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Abbreviations: 

BHJ = bulk Heterojuction 

bipy = 2,2’-bipyridine  

BODIPY = 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene  

CB = conduction band  

CDCA = chenodeoxycholic acid 

CT =charge transfer  

DCA = deoxycholic acid  

DFT = density functional theory  

DSSCs = dye sensitized solar cells 

EIS = electrochemical impedance spectroscopy 

EPD = electrophoretic deposition  

FF = fill factor  

FTO = fluorine-doped tin oxide 

ICT = intramolecular charge transfer 

IPCE = incident Photon to Current Efficiency  

Jsc = short circuit current  

LHE = light harvesting efficiency  

LUMO = lowest unoccupied molecular orbital 

PC = paste-coating 

PCE = power conversion efficiency  

rGO = reduced graphene oxide 

Voc = open circuit voltage 

τe = electron lifetime 
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Abstract 

In recent years solar to power energy conversion devices have been 

attracted a lot of attention and there is an effort to synthesize novel light-

harvesting organic materials. Inspired by nature and due to their remarkable role 

in photosynthesis, porphyrins have been extensively used for DSSC and BHJ 

applications. This review provides a summary of the developments and 

approaches that were used in our group in order to improve the power 

conversion efficiency of DSSCs and BHJs based on porphyrin hybrid derivatives. 

Aiming to extend the light absorption range of the sensitizing dyes and to achieve 

enhanced solar cell performances, functionalized porphyrins with carboxylic acid 

anchoring groups were synthesized. These include monomeric, dimeric and 

trimeric porphyrins with one or two anchoring groups and with the presence of 

an additional chromophore in some examples. Also, porphyrins with pyridyl 

anchoring groups were studied, in order to examine the influence in the power 

conversion efficiency of a different anchoring group. The photovoltaic properties 

were improved after reduction of dye-aggregation by means of chemical co-

adsorbents, and by using co-sensitization, modified photoanodes and electrolyte 

additives. Finally, some of the above chromophores were used as electron donors 

for the preparation of a solution processed BHJ organic solar cell with the 

presence of various electron acceptors. 
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1. Introduction 

In recent years there is an urgent need to use alternative energy supplies 

due to the increasing demand of energy and the depletion of fossil fuels. Among 

the renewable energy sources photovoltaic technology is an excellent alternative 

due to the abundance and the global character of the solar energy. Solar cells or 

photovoltaic cells, convert sunlight (photons) directly into electricity (voltage). At 

present most of the solar cells are fabricated from silicon, producing on average 

20% of electricity.
1, 2

 This type of solar cells has certain limitations concerning 

their high production cost and their large scale fabrication. For that reason, in 

order to improve the photovoltaic technology a new generation of more efficient, 

stable, low cost light harvesters must be prepared from readily available 

resources and lower environmental impact. New technologies such as Organic 

Photovoltaics and Dye Sensitized Solar Cells (DSSCs) could be an alternative to 

silicon based solar cells. They both appear advantages such as facile and low cost 

production, low weight and device flexibility. Despite these advances none of the 

two technologies can be used as alternative to fossil fuel consumption due to 

their low efficiencies around 13% for DSSC
3
 and 10% for small molecules and 

polymer-fullerene Bulk Heterojuction (BHJ) solar cells.
4, 5

 Therefore, further 

research is needed in order to increase the efficiencies of these two technologies.  

In DSSC technology the light is absorbed by dye molecules, deposited on 

nanostructures such as titanium dioxide, zinc oxide or tin oxide. These 

nanoparticles are placed on an Indium Tin Oxide coated glass surface (anode). 

There is also a platinum cathode that sandwich together with a redox electrolyte 

(Fig. 1).
6
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Fig. 1 Schematic representation of a DSSC. 

 

Solar irradiation excites the electrons of the dye from HOMO to LUMO 

level. Then the electrons from LUMO orbitals are injected into the conduction 

band (CB) of the TiO2 semiconductor and subsequently carried out to counter Pt-

electrode through the external circuit and thus produce electricity. Dye 

regeneration is performed by an electrolyte (iodine-based or cobalt complexes, 

redox mediator) through a reduction–oxidation process. Dyes with donor–

acceptor (D–A) groups having their LUMO level above the TiO2 conduction band 

and their HOMO level below the redox couple of the electrolyte are desirable for 

electrochemical cycle in DSSC. Strong electronic coupling and physical contact is 

needed between the light harvesting chromophore and the semiconductor 

surface for faster excited state electron transfer than excitation quenching by 

other physicochemical processes, which reduces the efficiency of the cell.  

The performance of a solar cell strongly depends on the light harvesting 

ability and the relative energy levels of the dye, as well as the kinetics of the 

charge transfer processes at different interfaces. In addition, the photo excitation 

of a D-A dye is followed by intramolecular charge transfer (ICT) from the donor to 

the acceptor moiety of the dye. The ICT property of a D-A dye is strongly 

dependent on the electron-donating ability of D, the electron-withdrawing ability 

of A, as well as the electronic properties of the π-conjugated bridge, and it can be 
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tuned through chemical modification of each component. Due to the D–A 

interaction, a new low energy molecular orbital (MO) is being formed. Facile 

excitation of the electrons within the new MO can be achieved using visible light 

and these type of molecules are usually referred as charge-transfer 

chromophores.
7-10 

During the   last decade, different arylamines, such as 

triphenylamine (TPA),
11, 12

 coumarin
13, 14 

indoline,
15, 16

 and carbazole
17, 18

 have 

been investigated as the electron-donating group. Most of them exhibited 

satisfactory electron-donating ability. Chromophores with the TPA moiety as the 

electron-donor have shown long-lived charge-separated state and good hole-

transporting ability.
19, 20

 In addition, its non-planar configuration with steric 

hindrance can be used to prevent the unfavorable aggregation on the TiO2 

surface. In the past few years, the dyes with TPA moiety have been widely 

investigated as sensitizers in DSSCs.
21-25 

The conjugated linker in a D–π–A system 

acts as both a component for light harvesting and a channel for charge transport. 

