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where fossil fuels decreasing sharply every year and have an impact on
increasing CO, emissions in the environment. An alternative solution for pro-
viding practical energy needs is using renewable energy such as solar cells. For
environmentally friendly, economical, and efficient concepts, dye-sensitized

Funding information solar cell (DSSC) is a promising alternative for the photovoltaic field. The per-
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formance of a DSSC depends on many factors, such as electron collection at
the photoanode, photoanode light-harvesting efficiency, and others. In this
review article, we observe the influence of synthetic and natural dye materials
on light-harvesting efficiency at photoanodes. The chemical structure of dyes
plays an essential role in increasing photon absorption, thereby increasing
electron injection and conversion efficiency. In addition to dyes, we also
reviewed the influence of the shape of the DSSC structure, namely the sand-
wich, monolithic, and honeycomb structures, on the performance of DSSCs.
This approach helps develop a narrative about the potential and relationship
of dyes and structure in increasing efficiency as a guide for synthesizing new
materials in the future.
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1 | INTRODUCTION
The utilization of the energy derived from fossil fuels
impacts environmental pollution. The process of burning
fossil fuels has an impact on increasing greenhouse gas
emissions in the environment. To reduce the effect of
using fossil fuels, efforts were made to use renewable
energy.? Renewable energy utilization as an alternative
of fossil fuels has a very positive impact in reducing
greenhouse gas emissions and air pollution.?

The availability of solar energy at all times makes it a
renewable energy source that is in great demand and is

used in various applications.* Solar energy has the advan-
tage of being friendly to the environment and will not
deplete over time compared with fossil natural resources.
Consumption of fossil fuels impacts environmental pollu-
tion so many countries have switched to using renewable
energy sourced from sunlight.’

Dye-sensitized solar cell (DSSC) is one of the latest
innovations of photovoltaics that are economical, effi-
cient, and environmentally friendly.>” In general, DSSC
consists of photoanode, sensitizer, the counter electrode
(CE), and electrolyte pair (I /I5).>*° The working prin-
ciple is based on light absorption by a dye and then
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injecting electrons into the semiconductor's conduction
band. Electrolytes are needed to regenerate dyes."®'°

Photoanode and sensitizer play an important role in
increasing the efficiency of DSSCs. The most used photo-
anode material is titanium dioxide (TiO,). Its wide avail-
ability, harmlessness, good stability, and accessible
synthesis make this oxide semiconductor material in
great demand. The TiO,-based DSSC showed an effi-
ciency of photoconversion of around 11%. The addition
of a dye sensitizer in the photoanode is essential for
improving the performance of the DSSC.*”

Dye sensitizers play a role in the direct absorption of
sunlight and transfer electrons to the conduction band in
semiconductor materials.>®> Ruthenium complex, metal-
based dyes such as N3, N719, and N749 are chosen
because of their high photovoltaic properties.®> In 2020,
Balachandran et al. used N3 dye, achieving an efficiency
of 4.09%, and Kumar et al. used a different dye, N719, to
achieve an efficiency of 6.34%.° Ruthenium dye (N3,
N719) is a good chromophore in absorbing light, thereby
increasing the efficiency of DSSC.*

Natural dyes are from fruits, vegetables, and plant
parts, and both leaves and flowers have been used as pho-
tosensitizers in DSSC. Easy availability, inexpensive fabri-
cation, and a friendly environment are the main points
for selecting natural materials as photosensitizers.>”®
Natural pigments derived from plants include caroten-
oids, chlorophyll, anthocyanins, and flavonoids. Caroten-
oids are in fruits and chlorophyll is found in leaves and
flowers. Anthocyanins and flavonoids are also found in
flowers.® Although natural dyes are used as photosensi-
tizers, the efficiency values obtained are still low due to
the limitations of its chemical structure and the aggrega-
tion formed on the surface of the photoanode.> This
approach is for developing a new DSSC as guides in
future from the narrative review of the previous publi-
shed references especially on potential and relation
between dye type and structural type in supporting effi-
ciency. The review themes are structure types, DSSC
working principle, and the dye sources (synthetic and
natural). The influence of synthetic dyes and natural dyes
on the physical properties, electronics, and efficiency of
various DSSC structures and their fabrication methods
are discussed and reported in detail.

