 0.54 0.334 LED 3600
13.03 0.76 0.56 0.443 LED 4800
13.10 0.76 0.56 0.557 LED 6000

24:25 25.5 0.79 0.73 0.027 Osram warm white 930 200 42
28.9 0.8 0.79 0.138 1000

26 16.64 0.70 0.55 0.078 TL84 1000 94
17.94 0.71 0.59 0.195 TL84 2500

27 8.23 0.58 0.57 0.045 TL84 1000
9.02 0.61 0.61 0.110 TL84 2500

28 18.15 0.66 0.59 0.085 TL84 1000
20.83 0.68 0.63 0.222 TL84 2500

29 10.03 0.58 0.57 0.05 TL84 1000
11.76 0.59 0.63 0.146 TL84 2500

30 16.94 0.65 0.59 0.08 TL84 1000
19.74 0.69 0.65 0.201 TL84 2500

31 9.36 0.56 0.58 0.051 TL84 1000
11.74 0.60 0.65 0.137 TL84 2500

N719:28 24.45 0.66 0.569 0.12 TL84 1000
26.19 0.69 0.628 0.278 TL84 2,500

32 4.43 0.55 0.405 0.021 TL84 600 26
7.50 0.83 0.415 0.040 TL84 1000
7.72 0.64 0.462 0.120 TL84 2500

33 6.71 0.58 0.459 0.030 TL84 600
8.52 0.71 0.459 0.048 TL84 1000
9.03 0.65 0.481 0.133 TL84 2500

34 7.35 0.60 0.427 0.031 TL84 600
9.64 0.62 0.436 0.065 TL84 1000
9.86 0.70 0.492 0.131 TL84 2500

35 10.16 0.61 0.417 0.044 TL84 600
11.07 0.58 0.444 0.078 TL84 1000
12.14 0.66 0.496 0.170 TL84 2500

36 12.38 0.55 0.480 0.052 TL84 600
18.99 0.67 0.550 0.095 TL84 1000
19.89 0.65 0.570 0.248 TL84 2500

37 24.37 0.64 0.555 0.075 TL84 600
27.58 0.7 0.570 0.128 TL84 1000
27.82 0.69 0.597 0.309 TL84 2500

37+DCA 25.42 0.66 0.56 0.075 TL84 600
27.40 0.63 0.62 0.129 TL84 1000
28.95 0.70 0.62 0.303 TL84 2500

37:34 27.76 0.67 0.537 0.084 TL84 600
28.74 0.64 0.598 0.137 TL84 1000
30.45 0.72 0.621 0.312 TL84 2,500
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Table I. continued

Dyes PCE (%) FF VOC (V) JSC (mA/cm2) Light source Light intensity (lux) References

39 15.6 0.51 0.487 0.038 T5 187 95
17.2 0.57 0.523 0.111 T5 597
12.4 0.56 0.542 0.133 T5 1025

40 18.7 0.55 0.495 0.041 T5 187
18.6 0.58 0.525 0.115 T5 597
15.6 0.65 0.552 0.143 T5 1025

41 22 0.58 0.501 0.045 T5 187
23.6 0.61 0.528 0.138 T5 597
21.4 0.65 0.556 0.156 T5 1025

41+CDCA 27.5 0.59 0.526 0.053 T5 187
26.8 0.62 0.568 0.144 T5 597
25 0.63 0.576 0.224 T5 1025

42 19.46 0.76 0.585 0.827 T5 6,000 96
42:CW10 22.58 0.74 0.646 0.883 T5 6,000
24:43 29.2 0.78 0.86 0.131 LED 1000 97
46 18.76 0.73 0.57 0.038 T5 300 98

19.93 0.74 0.60 0.077 T5 600
21.85 0.74 0.62 0.121 T5 900
22.80 0.74 0.63 0.164 T5 1200
24.06 0.75 0.66 0.336 T5 2400
25.03 0.75 0.67 0.511 T5 3600
25.68 0.75 0.68 0.669 T5 4800
26.19 0.76 0.69 0.881 T5 6000

46+CDCA 21.4 0.76 0.62 0.039 T5 300
21.8 0.77 0.64 0.078 T5 600
23.6 0.77 0.66 0.121 T5 900
24.4 0.77 0.67 0.164 T5 1200
25.6 0.78 0.69 0.333 T5 2400
26.8 0.78 0.70 0.511 T5 3600
27.6 0.78 0.71 0.693 T5 4800
28.5 0.78 0.71 0.883 T5 6000