A good conjugated linker should promote the absorption of light over a wide 

region, and at the same time, facilitate charge transfer. 

Besides the electron-donor and π-conjugated linker, a push-pull system is 

completed by introducing an electron-acceptor. There are a number of different 

electron-acceptors reported so far and their electron-withdrawing abilities have a 

big influence on the optical properties and energy levels of the compounds.
26-28

  

On the other hand bulk heterojunction organic solar cells (BHJ) have been 

extensively used since their introduction in 1995. A typical BHJ solar cell has a 

structure as shown in Fig. 2. The active layer is sandwiched between two 

electrodes, one transparent and one reflecting. The glass substrate is coated with 

indium-tin-oxide (ITO) which is a transparent conductive electrode with a high 

work function, suitable to act as an anode. To reduce the roughness of this ITO 

layer and increase the work function even further, a layer of poly(3,4-ethylene 

dioxythio-phene):poly(styrene sulfonate) (PEDOT:PSS) is spin cast, followed by 

the active layer. The top electrode usually consists of a low work function metal 

or lithium fluoride (LiF), topped with a layer of aluminum, all of which are 

deposited by thermal deposition in vacuum through a shadow mask. Moreover, 

the solution processed active layer consists of an electron donating and an 
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electron accepting material at a typical length scale of a few tens of 

nanometers.
29-31

 Light absorption results in the formation of singlet excitons that 

diffuse to the donor-acceptor interface to form interfacial charge transfer (CT) 

excited state species that can dissociate into free holes and electrons (as 

electrons fall from the donor conduction band to the acceptor conduction band), 

which are finally directed to the corresponding electrodes, generating current 

(Fig. 2).  

In this review paper we present the research from our group on the use of 

porphyrins as light harvesters in DSSCs and BHJ photovoltaic cells. Concerning the 

DSSCs studies two different anchoring groups were studied carboxylic acid and 

pyridine, attached onto different porphyrins. On the other hand, BHJ studies 

were done using some of the dyes that were already used in DSSCs 

measurements. 

 
 
Fig. 2 Schematic representation of BHJ photovoltaic cells.  

 

 

 

2. Porphyrins for DSSCs 

Among various parameters of the DSSC device in achieving high efficiency 

and durability, the sensitizer is one of the key components. The leading dyes until 

recently in DSSC technology that showed the best efficiencies (up to 11%) were 

the ruthenium polypyridyl compounds.
32, 33

 However, the high cost, toxicity and 

low stability of the ruthenium complexes led researchers to search for alternate 

chromophores such as, porphyrins, phthalocyanines and other organic dyes. 
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Inspired by nature and due to their remarkable role in photosynthesis, 

porphyrins have been extensively designed and synthesized for DSSC 

applications. Porphyrins as photosensitizers on DSSC are particularly interesting 

possessing various advantages such as appropriate LUMO and HOMO energy 

levels and very strong absorption of the Soret band in the 400–450 nm region, as 

well as the Q-bands in the 500–700 nm region. Moreover, the photophysical and 

electrochemical properties of the porphyrins can be tuned by inner metal 

complexations and peripheral substituents, by taking advantage of their multiple 

reactive sites, including four meso and eight β-positions (Chart 1).
34-40

  

 

 

 

 

 

 

 

 

 

Chart 1 Schematic representation of meso and β positions of the porphyrin 

macrocycle.  

 

A number of review articles on porphyrins, and their applications in 

photovoltaics have been reported covering most of the common features of the 

DSSC systems.
33, 41-48

 Porphyrin derivatives that contain one donor moiety and 

one acceptor in trans position on the macrocycle are found to have the highest 

efficiencies recorded so far. The best efficiency ∼13 % is achieved by the group of 

Grätzel in 2014 using donor-acceptor porphyrin with long alkyl chains in order to 

prevent aggregation.
3, 49

 A drawback of porphyrins is the poor light-harvesting 

properties at wavelengths around 450 nm and above 600 nm. Elongation of 

strong electron-donating and electron-withdrawing groups can shift and broad 

the absorption of porphyrins making it possible to increase the light-harvesting 

property and the resulting DSSC efficiency. Therefore, the DSSC device 
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performance can be further improved by careful structural optimization of the 

porphyrin chromophores in order to exhibit a panchromatic feature.  

Another approach to overcome the downside of low efficiency is co-

sensitization. Therefore, the presence of an additional chromophore with 

complementary absorption properties could achieve highly efficient light 

harvesting and improved DSSC efficiency. On the other hand, when two different 

dyes are present may cause a decrease in efficiency. This may be due to the 

decreased injection efficiency caused by intermolecular interaction between the 

two chomophores. Furthermore, the co-sensitizer ideally may be able to reduce 

the porphyrin aggregates that are formed upon their attachment to TiO2.       

Furthermore, in DSSCs the presence of an anchoring group is essential to 

graft the dye on a TiO2 surface, in order to achieve fast electron injection into the 

TiO2 semiconductor.
50

 The efficiency of the electron-transfer step at the dye-

semiconductor interface is highly dependent, among numerous other factors, on 

the way the chromophore is attached to the surface.
51-53

 Therefore, different 

porphyrin anchoring groups have been used and researchers have studied their 

effect on the TiO2 surface.
54-56

 In this report we will present carboxylic acid and 

pyridine anchoring groups that are prepared in our group. 

 

2.1 Porphyrins for DSSC with carboxylic acid anchoring groups 

Carboxylic acid present in the meso or β–positions of a porphyrin ring is an 

anchoring group that has been extensively studied. At the meso-position, two 

main classes of linking moieties have been employed most often, the classic 

meso-substituted benzoic acid linking and the direct attachment of a meso-

alkynylbenzoic acid moiety. For DSSCs employing a β–position linking group the 

conjugated ones have been mostly reported in the literature. Carboxylic acid 

groups can form ester linkages with the surface of the metal oxide to provide a 

strongly bound dye and good electronic communication between the two parts. 