2 | METHODS

21 |
criteria

Search strategy and selection

The research data were collected through searching vari-
ous databases of www.sciencedirect.com, MDPI (https://
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www.mdpi.com/), and Research Gate. The latest research
dominated in the last 3 years from the selected sources in
the last 10 years. The search strategy includes a combina-
tion of terms and keywords “TiO,, DSSC (dye-sensitized
solar cell), natural dye, synthetic dye, sandwich structure,
monolithic structure, and honeycomb structure.” The
search is limited to the TiO, photoanodes with the addi-
tion of dye sensitizer and influence on the structure of
DSSC. The initial stage is reading the suitability of the
abstract, and then we conducted a very selective selection
by considering all studies related to the TiO, photoanode,
various dye sensitizers, and the structural pattern of the
DSSC. The relevant abstracts were then observed further
and discussed together by the authors. The results of fur-
ther analysis are presented in Tables 1 to 3.

2.2 | Data analysis

Research data have gone through the selection stage that
meets the author's observation review criteria, then infor-
mation was collected related to the composition, type of
dye, method, short-circuit current density (Js), open-
circuit voltage (V,.), fill factor (FF), energy conversion
efficiency (ECE)/(5), and the type of DSSC structure. In
particular, the effect of the type of dye sensitizer and
DSSC structure on increasing photovoltaic efficiency is
also discussed. There are three types of DSSC structures,
namely, sandwich, monolithic, and honeycomb. The type
of structure also plays an essential role in improving
DSSC performance. The relationship between dye sensi-
tizer and type of structure was observed and discussed
together by the authors.

3 | DSSCSTRUCTURE AND
WORKING PRINCIPLES

DSSC generally consists of several interrelated compo-
nents, while the DSSC components in question are as
follows:

« The substrate commonly used is transparent conduc-
tive oxide (TCO). TCO has more than 80% efficiency
and transparency, making it a good choice in DSSC
manufacturing. There are two types of TCO used in
the manufacture of DSSCs, namely fluorine tin oxide
(FTO) and indium tin oxide (ITO). FTO has more sta-
ble conductivity and temperature resistance than ITO.?

« The morphology and bandgap of metal oxide semicon-
ductor materials play an essential role in dye absorp-
tion and electron transfer. This metal oxide
semiconductor serves as a photoanode in DSSC. The
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TABLE 1

References
11
12
12
13

14
14

14

15
16
17
18
18
19

20

21
21
22

23
24
24
24
24
25

26

27

28
12

23

Composition
TiO,/ZnO
TiO,

TiO, + W-NO,

TiO,:TiCl, treatment and Sr

doping
P25-TiO,

TNPO-D (TiO, particles are
prepared using dextran)

TNPO-G (TiO, particles are
prepared using glucose)

Zn-doped TiO,

Zinc and gallium Co-doped TiO,

Cu-doped TiO,
TiO,
TiO,

Nitrogen-doped TiO,/graphene

nanofibers

TiO, + O-phenylenediamine
capping TiO, with simple
aromatic amines

1Cu/TiO,
2Mn/TiO,

TiO, and Pt + molybdenum
diselenide (MoSe,)

TiO,

Fe-doped TiO,
Ni-doped TiO,
Co-doped TiO,
Zn-doped TiO,

Hybrid TiO,/reduced graphene

oxide (RGO)

TiO, nanoparticles (NPs),
nanoleaves (NLs) only, and

NLs + NPs
HMC-TiO,

TiO,
TiO,

TiO,
TiO,

TiO,

TiO,
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Dye
N719

N719

N719 + W-
NO,

N719 + N3

N719
+ CDA

RhB
+ CDA

D149
+ CDA

Comparing DSSC performance parameters of synthetic dyes

Method
RF-sputtered

Co-sensitization

Doctor blade

Sol-gel

Spin-coating
Screen printing
Spray coating

Electrospinning and
hydrothermal synthesis

Hydrothermal

Hydrothermal

Adopting the template
method

Doctor blade technique

Co-sensitization

Co-sensitization

Doctor blade technique

Doctor blade technique

Doctor blade technique

Jsc
(mA/cm?)

16.63
3.51
6.12

18.53

14.2
10.1

8.9

7.24
6.4
1.80

19.63

16.18

15.38

7.34
7.87
11.2

15.07
8.37
7.75
6.87
7.85

20.6

16.1

20.1
6.12

16.27
11.64

4.19

13.77

VOC
(\%)

0.727
0.63
0.59
0.78

0.755
0.678

0.673

0.86
0.72
0.64
0.72
0.71
0.71

0.763

1.073

1.119
0.66

0.559
0.939
1.126
1.201
1.097
0.79

0.74

0.808

0.71
0.59

0.590
0.79

0.61

0.81

FF
(%)
59
65.30
71.11
66

66
63

63

70
82
0.38
54
57
46

70

65

49
40.11

67.48
0.35
0.51
0.59
0.52

53

65

68

0.54
71.11

71.85
76

69

69

1 (%)
7.1
1.46
2.60
9.57

6.4
4.1

3.7

436
378
0.44
741
6.65
5.01

80

5.09
4.32
2.967

5.691
2.74
447
485
4.49
8.62

6.5

8.77

7.71
2.60

6.899
7.00

7.72
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TABLE 1 (Continued)