47+CDCA 2.48 0.68 0.50 0.061 D65 1000 99
7.26 0.69 0.49 0.040 CWF 1000
8.12 0.69 0.52 0.092 CWF 2200
2.4 0.42 0.42 0.015 TL84 600
7.59 0.68 0.48 0.043 TL84 1000
8.78 0.69 0.53 0.111 TL84 2500

51 9.90 0.65 0.47 0.044 T5 600 100
12.95 0.71 0.5 0.081 T5 1200
14.68 0.7 0.53 0.15 T5 1800
16.41 0.71 0.52 0.21 T5 2400
17.02 0.7 0.55 0.24 T5 3000
20.98 0.71 0.60 0.62 T5 6000

CDCA= Chenodeoxycholic acid; DCA= Deoxycholic acid;
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prepared by Huang et al.94. The auxiliary moiety
has the ability to reduce intermolecular accumula-
tion and trap the I3

- and Li+ ions which prolongs the
recombination of charges. Among the other dyes,
the 28 based device (without deoxycholic acid)
displayed the highest efficiency of 6.3% and
20.83% under AM 1.5 solar condition and TL85
(2500 lux) condition, respectively. Further, they
measured the efficiency of DSSC with co-sensitiza-
tion of 28 and N719 dyes. The optimized device
displayed the highest efficiency of 8.55% under 1
sun illumination and also increased its efficiency to
24.45% and 26.19% at 1000 and 2500 lux illumina-
tions, respectively. In addition, at 2500 lux condi-
tion, this device displayed a high stability that
retained 84.5% after 336 h.

Dyes (32-37) with quinoxaline or quinoxalinoid
moieties were synthesized by Jiang et al.26 and
studied their performance under room light and 1
sun conditions. Furthermore, the dyes with donor
group at 2,3-positions of quinoxaline (34 and 35)
displayed less PCEs compared to the donor unit at
5,8-positions (36 and 37). Under AM 1.5 solar light,
37 displayed the highest PCE of 6.96% when it was
co-deposited with deoxycholic acid. They also found
that the co-deposition of 34 and 37 enhances the
coverage of the sensitizer on the TiO2 surface which
promotes the efficiency of the device to 7.92%.
Under indoor illumination, also 37 with and without
deoxycholic acid based devices displayed outstand-
ing efficiencies. The 34 and 37 co-sensitized devices
displayed the highest efficiency of 30.45% (2500
lux), under indoor light conditions.

Li et al.95 reported 38-41 dyes with tetrapheny-
lethylene substituted phenothiazine (at N-position)
core with different p-bridges (4-heptyl-4-hexyl-4H-
cyclopenta[2,1-b:3,4-b’]dithiophene, 4-hexyl-2,2’-
bithiophene, 3-hexylthiophene, or thiophene). These
dyes built double-layered shelters to effectively
prevent the oxidized electrolytes from reaching the
TiO2 surface and also improved their light harvest-
ing property. Among the other dye based devices,
41-based system displayed the highest PCE of
9.79% under simulated AM 1.5 G condition, beating
that of the N719 sensitized system (8.77%). After
the addition of the co-adsorbent chenodeoxycholic
acid, the output improved to 10.87%. In comparison,
the 41-based DSSC demonstrated impressive effi-
ciencies of 24.98%, 26.81%, and 27.54% at 1,025 lux,
597 lux, and 187 lux, respectively, under dim light
conditions.

An anthracene based dye (42) having benzoic acid
acceptor group was synthesized by Reddy et al.96.
The 42 dye based device showed an efficiency of

5.75% under AM 1.5G condition, whereas under low
light illumination of 6000 lux, the efficiency was
increased to 20.95%. In addition, they also co-
sensitized 42 with porphyrin dye which displayed
efficiencies of 6.31 and 22.58% under AM 1.5 G and
6000 lux illuminations respectively.

Tanaka et al.97 co-sensitized 43 dye with 24 dye to
attain an efficient DSSC and used the CuI/II(tmby)2
electrolyte. Co-sensitized device displayed an effi-
ciency of 9.1% at 1 sun and 9.4% at 0.1 sun
conditions, superior or similar to the device utilizing
24 dye. Further, under artificial fluorescent light-
ing, the co-sensitized device displayed an efficiency
of 29.2% at 1000 lux. They also mentioned that the
cost of the sensitizer estimated to be decreased by
ca. 30% if the 24 based device is replaced with the
co-sensitized device without any loss of efficiency.