In this section porphyrin based chromophores bearing various carboxylic acids as 

anchoring groups will be presented. 

 

2.1.1 Monomeric chromophores  
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In this first part we present monomeric porphyrin derivatives with 

carboxylic acids at the peripheries as anchoring groups to TiO2. We synthesized a 

zinc-metallated porphyrin 1 with two carboxylate groups at the meso positions 

and two phenylene vinylene units at the other two meso positions, terminated by 

4-nitro-α-cyanostilbene groups (Fig. 3).
57

 The phenylene vinylene units expand 

the π-conjugation of 1, leading to enhanced solubility and broadening of the 

absorption spectrum. The photophysical measurements revealed that the 

expanded conjugation of 1 resulted in broadening and strengthening of the Soret 

and Q bands of the porphyrin ring, improving the photovoltaic performance. The 

central porphyrin core acts as an electron donating unit and intramolecular 

charge transfer takes place to the electron withdrawing groups (4-nitro-α-

cyanostibene). The power conversion efficiency (PCE) of 1 was measured 2.90% 

and with the addition of deoxycholic acid (DCA) was further improved to 4.22%. 

The presence of DCA decreased the dye loading and significantly increased the 

short circuit current (Jsc) and the open circuit voltage (Voc). Those enhanced Jsc 

and Voc values, are correlated with the increased electron injection efficiency and 

electron lifetime, respectively.  

 

Fig. 3 Chemical structure of porphyrin 1.  

 

Following our previous strategy, we prepared two A2B2 type porphyrin 

compounds as sensitizers for DSSCs.
58

 The free base porphyrin 2 and the 

corresponding zinc metallated complex 3 contain two carboxylate units and two 

N,N’-dimethylphenyl groups in trans position to the porphyrin macrocycle (Fig. 4). 

The latter can serve as electron donating group, while carboxylate units serve as 

electron accepting and as anchoring groups, verified from the Density Functional 
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Theory (DFT) calculations. Compounds 2 and 3 exhibit PCE values of 3.80% and 

4.90% respectively. The increased PCE value of porphyrin 3 is due to higher dye 

loading onto TiO2 and longer electron lifetime compared to 2. When 

chenodeoxycholic acid (CDCA) was incorporated in the dye solution as co-

adsorbent, the molecular aggregation on the TiO2 surface was reduced and the 

PCE performances of both 2 and 3 were further improved to 4.90% and 6.07% 

respectively.
59

 We also investigated the interfacial charge transfer of the DSSCs 

based on 2 and 3 with the addition of CDCA by electrochemical impedance 

spectroscopy (EIS). From the Nyquist plots we concluded that the electron 

transfer was improved in both cases upon co-adsorption with CDCA.   

 

 

 

Fig. 4 Porphyrin derivatives 2 and 3.  

 

In the previous examples the two anchoring groups could not be both 

attached onto TiO2. Therefore, in order to study the influence of the attachment 

of two anchoring groups we synthesized a zinc porphyrin derivative consisting of 

two carboxylate units.
60

 Porphyrin 4 is covalently linked through its peripheral 

aryl-amino group with a 1,3,5-triazine moiety, which contains two glycine units 

(Fig. 5). The glycine moieties at 3- and 5-positions possess carboxylic acids that 

act as anchoring groups for successful attachment on the TiO2 surface. The PCE 

value of dye 4 was measured 4.72%, which is similar to the PCE value of 

porphyrin 3. This result indicates that in this kind of compounds the position of 

the anchoring groups does not influence significantly the PCE values. The 

photovoltaic performance of 4 was enhanced by the addition of tertiary aryl 
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amine compound 5 (Fig. 5) functionalized with two ethynyl-pyridine substituents 

and one cyano-acetic acid group. Co-sensitization of 4 with 5 resulted to greater 

PCE efficiency (7.34%) mainly due to the complementary light absorption 

characteristics of the two dyes. Furthermore, the absorption features after co-

sensitization suggests that compound 5 changed the orientation of the absorbed 

porphyrin molecules on TiO2 and consequently decreased the aggregation. The 

co-sensitized solar cell exhibited enhanced electron injection efficiency and the 

Incident Photon to Current Efficiency (IPCE) spectrum has been broadened over 

the 350-700 nm range. In perfect agreement with the latter, the improved 

performance of the co-sensitized solar cell is also observed from enhancement of 

the Jsc curve (from 10.85 to 14.74 mA/cm
2
).  

 

 

Fig. 5 Porphyrin 4 and tertiary aryl amine compound 5.  

 

In another approach, we wanted to examine if different metallated 

porphyrins with transition metals and four carboxylic acids as anchoring groups 

influence the performance of DSSC. Therefore, we synthesized a series of meso-

carboxyphenyl porphyrins metallated with transitions metals (Pt, Pd, Rh and Ru) 

6–9 were synthesised as sensitizers in DSSCs (Fig. 6).
61

 The maximum conversion 

efficiency 0.13% was reported for compound 6. The poor photovoltaic 

performance for all dyes is mainly attributed to unsuitable energy levels of 

Lowest Unoccupied Molecular Orbitals (LUMOs) of all porphyrin compounds. In 

addition, the long alkoxy chains (C4) prevent aggregation, but lack conjugation 

resulting to low PCE values. The development of noble metallated porphyrin 

moieties with a higher LUMO level and conjugated long chains could improve the 

DSSC performance of such dyes and lead to greater PCE values.  Therefore, the 
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presence of Ru, Rh, Pd and Pt metals on the porphyrin ring reduces the efficiency 

of the cell. 

 

Fig. 6 Structures of porphyrin complexes 6–9.  