References Composition Dye

4 10% Ag-TiO,:N3 N3

29 Ti0,/GO/Ag nanofiber N3

23 TiO, N3

30 ZIF-8-RGO/TiO, Indoline

30 Optimized Uio-66-RGO/TiO, Indoline

21 1Cu/TiO, Phen

21 1Mn/TiO, Phen

21 1Cu/TiO, Cu-Phen
complex

21 1Mn/TiO, Cu-Phen
complex

21 1Cu/TiO, Mn-Phen
complex

21 1Mn/TiO, Mn-Phen
complex

21 1Cu/TiO, Cr-Phen
complex

21 1Mn/TiO, Cr-Phen
complex

5 TiO, The Eosin
Blue dye

Abbreviations: DSSC, dye-sensitized solar cell; FF, fill factor.

large surface area will increase the absorption of dyes
so that light absorption will be more optimal.

« The dye is a part of a photosensitizer for producing
current, which adheres to metal oxide semiconductors
through covalent bonds." An effective photosensitizer
will provide high absorption. Photosensitizers are three
parts: metallic, nonmetallic, and natural organic
dyes.®?

« Commonly used electrolytes are from iodine/triiodide
(I”/I7) redox couple dissolved in a suitable solvent,
usually acetonitrile, and some additional additives to
improve cell performance. Electrolytes are needed to
regenerate dyes and to complete electron transport at
the electrodes.™°

« CE is generally made of platinum (Pt) catalyst. A thin
layer of platinum is deposited on the TCO glass. CE
plays a role in the reduction of triiodide resulting from
the regeneration of dyes into iodide ions."*°

In general, the structures of DSSC are sandwich
structure, monolithic structure, and honeycomb
structure.

oS WILEY-L ™

Y Vess FF
Method mA/cm? (V) (%) n (%)
Sol-gel 258.0 0.468 46.6 5.60
Sol-gel 9.79 0.78 69.63 5.33
Co-sensitization 14.86 0.512 65.96 5.018
Modified Hummers' 17.8 0.679 60.6 7.33
method
Modified Hummers' 18.6 0.678 60.8 7.67
method
Hydrothermal 1.50 0.790 51 0.61
Hydrothermal 1.33 0.849 51 0.58
Hydrothermal 2.18 1.298 52 1.47
Hydrothermal 2.36 1.296 46 1.41
Hydrothermal 3.20 1.115 57 2.03
Hydrothermal 4.87 0.881 46 1.98
Hydrothermal 2.94 1.166 48 1.65
Hydrothermal 4.60 0.792 43 1.58
Doctor blade technique 10.98 0.4554  45.98 2.30
3.1 | Sandwich structure

The schematic representation of the DSSC for the sand-
wich structure is presented in Figure 1A, which consists
of three main components: photoanode, dye-sensitized
electrolyte, and conductive CE.

For the photoexcitation process, the dye releases
excited electrons and transfers them to the semiconduc-
tor layer's conduction band (TiO,).®> The electrons will
be adsorbed by TiO, and collected on a glass substrate
with TCO. The electrons then pass through the external
circuit to the CE. Furthermore, the process of reducing
triiodide ions (I5) to iodide ions (I") occurs at the CE.%
Iodide generates from reduction triiodide by the electrons
at the external circuit, which can easily be understood by
using the following equations®>®’:

S (adsorbed of Ti0) T MV — S{adsorbed on Tio,) PhOtoEXCitation (1)

S?adsorbed of TiO,) —S Eﬂadsorbed on TiO,)
+€(injectea) Ejection of the electron (2)
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TABLE 2

References
31
32
33

34

35

36

37
38
38

38

38

38

39
37

40

41

42
43

43

33
28
44
44
44
35
35
35

MUIJTAHID ET AL.

Comparing DSSC performance parameters of natural dyes

Composition

TiO,

Na + Yeast-TiO,

Sodium (Na)-doped
titanium dioxide
(TiO,) nanorods

Na-doped TiO,
TiO,

TiO,

TiO,
TiO,
TiO,
TiO,
TiO,
TiO,
TiO,
TiO,

Dye
Beet root
The black mulberry

Acalypha amantacea
+ Peltophorum
pterocarpum

Hybrid agaricus
bisporus:Citrus
limonum leaves
extract

Punica granatum
(Pomegranate)

Malus domestica
(Apple)

Raphanus sativus (Red
radish)

Solanum melongena
(Egg plant)

Phoenix dactylifera
(Date)