Tingare et al.98 synthesized dyes (44, 45, and 46)
using easy, convergent and short synthetic routes,
suitable for large-scale manufacturing. Their anal-
ysis revealed that the modification of alkyl to alkoxy
chain and the insertion of electron deficient mole-
cules into the 44, 45, and 46 dyes played an
important role in increasing their performance.
When PCE of 46 based DSSC was measured under
1 sun conditions, it displayed the highest efficiency
of 8.08% compared to other dyes. In fact, sensitizer
46 reached a PCE of 20.72% and 28.56% while
measuring 6000 lux under the commercial light
emitting diode light source and T5 fluorescent
lighting, respectively.

A series of sensitizers (47-50) containing T-
shaped diarylamines as donors (phenyl-1-naphthy-
lamine or diphenylamine), a dibenzofulvene con-
nected to furanyl or thienyl as a p-spacer, and
cyanoacrylic acid as anchoring units were synthe-
sized by Chen et al.99. The optimized 47-based
DSSC with co-adsorbent displayed the highest
efficiency of 2.42%, FF of 0.63, a VOC of 0.63 V,
and JSC of 6.01 mA cm�2 under AM 1.5 condition.
The same experiment was also carried out with
respect to multiple light intensities such as TL84,
CWF, and D65. As a consequence, the 47-based
device under 2500 lux intensity of TL84 showed the
best efficiency of 8.78%.

Sil et al.100 fabricated DSSC by using dye 51 as
sensitizer, PVP-Pt on ITO glass or sputter-Pt on
ITO/PET based counter electrode and altering the
thickness of TiO2 layer. The optimized device hav-
ing 8 lm thick TiO2 layer, sensitized with 51 and
PVP-Pt on ITO counter electrode showed the high-
est efficiency of 20.98% under 6000 lux illumination.
At the same condition the efficiency of 19.69% was
exhibited by the N719 dye sensitized device.
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Chemical Structures of the Dyes Used
for Room Light DSSCs
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CONCLUSION AND PERSPECTIVE

In conclusion, the potential high demand for
renewable energy supply for applications in low
power consumption will significantly enhance the
development of indoor DSSC technology. Recently, a
number of attempts have been made to develop
indoor DSSCs with a view to achieving highest
efficiencies. Professionals from universities,
researchers, government and the PV industry work
relentlessly to produce new materials that can
improve the performance of the indoor DSSC. This
review explains the basics of DSSC and discusses
recent progress in DSSC photoanodes, sensitizers,
electrolytes, and CEs for indoor applications. Usu-
ally, indoor lights produce lower light intensity
based on the design and lighting mechanisms, with
varying emission spectra. Among the numerous
indoor lighting sources, LED and fluorescent lamps
are the most energy efficient light for our everyday
lives, which in most indoor DSSC cases also dis-
played the highest efficiency because of their nar-
rower spectral widths without the low-photon-
energy infrared emission. Actually, most DSSC-
based works have been assessed under a standard
AM 1.5G condition. In fact, the various light sources
are utilized across different types of labs and the
illumination state of the indoor atmosphere is
different, as is the characteristic of spectrum and
intensity. To the best of our knowledge indoor DSSC
lighting requirements are not standardized; this
includes the light source type, light intensity, etc.
No measuring system has yet been developed and
validated for evaluating the characteristics of the
indoor DSSC.

This review suggests that if sufficient considera-
tion is paid to all four parts of DSSC through the use
of highly efficient materials and development tech-
niques, a high-efficiency indoor DSSC could be made
and this could be of great commercial interest. For
producing optimal dyes for indoor DSSC, it is
desirable to raise the amount of alkyl chains on
the sensitizers to lift the VOC of the device. The
sensitizer’s absorption range would also align with
the indoor light emission spectra. The optimal dye
under indoor lighting does not require either a long
conjugation framework or a strong dipole because
the emission spectrum of indoor light does not cover
the NIR region as opposed to the solar spectrum.
This dramatically lowers the synthetic costs of the
dyes. Photoanode mesoporous layers should be
modified in thickness and the light-scattering
capacity to optimize light harvesting and decrease
recombination loss. A compact blocking layer is also
necessary to prevent electron leakage across a broad
spectrum of intensities, allowing the DSSCs to
function efficiently in low-light conditions. The
long-term stability of the indoor DSSC will help a
step towards its commercialization. The liquid elec-
trolyte-based DSSCs show poor stability because of
its electrolyte leakage, and organic solvent

evaporation, leading to poor efficiency. The use of
polymer based electrolyte could improve the stabil-
ity of indoor DSSC. Polymers, low-cost nanoparti-
cles, carbon materials or its composites with high
catalytic activity, conductivity, and stability can be
used as an alternative for Pt based CEs.
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