 

2.1.2 Covalently linked dimeric chromophores  

Another effective approach to enhance the overall photovoltaic 

performance of porphyrin based solar cells is to employ as sensitizers covalently 

linked arrays of porphyrins. Porphyrin dimers and trimers are ideal potential 

photosensitizer candidates due to some specific properties that possess, such as 

their increased wavelength absorption and their extended conjugation of the 

porphyrin π-system. In addition, the type of the linkage between the porphyrin 

moieties can influence their structure and their electronic characteristics. The 

efficient electronic communication between the porphyrin arrays, in terms of 

intra- and/or inter-molecular charge transfer, is another key asset that marks 

those compounds as attractive not only for photovoltaic applications but also for 

Organic Light Emitting Diodes
62

 and Photo Dynamic Therapy
63, 64

 applications. The 

main drawback such porphyrin derivatives have, is the enhanced aggregation 

issues and their difficult, not straight forward synthesis. 

Porphyrin arrays covalently linked either through π-conjugated bridges
65

 

or directly,
66

 exhibit strong electronic coupling between porphyrin units, resulting 

in splitting of the Soret band and broadening of the Q-bands. Because of these 

spectral features, porphyrin arrays display improved overall harvesting 
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efficiencies, and lead to better photovoltaic performances relative to the 

corresponding monomeric porphyrin sensitizers.
65

 

Therefore, we synthesized a series of covalently linked porphyrin dyads 

10–15 (Fig. 7), in which the two porphyrin rings are covalently linked through the 

unit of s-triazine.
67-69

 Cyanuric chloride was chosen as the bridging ligand, 

because its reactivity is temperature dependent and allows the introduction of up 

to three different nucleophiles on an s-triazine unit through sequential 

substitution of its three chlorine atoms. As a result, it is possible to use one-pot 

protocol reactions, providing a modular synthetic route to the desired 

multiporphyrin arrays in good yields and avoiding extensive and expensive 

preparative and purification procedures.  

 

Fig. 7 Chemical structures of porphyrin dimers 10–15.  
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By taking advantage of these properties we prepared dimers 10–15. These 

dimers can be divided in two groups: the unsymmetrical (10, 12, 14) where only 

one of the two porphyin rings is metallated with zinc and the symmetrical (11, 13, 

15) where both porphyrins contain zinc. Moreover, dimers 10–13 bear only one 

carboxylic acid as anchoring group, while compounds 14 and 15 have two 

anchoring groups. Absorption spectroscopy studies in solution were performed 

for all the synthesized dimers, and suggested that there is negligible 

intramolecular electronic interaction between the two porphyrins in their ground 

state. The electrochemical properties of porphyrin dyads 10–15 were 

investigated by cyclic voltammetry measurements. From the first oxidation 

potential and the first reduction potential we calculated the energies of their 

HOMO and LUMO molecular orbitals, respectively. These data in combination 

with DFT calculations revealed that all the dyads have suitable frontier orbital 

energy levels for use as sensitizers in DSSCs. 

Solar cells sensitized by dyads 10–15 have been fabricated and their 

photovoltaic parameters are summarized in table 1. The 10 and 11 sensitized 

solar cells were found to exhibit PCE values of 4.46% and 3.61%, respectively. The 

superior performance of 10 is attributed to its unsymmetrical structure. The 

presence of a free-base and a zinc-metallated porphyin in 10 might cause a 

polarizing and cooperating effect that directs the electron transfer to the TiO2 CB, 

and leads to more efficient electron injection, while in the symmetrical 11 there 

is no directionality in the electron transfer process. The same trend was also 

observed in the other dyads where the unsymmetrical dimers 12 and 14 exhibit 

higher PCE values compared to their corresponding symmetrical dyads 13 and 15, 

respectively. However, the 10 based solar cell is not as efficient as the 

multiporphyrin arrays with the ‘‘push–pull’’ architecture, which exhibit PCE 

values over 5%.
65

 This is ascribed to the fact that in 10 the carboxylic acid 

anchoring group resides on the triazine linker, while in ‘‘push–pull’’ systems it is 

located on the electron acceptor unit and, hence, results in very efficient charge 

transfer directionality and enhanced photocurrent.  

For this reason we prepared dimers 12 and 13 (Fig. 7) where the 

anchoring group is located on one meso-phenyl ring of one porphyrin and not on 
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the s-triazine linker. Nevertheless, comparison of the PCE values of 12 with 10 

showed that the position of the carboxylic acid does not alter significantly the 

efficiency of the prepared DSSCs. Moreover, dimers 11 and 13 also exhibit similar 

PCE values supporting the fact that the position of the anchoring group, in this 

family of compounds, is not affecting the electron transfer efficiency. 

Finally we prepared dimers 14 and 15, which bear two carboxylic acids, in 

order to examine the influence of the number of the anchoring groups in the PCE 

of the fabricated DSSCs. Comparison of the solar cells based on 15 and 13 

revealed enhanced photovoltaic parameters and PCE value for the former (5.28% 

versus 3.50%, respectively). Apparently, the presence of two carboxylic acids in 

the molecular structure of 15, results in a more effective binding onto the TiO2 

surface and, therefore, in the formation of a more compact dye layer on the TiO2 

surface, which is manifested by the increased dye loading of the 15 sensitized 

solar cell. Furthermore, it produces a cooperative effect in the electron transfer 

into the TiO2 CB, which gives a faster and more efficient electron injection 

process. This is evidenced by EIS measurements revealing longer electron 

lifetime, and more effective suppression of charge recombination for the 15 

based solar cell. 

 

Table 1 Photovoltaic parameters under global AM 1.5 irradiation of the 

fabricated DSSCs using dimers 10–15. 

Dimer JSC
a
, mA/cm

2
 VOC

b
, V FF

c
 PCE

d
, % 

10 9.94 0.66 0.68 4.46 

11 8.82 0.63 0.65 3.61 

12 9.84 0.62 0.68 4.15 

13 8.56 0.62 0.63 3.50 

14 11.44 0.68 0.70 5.44 

15 10.78 0.68 0.72 5.28 

a
Short circuit current, 

b
open circuit voltage, 

c
fill factor, 

d
power conversion 

efficiency. 