Elaeagnus conferta

Melastoma
malabathricum

Hibiscus sabdariffa
(Roselle)

H sabdariffa (Roselle)

H sabdariffa (Roselle)

Calliandra
haematocephala

P pterocarpum

P pterocarpum
Chrysanthemum
Purple daisy flowers
Yellow daisy flowers
Wine daisy flowers
Reseda luteola
Berberis integerrima

Panica granatum
pleniflora

Method
Hydrothermal
Doctor blade

Sol-gel

Doctor blade

Electrophoretic
deposition (EPD)

Simple and green
successive ionic layer
adsorption and
reaction

Photosynthesis process

Doctor blade

Solid state

Photosynthesis process

Hydrothermal

TiO, thin film based
dye-sensitized

TiO, thin film based
dye-sensitized

Sol-gel method
Doctor blade
Spin-coating
Spin-coating
Spin-coating
EPD

EPD

EPD

JSC
(mA/cm?)

4.38
0.463
14.95

191

0.40

1.62

1.57
45
4.48

3.12
4.51
4.21

6.00
0.88

6.9

5.5

6.0
0.25

0.15

13.22

20.1
0.181
0.185
0.387
0.54
0.004
0.40

Voc
W)
1.623
0.374
0.834

0.489

0.62

0.304

0.480
0.32
0.32

0.33

0.33

0.33

0.49
0.380

0.62

0.55

0.54
0.370

0.400

0.871
0.71
0.42
0.52
0.52
0.64
0.56
0.62

FF

(%)
0.60
0.373

65.87

0.578

0.61

0.209

36
0.70
0.59

0.71

0.74

0.58

0.87
43

0.561

0.545

0.481
70

71

62.22
0.54
0.168
0.210
0.262

63.60
0.53
0.61

1 (%)
14.21
5.10
8.22

0.54

0.15

0.20

1.12
1,008
0.85

0.73

0.81

2.50
0.76

2.40

1.65

1.56
0.06

0.04

7.17
7.71
0.197
0.304
0.792
0.22
0.01
0.15
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TABLE 2 (Continued)

References Composition Dye
35 TiO, Consolida orientalis
35 TiO, Reseda gredensis
35 TiO, Consolida ajacis
35 TiO, Adonis flammea
35 TiO, Salvia sclarea
35 TiO, Clemetis orientalis
7 TiO, Thunbergia erecta
45 TiO, Iris persica (Lily)
37 TiO, Begonia malabarica
Lam. (BM)
46 Zirconium oxide post Leaves of Camellia
treated tin doped sinensis (green tea)
TiO,
33 TiO, A amantacea
47 TiO,-dye/ITO Pterocarpus indicus
Willd (leaf extract)

NERGY RESEARCH BAWA NI SV

Jse Voc FF
Method (mA/cm?) (V) (%) 1 (%)
EPD 0.56 0.60 0.53 0.18
EPD 0.14 0.53 0.71 0.07
EPD 1.68 0.55 0.65 0.60
EPD 0.40 0.59 0.66 0.16
EPD 0.10 0.37 0.54 0.02
EPD 0.22 0.42 0.49 0.05
Spin coating 0.27 0.55 0.40 0.37
Electrospinning 2.716 0.738 86 1.720
Photosynthesis process 2.15 0.500 35 1.76
Sol-gel and 5.21 0.747 534 2.09
hydrothermal

Sol-gel method 11.45 0.747  59.48 5.08
A slip casting 0.137 0.415 0.406 0.023

Abbreviations: DSSC, dye-sensitized solar cell; FF, fill factor; RGO, reduced graphene oxide.

Szadsorbed of TiO,) + 3/217 - S?adsorbed on TiO,)
+1/21; Regeneration of dye

(3)

I3 +2€uhode) — 3 (cathode) Regeneration of iodine  (4)

The external load applied provided by the light works
in the photovoltaic energy conversion system, which can
regenerate and stabilize.®’

3.2 | Monolithic structure

The monolithic structure can be clearly distinguished
from the sandwich structure by the shape and composi-
tion of the material.** The sandwich structure consists of
two glass plates coated with FTO. In contrast, the mono-
lithic structure consists of only one FTO-coated glass
plate, so that the manufacturing cost is relatively cheaper
than the sandwich structure.®®

Solar cells with a monolithic structure use composite
layers as CE. All cells are grown on a single substrate; this
distinguishes between monolithic structures and sandwich
structures. In a monolithic structure, the CE is above the
photoelectrode (PE). PE is grown by deposition of TiO,,
followed by printing a porous insulating spacer layer (usu-
ally consisting of ZrO,) on the top. This porous layer
serves as an intermediary between PE and CE.°*® The

material used as the spacer layer must be transparent. To
make the layer transparent in a monolithic structure, the
refractive index of the spacer layer must be close to the
refractive index of the electrolyte used in the DSSC.”