 

An alternative approach for extending the light harvesting efficiency of DSSCs 

involves the co-sensitization of the TiO2 film with two or more molecular 

sensitizers that exhibit strong and complementary absorption profiles. Based on 

this idea, we used dyad 10 (Fig. 7) and a tertiary arylamine compound 16 (Fig. 8), 
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which contains a terminal cyano-acetic group in one of its aryl groups, for the 

construction of co-sensitized DSSCs.
70

 For the fabrication of the cells, a stepwise 

co-sensitization procedure was followed, by sequentially immersing the TiO2 

electrode in separate solutions of 10 and 16 dyes. For comparison purposes, solar 

cells sensitized by the individual dyes 10 and 16, were also fabricated, under the 

same experimental conditions. The individually sensitized devices 10 and 16 were 

found to exhibit PCE values of 4.46%, and 4.45%, respectively, while the co-

sensitized solar cell device showed PCE value of 6.16%. The higher PCE value of 

the co-sensitized device was attributed to enhanced light harvesting efficiency 

(LHE). Absorption spectroscopy studies showed that the co-sensitized film 

exhibits very strong absorption in the 460–530 nm range, where the absorption 

of the 10 sensitized film is weak. Hence, the absorption spectrum of the 10/16 

film exhibits an extended absorption profile with panchromatic features, which 

leads to an increased LHE. 

 

Fig. 8 Chemical structure of metal free organic dye 16. 

 

The PCE of the 10/16 co-sensitized device was further improved up to 

7.68% when a formic acid treated TiO2 photoanode was used. This enhancement 

was attributed to the higher Jsc and Voc values, due to modification of the 

electronic properties of the TiO2 CB. Dark current and EIS measurements revealed 

an increased electron transport rate and suppressed electron recombination in 

the formic acid treated TiO2 photoanode. 

Continuing our study on dimeric dyes we prepared two porhyrins 

connected with two different bridges in order to examine whether the length can 

influence the performance of the cell. Therefore, we synthesized dyads 17 and 18 

(Fig. 9) consisting of two zinc-metallated porphyrin units, which are covalently 
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linked through their meso-phenyl groups by 1,2,3-triazole ring.
71

 These dimers 

were synthesized via “click” reactions, which are Cu-catalyzed Huisgen 1,3-dipolar 

cycloadditions between azide and acetylene-containing porphyrins. UV-vis 

spectra and cyclic voltammetry measurements, as well as DFT calculations, 

revealed that there is negligible electronic interaction between the two porphyrin 

units in the ground states of both dyads, but the dyads possess frontier orbital 

energy levels which are suitable for use as sensitizers in DSSCs. Fabrication of the 

corresponding solar cells revealed that the device based on the dyad 18 with the 

shorter bridge results in a better photovoltaic performance. The PCE values for 

the 17 and 18 based solar cells were measured 3.82% and 5.16%, respectively. 

The higher PCE value of the latter was attributed to its enhanced short circuit 

current (Jsc) under illumination, its longer electron lifetime (τe) and more effective 

charge recombination resistance between the injected electrons and the 

electrolyte, as well as its higher dye loading on the TiO2 surface. Comparison of 

the PCE values of dimeric compounds 11, 13, 17 and 18 where both porphyrin 

rings are metallated with zinc and contain one anchoring group showed that 

dimer 18 had the highest efficiency. Therefore, the presence of the triazole ring 

with the short aliphatic chain between the two porphyrin rings enhances the 

performance of the device.  
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Fig. 9 Chemical structures of porphyrin dimers 17 and 18. 

 

2.1.3 Covalently linked trimeric chromophores 

In line with our research interest on developing improved porphyrin 

complexes for DSSC applications, we developed further our findings on dimeric 

dyad 12 by replacing the piperidine molecule with a zinc porphyrin. The extra 

porphyrin was added in order to enhance the light harvesting efficiency of the 

prepared DSSCs. In the course of this study we synthesized a triazine-linked 

porphyrin triad 19 (Fig. 10) consisting of two zinc-metallated porphyrins and one 

free-base porphyrin bearing a carboxylate group.
72

 Trimeric compound 19 can be 

described as a “push-pull” 2D-π-A system (D: donor, π: conjugated system and A: 

acceptor). The donor units, namely the zinc-metallated porphyrins, promote the 

intramolecular electron transfer through the π-conjugated system (triazine) to 

the acceptor free-base porphyrin, which contains the carboxylic acid for efficient 

attachment on TiO2. In this work, two different types of photoanodes have been 

used, with respect of the fabrication method that has been applied. The 
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photoanodes were processed either by paste-coating (PC) method or by 

electrophoretic deposition (EPD) method, leading to PCE values of 3.80% and 

4.91% respectively. These values are comparable with those observed for dimer 

12. Therefore the presence of a third porphyrin ring does not improve the 

efficiency. The reported enhanced value of EPD method was correlated with the 

surface morphology and electron-transport kinetics. The EIS spectra revealed that 

EPD-processed photoanode exhibits longer electron lifetime, higher charge 

recombination resistance and shorter electron-transport time, comparing to the 

PC-processed photoanode. In addition, further improvement of EPD-processed 

photoanode was achieved (5.56%) through co-sensitization of CDCA in the dye 

solution.  

 

Fig. 10 Chemical structure of porphyrin trimer 19.  

 

In order to understand if the presence of two anchoring groups on the 

porphyrin trimeric compounds influences the performance of the cell, another 

compound 20 was synthesized using two triazine moieties as bridges.
74

 In trimer 

20 (Fig. 11) the central zinc-metallated porphyrin is connected through triazine 

groups with two free-base porphyrin units. Each peripheral free-base porphyrin 

contain carboxylic acid that act as anchoring group to TiO2 nanoparticles. 

Porphyrin 20 can be described as a “push-pull” D-π-2A system, with the terminal 

free-base porphyrin as acceptor units, the zinc-porphyrin unit as the donor group 

and π denoting the triazine bridge. The photovoltaic measurements revealed a 
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PCE value of 5.88% using CDCA as co-adsorbent. In addition, the DSSC sensitized 

with 20 exhibits high short circuit current (Jsc = 12.18 mA/cm
2
) and open circuit 

voltage (Voc = 0.68 V). The high PCE value is correlated with the EIS studies, 

specifically the long electron life-time and short electron transport time that we 

observed in the case of 20. Moreover, the EIS studies showed suppressed 

electron recombination and reduced dark current, aspects crucial for the 

reported DSSC performance. By comparison of the PCE values of trimeric 

porphyrins 19 and 20, it is concluded that the addition of an extra anchoring 

group (compound 20) does not significantly affect the performance of the cell. 

N

N

N

HN

N

NH

N

HN

O

HO

N

HN

N

N N

N

Zn NH

N

N

N
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N
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Fig. 11 Chemical structure of triazine-linked trimer 20.  

  

In order to extend the light absorption of porphyrin-based sensitizers to 

even wider spectral regions, we combined porphyrins with other types of 

chromophores, as additional antenna components. Based on the encouraging 

results of trimer 19 we replaced the two zinc porphyrins with a different 

chromophore such as 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), 

preparing a BODIPY-porphyrin triad 21 (Fig. 12).
73

 The compound was synthesized 

via stepwise amination reactions where a carboxyphenyl meso-substituted 

porphyrin was covalently attached with two BODIPY molecules via 1,3,5-triazine 

bridge. In this triad the BODIPY molecules act as an antenna and after their 

excitation an efficient energy transfer from the BODIPY to the porphyrin takes 

place. For the preparation of the DSSCs, various immersion times of the TiO2 
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electrode into the solution of the porphyrin were investigated and it was found 

that 4 h was the ideal time regarding the photovoltaic performance of the device. 

Solar cells sensitized by trimer 21 exhibit a PCE value of 5.17% which is improved 

compared to trimer 19 (3.80%). Therefore, the presence of BODIPY molecules 

further increases the PCE values. Additionally, incorporation of reduced graphene 

oxide (rGO) between TiO2 and dye 21 resulted the formation of rGO-TiO2 barrier 

in the device with an improved efficiency (6.20%) along with higher Jsc and fill 

factor (FF) values. The barrier that is formed, assist the electron transport process 

towards the FTO surface more efficiently as the EIS studies suggest. More 

precisely, the rGO-TiO2 photoelectrode exhibit shorter transport time, longer 

electron time and lower charge transfer resistance.          

 

Fig. 12 Structure of BODIPY-porphyrin triad 21.  

 

In addition, we synthesized triads 22 and 23 (Fig. 13) in which two 

[Ru(bipy)3]
2+

 (bipy = 2,2’-bipyridine) units and two BODIPY are linked to a 

porphyrin unit, respectively.
75

 In compound 22 the two Ru(bipy)3 chromophores 

are linked through amide bonds to the peripheral aryl groups of a free-base 

porphyrin unit. While in triad 23, two BODIPY moieties are connected through 

ethynyl groups at opposite meso-positions of a zinc metallated porphyrin. Both 

triads exhibit UV–Vis absorption spectra with absorption features of their 

constituent chromophores, and hence wider spectral absorptions than the 

corresponding porphyrins. Emission studies in 22 revealed that the two 

chromophores interact only weakly in their excited state. The PCE value for the 
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22 based solar cell was 0.3%. As suggested by DFT calculations, the low 

performance was attributed to the unsuitable positioning of the frontier 

molecular orbitals of the triad, since its LUMO electronic density is primarily 

localized over the two [Ru(bipy)3]
2+

 units, and not on the carboxylic acid 

anchoring groups, as it should be expected for efficient electron injection into the 

TiO2 CB. On the other hand, combination of steady-state and time resolved 

emission spectra of trimer 23 clearly showed photoinduced energy transfer from 

the 
1
π–π* excited state of the BODIPY chromophore to the lower lying singlet 

excited state of the porphyrin unit, leading to sensitized fluorescence from the 

latter. However, despite the efficient energy transfer the PCE of the 23 based 

solar cell was 0.6%. 

 

Fig. 13 Chemical structures of porphyrin trimmers 22 and 23.  

 

2.2 Porphyrins for DSSC with pyridyl anchoring groups 

As mentioned so far, most of the dyes reported in the literature possess 

one or more carboxylic acids as anchoring groups for their attachment on a TiO2 

surface. On the other hand quite recently a pyridine ring is used as an electron 

withdrawing anchoring group.
76, 77

 These dyes were found to give better electron 

injection efficiencies compared to the corresponding porphyrins bearing 
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carboxylic acids as anchoring groups.
76-78

 This was attributed to the nature of the 

coordinate bond between pyridine and the Lewis acid sites of the TiO2 surface, 

which provides better electronic communication than the ester linkage of the 

carboxylic acid groups. In order to investigate the performance of sensitizers 

having pyridyl ring as anchoring group we synthesized a series of meso 

substituted porphyrins 24–26 which bear one, two and four pyridyl groups (Fig. 

14).
79

 

 

Fig. 14 Porpyrin dyes 24–26 with meso substituted pyridyl anchoring groups.  

 

 

The overall power conversion efficiencies of DSSCs based on these dyes 

are 3.10%, 3.90% and 2.46%, for the 24, 25 and 26 respectively. The highest 

photovoltaic parameters and PCE value obtained for the porphyrin derivative 

with two pyridyl groups, 25 (3.90%). This can be attributed to the high dye 

loading, efficient electron injection, dye regeneration process and longer electron 

lifetime as measured by the EIS. Even though the PCE of 25 is the highest among 

the three porphyrins is low compared to other porphyrin dyes reported in the 

literature.
35, 80, 81

 When the photoanode of the 25-sensitized solar cell was 

treated with formic acid higher amount of dye adsorbed onto TiO2 yielded an 

increased PCE value of 5.24%. Moreover, DCA was used as coadsorbant for dye 

25 in order to prevent dye aggregation and an improved PCE of 6.12% was 

measured that was attributed to further improvement in the electron injection 

efficiency and charge collection efficiency. 