PEs absorb light and produce photons. The tethering
of the dye molecules will result in more light absorption
so that more photon current is generated. The catalyst
(must be conductive) plays a role in diffusing the charge
carrier into the liquid electrolyte. The catalyst layer gen-
erally consists of a thick layer of porous carbon. The car-
bon layer is the only conductor layer in CE and must
have sufficient sheet resistance.**”*

Liquid redox electrolyte serves as a carrier hole and
regenerates the dye molecules, increasing photocurrent
value. Thermoplastic polymer located between photo-
anode and CE was used for sealing device to avoid leak-
age of liquid electrolyte.”*

DSSCs with monolithic structures generally show
lower efficiencies than sandwich structures due to the
ability for isolation and block diffusion of ion. Carefully
selecting electrolytes in preparation of this structure is
very crucial. Inappropriate electrolytes can damage the
retaining layer of the TCO. Therefore, a nonvolatile sol-
vent is needed to avoid leakage.®*

3.3 | Honeycomb structure

The honeycomb structure has a structure more or less
the same as the conventional structure consisting of PE,
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glass substrate and TCO as a conducting layer, a CE
made of platinum (Pt) coated on the TCO surface, a sen-
sitized dye, and an electrolyte solution inserted between
the two electrodes.”? The difference is for CE, where the
hexagonal structure is like a honeycomb.”?

Platinum is commonly used for CE in the manufacture
of DSSCs, but platinum is replaced by graphene for the
honeycomb structure. Graphene is a carbon nanotube
material, which has sp? bonds packaged in a honeycomb-
like crystal lattice.”* Graphene has excellent electrical
and optical properties.””> This structure shows a much
higher conversion efficiency than conventional DSSCs.”?

The working principle of the honeycomb structure is
similar to a sandwich or conventional structure where the
dye layer absorbs light, and then the excited dye will release
electrons. Those electrons will jump to the conduction band
of the semiconducting layer (TiO,).”> The electrons will be
adsorbed by TiO, and collected on a glass substrate with a
TCO. The electrons then pass through the external circuit
to the CE. Furthermore, the process of reducing triiodide
ions (I3) to iodide ions (I7) occurs at the CE.*° The iodide
is regenerated by triiodide reduction by utilizing elec-
trons from the external circuit,”>®” which are presented
in the following chemical reactions for convenience’*:

TiO, — S+ hv — TiO, — S* Photoexcitation  (5)

TiO, — S*—TiO, — S*+e CB(TiO,) Charge injection (6)

NERGY RESEARCH B4R AV

TiO, — S* — TiO, —S+hv+ A Relaxation (7)
TiO, —S*+2I" —TiO, — S+1I, Regeneration  (8)
TiO, — St + e (TiO;) — TiO, —S Recombination (9)

e (TiOy) + 1, — I, Back reaction (10)

3.4 | DSSC photovoltaic performance
DSSC performance can be identified by four photovoltaic
parameters: Jy., Vo, FF, and (ECE)/(y).%’

The cell absorbs sunlight and then various values of
voltage is applied to produce an electric current. The
formed photocurrent density-voltage (J — V) curve is used
from the lighting process to determine the maximum
power of cell fabrication. The plot results between the
current and voltage curves are used to analyze the photo-
voltaic performance. DSSC FF and conversion efficiency
are determined by using the following equations™**:

Vimax X J
FF: max Il’l‘dX’ (11)
VOC X JSC

FF X Ve xJ.
— X e X se s 100% (12)

in

DYE LAYER

ox
CATALYST
CBI/k) > 'AYER
RED PE

REDOX
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&
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®

electrolyte
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2 cg|
Tco spacer layer TiO: + dye L
ZrO: etch line
‘ —> GLASS é
| (B)

N

PHOTOANODE

FIGURE 1 Various structures in
the DSSC fabrication. (A) Sandwich,**
(B) monolithic,** and

(C) honeycomb®
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The Py, is power input (1000 W/cm?). Efficiency (1)
depends on the value of V. and Js. and can be seen in
Equation (12). If the input power is constant, the effi-
ciency value will also increase by increasing the value of
Voe and J¢..7%77

Js indicates the number of photocurrent during the
irradiation process and high correlation to the number
of absorbed photons by the dye per unit area. Jg
depends on the coefficient of the dye sensitizer at the
photoanode (TiO;). Js. can be defined by using the
equation’®””:

]sc = J\}LLHE(/1)¢injectr]col]ectd/1 (13)