The performance of dye 25 was additionally increased by co-sensitization 

with a mononuclear ruthenium(II) complex 27 (Fig. 15),  giving a PCE value of 
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7.35%.
82

 In addition, the efficiency of this co-sensitized solar cell was further 

improved up to 8.15% using a graphene modified TiO2 photoanode, instead of a 

pure TiO2 photoanode. The increased PCE value of the graphene modified 

photoanode solar cell as suggested by dark current measurements and EIS, can 

be attributed to the suppression of charge recombination at the 

photoanode/dye/electrolyte interface and enhancement of electron transfer 

between the photoanode and the collecting electrode. 

 
Fig. 15 Mononuclear ruthenium(II) complex 27.  

 

In order to improve the promising results that were obtained with the use 

of pyridyl as anchoring group, we prepared porphyrin dye 28 with a pyridyl group 

connected through a triple bond to the aromatic porphyrin core (Fig. 16).
83

 The 

overall power conversion efficiency of DSCC based on porphyrin 28 was 3.36%. 

This value is similar to the one measured for porphyrin 24, so the introduction of 

a triple bond between the pyridyl and the porphyrin ring does not affect 

significantly the PCE value. The low reported efficiency for porphyrin 28 is due to 

dye aggregation upon coordination on TiO2. The use of a CDCA as a coadsorbant 

reduced the aggregation and improved the solar cell efficiency up to 4.56%. 

Moreover, when Ag nanoparticles were incorporated into the photoanode, the 

efficiency of the cell was increased up to 5.66%. This enhancement was 

attributed to the increased light harvesting efficiency in the visible region of the 

solar spectrum, and hence its short circuit current density. Also, the charge 

transport and electron lifetime were improved. 
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Fig. 16 Chemical structure of tricarboxy-pyridinylethynyl porphyrin dye 28.  

 

It is known that the electrolyte additives used in DSSCs can affect their 

performance. They can change the short circuit current and the open circuit 

voltage, by shifting positively or negatively the TiO2 CB edge. Also they can alter 

the recombination kinetics at the TiO2/electrolyte interface.
84

 The compounds 

that have been used as electrolyte additives in the DSSCs are 4-tert-butylpyridine, 

4-methylbenzimidazole, guanidinium thiocyanate, and thiourea.
85, 86

 Therefore, 

during our studies thiourea containing electrolyte was used and the PCE value of 

porphyrin 28 was increased to 5.34%.
87

 The enhancement of the solar cell 

efficiency was attributed to an increase of the short circuit current density, which 

was due to a positive shift of the TiO2 conduction band edge, and to a decrease in 

the charge recombination rate. UV–Vis absorption spectra and X-ray powder 

diffraction patterns of pure and thiourea-containing TiO2 films also suggested 

that thiourea molecules are chemisorbed onto TiO2, and passivize its surface 

recombination sites between the injected electrons and the I3
- 

ions of the 

electrolyte. The resulting slower recombination kinetics (which is documented by 

a longer electron lifetime) is also suggested to as a reason for the slight increase 

of the open circuit voltage of the solar cell, which compensates for the opposing 

effect of the positive shift of the TiO2 CB edge. 

Moreover, in order to extend our studies on porphyrin dyes bearing 

pyridyl anchoring groups, we synthesized a free-base meso-tetraaryl porphyrin 29 

and its zinc analogue 30 (Fig. 17).
88

 These compounds are having four oligo(p-

phenylenevinylene) (oPPV) pyridyl groups with long dodecyloxy chains on the 

phenyl groups. The presence of the long alkoxy chains on the meso-phenyl 
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groups offers the advantage of high solubility in a variety of organic solvents; also 

they could prevent porphyrin aggregation. The PCE values were measured for 

free-base 29 and zinc porphyrin 30 3.28% and 5.12%, respectively. The higher PCE 

value of metallated porphyrin 30 was ascribed to higher short-circuit current, 

open-circuit voltage, and dye loading values. 

 

Fig. 17 Chemical structures of porphyrins 29 and 30.  

  

Table 2 summarizes the photovoltaic parameters (JSC, VOC and FF) as well 

as the PCE values for all the porphyrin dyes with pyridyl anchoring groups, 

prepared from our team. In the case of the mono substituted pyridyl compounds 

24 and 28 that differ in the length and the position of the nitrogen atom (para vs 

meta position) the PCE values were quite similar (~3.2%). Regarding tetra pyridyl 

porphyrins, there was an increase from 2.46% (25) to 5.12% (30). The enhanced 

photovoltaic properties of 30 may be attributed to the long alkoxy chains that 

prevent the aggregation. While in the case of 25, possibly the formation of 

porphyrin-porphyrin aggregates that occurs through zinc metal-pyridine 

coordination may hinder the attachment on TiO2 surface. 

 

Table 2 Photovoltaic parameters of the fabricated DSSCs using porphyrin dyes 

with pyridyl anchoring groups 24-26 and 28-30.  

 

Dye JSC
a
, mA/cm

2
 VOC

b
, V FF

c
 PCE

d
, % 
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24 9.2 0.60 0.56 3.10 

25 10.56 0.64 0.60 3.90 

26 7.6 0.60 0.54 2.46 

28 9.38 0.64 0.56 3.36 

29 8.86 0.64 0.58 3.28 

30 11.25 0.68 0.67 5.12 

a
Short circuit current, 

b
open circuit voltage, 

c
fill factor, 

d
power conversion 

efficiency. 