LHE(A) denotes the light harvesting at the maximum
wavelength, and the electron injection efficiency is den-
oted by ¢jyjeci- The charge collection efficiency is constant
and independent of the type of sensitizer denoted by
Neolteee and the LHE(A) equation is as follows’®””:

LHE (1) =1-107, (14)

where 1 is the given wavelength and f is the oscillatory
strength of the dye molecule. Furthermore, ¢, corre-
sponds to the driving force of AG™* for the electron
injection through the linkage between semiconductor
layer and the dye, which is explained using the following
equation’®:

¢inject ch(_AGinjeCt)a (15)

so AG™® can be written as

AGinjeCt — Edye* — Ecg, (16)

where E¥®* is the energy oxidation potential of the
excited dye and E¢p is the ground state reduction poten-
tial of the conduction band semiconductor
(TiO,) (Ecp(TiO,) = —4.0eV).”®

For evaluating the DSSC performance, the regenera-
tion efficiency of the dye is also essential to observe
through the regeneration driving force of AGyeg. It is cal-
culated from the difference between the ground state and
oxidation potential”’:

AGreg :EI’/I; _Edye' (17)

Another factor that affects to the efficiency is V., which
determined by using the equation””:

VOC

E AE kgT E
_Ecs+ CB+LIn< Ne >_ redox (18)

q q Ncg q

where the charge is denoted by g, the Boltzmann con-
stant is kg, the edge of the conduction band is E¢p, and
the absolute temperature is Ts. At the conduction band,
the number of electrons is denoted by n., while the den-
sity is denoted by N¢g and the Fermi level of the electro-
lyte is denoted by Ereqox- If the dye is adsorbed on the
surface of TiO,, there is a shift in AEcg as shown in the
following equation’”:

ABcy = —Tnomall . (19)
0

The dipole moment of the sensitizer perpendicular to
the surface of the semiconductor (TiO,) is denoted by
Hnormal> the surface concentration of the dye is y. The
dipole layer representing vacuum and electric permittiv-
ity is e and e, respectively. If increase in ppomma Will
affect in enlarging the shift of AEcg, consequently the
value of V. also increases.”’

4 | DYESASPHOTOSENSITIZERS

4.1 | Synthetic dye
The addition of a single synthetic dye or combination of
several natural dyes has quite an effect on improving
DSSC performance.* Dye absorption and film resistance
are related to photon flow. If the number of dye mole-
cules on the PE immediately increases, the light absorp-
tion efficiency also increases. This phenomenon can be
determined by the density-voltage.”®

The J — V characteristic curves of TiO, PEs with vari-
ous types of dye synthetics are shown in Figure 2A-C.
The J—V characteristic curves used to determine the
photovoltaic characteristics of the DSSC are Jg, V., FF,
and 7.”° Photovoltaic characteristics of various journal
references are shown in Table 1. Photoanodes sensitized
with organic dyes N719, RhB, and D149 showed photo-
conversion efficiencies of 6.34%, 1.42%, and 6.67%,
respectively.® Observations made using a combination of
metal-free and metal-based organic dyes, namely N3, N3
+ Eosin-Y, N719 +Eosin Y, N719 +W-NO,, and N719
+ N3, showed significant results obtained by efficiency
values of 5, 02%, 2.29%, 2.65%, 2.60%, and 6.90% respec-
tively.'>** Combining two dyes can increase the effi-
ciency value of the material.

The combination of two complex metal dyes showed
a better efficiency increase than metal and nonmetal
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FIGURE 2 Current-voltage curves of
DSSCs sensitized with (A) RhB, D149, and

N719,° (B) Eosin-Y, N3, N719, N3 + Eosin-Y,
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dyes. This increase is associated with the value of Jy. The
increase in Jg in the 350 to 400 nm of the solar spectrum
lead to an increase in photons, thus indicated by an
increase in the extinction coefficient and absorption
region."> The comparison of the photoconversion effi-
ciency value is shown in Figure 2D.

4.2 | Natural dye
The J —V curve of the TiO, PE with various natural dyes
is shown in Figure 3A-C. Jg, Vo, FF, and # are obtained
from the J — V' curve where the corresponding results are
given in Table 2. The photoconversion efficiency of vari-
ous natural dyes is shown in Figure 3D. The efficiency of
natural sensitizers extracted from mushrooms was
obtained by an efficiency value of 0.40%, while for the
types of plants (flowers, leaves, roots) the efficiency
values ranged from 0.01% to 0.50%. Based on the charac-
teristic photovoltaics, the natural dyes extracted from
plants have a higher photocurrent and ECE than natural
dye extracts. These may be due to broader absorption of
sunlight and availability of the natural pigment Del-
phinidin (a type of anthocyanin).*®

The Pervez study in 2018 used fruit and vegetable
extracts as dye sensitizers for DSSC.*® Efficiency graph in
Figure 3D shows the efficiency value of fruit ranging
from 0.17% to 1.10%, while that of vegetables is 0.73%.
The better performance of DSSC is due to the molecular

structure of riboflavin and chlorophyll pigment. Chloro-
phyll is used as a sensitizer for the manufacture of
DSSCs,*® where the ability to absorb solar energy by chlo-
rophyll molecules promotes higher electron transfer
performance.**

4.3 | Synthetic dyes in DSSC application
By increasing the efficiency of DSSC, one of the essen-
tial factors is the absorption spectrum of the photosensi-
tizer dye. Dye represents the core component of DSSC
and has the function of receiving photons and also
anode sensitization.” Zatirostami'' in his journal used
N719 dye to improve its photovoltaic performance and
applied a blocking layer at the interface TiO,/ZnO for
reduce recombination problems. In his research, he
found an increase in DSSC efficiency by 7.1%. The effi-
ciency of co-sensitization of WNO, dye with N719 sensi-
tizer obtained a significant increase compared with
individual N719 dye, that is, 2.60%.'> With the same
method, co-sensitization,** the combination of complex
metal-based dyes showed better efficiency results with
an efficiency of 6.899%,° synthesized TiO, photoanodes
with various kinds of organic dyes, namely N719, RhB,
and D194. By addition of CDA in the dye solution, the
DSSC performance increase with the efficiency values
for N719, RhB, and D194 is 7.00%, 1.75%, and 7.72%,
respectively.
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DSSCs based on Ag-TiO, film with the addition of N3
dye showed better photovoltaic performance than ordi-
nary TiO, films. The absorption of N3 dye enhances by
the presence of Ag doping, which expands the surface
area of the TiO, film. The increase in N3 dye is related to
the electronic absorption spectrum, thereby improving
the light-harvesting properties.* He et al’® investigated
the metal-organic framework and reduced graphene
oxide (RGO) use to modify the DSSCs for enhancing pho-
tovoltaics. With the addition of Indoline dye, the photo-
voltaic performance of DSSC obtained an efficiency
increase to 7.67%.

Unlu and Ozacar® synthesized TiO, photoanodes
with various dyes (N719, Phen, Cu-Phen complex, Mn-
Phen complex, Cr-Phen complex) doped Cu and Mn to
improve photovoltaic performance. The process of recom-
bination and electron transfer is affected by the amount
of dopant and dye sensitizer. Cu doping obtained a better
efficiency value with the addition of dye sensitizing the
Mn-Phen complex. There is a strong electrostatic interac-
tion between Cu ions and dye molecules, thereby reduc-
ing the agglomeration rate and increasing the electron
injection and ECE of DSSC. In another study, Raguram’
used synthetic organic dye (Eosin Blue [EB]) with an effi-
ciency of 2.30%.

44 | Natural dyes in DSSC application

Natural dyes are environmentally friendly and easy to
extract, so they are suitable as sensitizers for DSSCs.*!

Various types of natural dyes have been reported such as
fruits, vegetables, and plants. As Desai has done,*" a thin
layer of TiO, was added with a dye betanin from beetroot
with various concentrations in his research. DSSC perfor-
mance increased from 5.82% to 14.21% along with the
increase in deposition time.

An efficiency value of 0.54% was obtained for the effi-
ciency of natural sensitizers extracted from mushrooms
+ Citrus limonum leaves. For the types of plants (flowers,
leaves, roots), the efficiency values ranged from 0.01% to
7.71%. The improved ECE is due to the natural pigment
Delphinidin (a type of anthocyanin) contained in the
dye.*® The efficiency value of fruit ranges from 0.17% to
1.10%, while that of vegetables is 0.73%. The better per-
formance of DSSC is due to the molecular structure of
riboflavin and chlorophyll pigment,®® where the ability to
absorb solar energy by chlorophyll molecules promotes
higher electron transfer performance.*

In addition to the coloring factor, the composition of the
constituent materials is also essential. Doping has a signifi-
cant effect in increasing the surface area,’®** which allows
the absorption of more sunlight so that ECE increases.*

4.5 | DSSC structure

The schematic representation of the DSSC for sandwich
structures is generally composed of three main compo-
nents, namely photoanode, electrolytes with redox pairs,
and CEs. Arrange the structure in an orderly manner in a
sandwich layer so that it is called a sandwich structure.’
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The main thing that distinguishes sandwich and
monolithic structures lies in the glass serving FTO, the
sandwich structure has two glass platforms serving FTO.
In contrast, the monolithic structure consists of one FTO-
coated glass plate, so that the manufacturing cost is rela-
tively cheaper than sandwich structures.®® In addition,
monolithic dye solar cells are manufactured using a com-
posite layer as a CE. All cells are growing on one sub-
strate.”” Younas et al 27 reported that highly mesoporous
carbon-based electrodes (HMC) are an inexpensive alter-
native for the high electrocatalytic activity for sandwich
structure. The fabrication process for sandwich structure
shows energy conversion with the addition of 1% NiO
doping in TiO, increases the efficiency, and 2% NiO
decreases due to the superhydrophilic nature of the
material.®?

Monolithic perovskite solar cells are using TiO,
nanoparticles. The thickness of the pore layer between
TiO, and CE in monolithic solar cells affects the effi-
ciency of cell performance.”® Power conversion and sta-
bility of 1000 hours improved quite well, as well as low
fabrication costs, the monolithic device structure is a
good choice for commercial use.*®

The difference between sandwich and honeycomb
structure is in the shape of the CE. CE affects cell perfor-
mance through three main functions, namely catalyst,
charge collector, and light reflector.**®> Graphene has a
hexagonal shape resembling honeycomb and has advan-
tages such as high electrical and thermal stability and
desired optical and mechanical properties.”> This mate-
rial also has high optical transparency, excellent thermal
conductivity, high hole mobility, and others, which are
very suitable for use as CE.**8¢-%7

The addition of honeycomb-shaped graphene to the
semiconducting TiO, layer can increase the adsorption
photons of dyes. The increase in photons absorption
affects the mobility of electrons and consequently
improving photovoltaic performance.*

5 | CONCLUSION, CHALLENGES,
AND FUTURE PROSPECTS

The effects of various types of dyes, both synthetic and
natural dyes, on the performance of DSSC have been
explained and discussed. The investigation of various
dyes is an efficient and practical guide for the future
development of solar cell technology based dye. Dyes and
the shape of the structure play a role in improving the
efficiency of DSSC. Dye represents the core component of
DSSC and has the function of receiving photons and
anode sensitization. We found that synthetic dyes are
effective and commonly used in increasing the efficiency
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of DSSC compared with that of organic dyes based on
ruthenium (Ru) metals such as N719, N3, and N719
+ N3. In addition, there is also Indoline (D149) dye quite
often used in engineering materials to improve the DSSC
performance because of good absorption ability in the
visible light region. For natural dyes, better photovoltaic
performance is for dyes derived from fruits and vegeta-
bles due to the molecular structure of riboflavin, chloro-
phyll, and carotenoid pigments useful for UV absorption.

The essential part affects the efficiency of DSSC struc-
ture. We have reviewed the various structures that make
up the DSSC, namely sandwich, monolithic, and honey-
comb structures. The monolithic structure exhibits lower
efficiency in the traditional (sandwich) configuration due
to the isolation, which blocks diffusion. Meanwhile, the
honeycomb structure is distinguished from the CE and
can develop a new DSSC in the future. The honeycomb
structure has a hexagonal honeycomb-shaped CE. This
structure shows a much higher conversion than conven-
tional DSSC, which has potential for future direction.

The low cost, environmentally friendly, flexible, and
stability of DSSC are prominent and challenges in future
research. For mass production, some aspects still need for
serious consent in observation and collaborative research.
In this regard, some recommendations for future research
are as follows:

1. The TiO, and FTO-based substrates are the most
expensive and rigid part for DSCC. The extensive
research is still open to find new flexible conductive
substrate with low cost, high electron mobility, large
surface area, good light absorption ability, and envi-
ronmentally friendly. Doping is possible for producing
large surface area and increasing the absorption of
dyes, which allows more absorption of sunlight so that
ECE increases.

2. The research for charge generation and charge trans-
port at the interfacial contact is needed to improve
efficiency by controlling the interface band offset. By
controlling the band offset, we can easily help the
charge transport for reducing the recombination
charge, and consequently, increase the performance
of DSSC.

3. The essential part in DSSC is dye that is usually used
in synthetics compare with that extracted from natu-
ral plants. Synthetic dyes use toxic materials and com-
plicated processing. Natural dyes can be easily
extracted from the part of the plant such as fruit,
flower, and leaves. The natural dyes sources are abun-
dant in nature, easy to prepare, environmentally
friendly, and fully biodegradable. The research is
needed for improving the stability to be appropriate
choice for the long-term use in DSSC.
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The structure for mass production of DSSC is impor-
tant. The research for reducing cost by new structure
design for flexible DSSC based solid state electrolytes.
To understand the interfacial contact and controlling
band offset for suppressing recombination charge, the
new structure design hopefully much higher conver-
sion than conventional DSSC is need for implementa-
tion of mass production.
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