 

 

3. Porphyrins for BHJ  

In BHJ organic cells the absorber active layer is a blend of donor and 

acceptor molecules. As electron donor materials are usually used conjugated 

polymers or conjugated pigments and as acceptors fullerene derivatives.
89-98

 

Despite the high PCEs achieved for polymer BHJ solar cells, the application of 

these solar cells for commercial applications is limited due to their low 

reproducibility for characteristics such as average molecular weight and 

polydispersity index as well as difficulty in purification. Therefore, in the place of 

polymers, small molecules have been prepared and used as electron donor 

materials with efficiencies up to 6-7%, close to their polymer-base 

counterparts.
99-105

 These small molecules exhibit several advantages such as 

definite molecular weight and high purity without batch to batch variations, 

versatile molecular structure and easier band structure control. The organic solar 

cells fabricated with vacuum processed small molecules showed PCEs of 6.4% and 

10.7% for a single layer BHJ solar cell and multi-layered tandem solar cell, 

respectively.
106, 107

 The most important key factor for high PCE in BHJ layer is the 

donor materials. The donor molecules should exhibit a strong and a wide range 

absorption profile. They must also display certain properties such as sufficient 

solubility in common organic solvents, ability to form strong intermolecular 

interactions in the solid state for efficient charge transfer, conduction band edge 

higher than that of the acceptor material, and high light- and air-stability.  

The interest of using porphyrins as donor materials in BHJ organic solar 

cell is attributed to their very well established role as light harvesting antenna for 

efficient energy and electron transfer processes in biological systems.
108-113

 

Porphyrin molecules also exhibit many interesting properties as discussed in 
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section 2, making them suitable for applications as donors for vacuum deposited 

organic solar cells
114

 and as light absorbing dyes in DSSCs.
3, 49

 Despite the 

successful employment of porphyrins as sensitizers in DSSCs their utilization as 

donors in solution-processed BHJ organic solar cells has been rather limited.
115-119

  

Therefore, porphyrin molecules that were used as dyes in DSSCs in our 

group were also examined in BHJ organic solar cells. More specifically, the 

compounds that examined were monomeric compound 28, dimeric dye 13 and 

trimeric chromophores 19 and 21. All porphyrin examples in this section were 

used as electron donors and different fullerene compounds as electron 

acceptors. All the combinations of the active layers that were prepared along 

with their measured PCE values are summarized in table 3. In one case porphyrin 

derivative 28 (Fig. 16) was used as an electron donor and a fullerene [6,6]-phenyl 

C60 butyric acid methyl ester (PC60BM) or [6,6]-phenyl C70 butyric acid methyl 

ester (PC70BM) as an electron acceptor (Fig. 18).
120

 The BHJ organic solar cell 

based on porphyrin 28:PC60BM and 28:PC70BM exhibited a PCE of 1.96% and 

2.54%, respectively. The higher PCE of PC70BM is attributed to the higher value of 

Jsc that is related to its strong absorption in the visible region compared to 

PC60BM. In the case of PC70BM the PCE was further improved to 3.27% when 

thermally annealed 28:PC70BM was used as active layer. This enhancement is 

related to the increase value of holes mobility upon thermal annealing that leads 

to more balanced charge transport in the device. Moreover, the PCE of the device 

of 28:PC70BM was further improved up to 4.06% when a modified PEDOT:PSS 

DMF treated buffer layer was used. 

 

Fig. 18 Chemical structure of PC60BM, PC70BM and PC71BM molecules.  
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In the following examples BHJ organic solar cells were prepared in THF 

based on a blend of 1:1 weight ratio using porphyrins 13 (Fig. 7), 21 (Fig. 12) and 

19 (Fig. 10) as electron donors and as electron acceptors PC70BM and PC71BM 

(Fig. 18). The active layers 13:PC71BM,
121

 21:PC71BM 
122

 and 19:PC70BM 
123

 

resulted PCEs of 2.91%, 3.48% and 2.85%, respectively (Table 3). In an effort to 

improve the solar cell efficiency the active layer was treated with a pyridine in 

THF mixture of 3% v/v in the case of 13:PC71BM and 4% v/v in the case of 

21:PC71BM. In both cases the PCE values were increased to 4.16% and 5.29%, 

respectively. This was ascribed to an enhancement of the short circuit current Jsc 

of the solar cell, which is related to the different surface morphology of the active 

layer blend upon pyridine addition. The pyridine-modified active layer exhibited a 

higher degree of crystallinity resulting in an increase of exciton dissociation 

efficiency and more balanced charge transport. Moreover, in the case of 

19:PC70BM the efficiency was improved to 3.93% when the active layer was 

processed with a 5% v/v solvent mixture of 1-chlotonaphthalene in THF. This 

increase was again due to the higher degree of crystallinity of the active layer of 

the latter solar cell.  

 

  

Table 3. PCE measurements of BHJ Organic solar cells based on differently 

processed active layers of Electron donor:Electron acceptor in 1:1 weight ratio. 

 

Electron Donor Electron Acceptor PCE, % 

28 PC60BM 1.96 

28 PC70BM 2.54 

4.06
a
 

13 PC71BM 2.91 

4.16
b
 

21 PC71BM 3.48 

5.29
c
 

19 PC70BM 2.85 

3.93
d
 

 

a
Treated with PEDOT:PSS buffer layer, 

b
Treated with 3% v/v pyridine in THF, 

c
Treated with 4% v/v of pyridine in THF, 

d
Treated with 5% v/v of 1-

chloronaphtalene in THF. 

 

4. Conclusions 
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In this review we present various porphyrin molecules synthesized in our 

group and used as chromophores for DSSC and BHJ applications. In the case of 

DSSC devices monomeric, dimeric and trimeric dyes were used either on their 

own or with co-sensitization of the TiO2 film with small organic molecules that 

exhibit strong and complementary absorption profiles. In all cases co-adsorption 

increased the PCE values of the chromophores possibly due to enhanced light 

harvesting efficiency and/or to decreased dye aggregation.  Moreover, zinc 

metallated porphyrins exhibit higher PCE values compared to their free-base 

counterparts. When dimeric compounds were used as dyes, where only one of 

the porphyrin rings is metallated with zinc and the other is non metallated, 

exhibited better performances compared to their fully metallated counterparts. 

This enhancement may be attributed to the polarizing and cooperating effect 

that directs the electron transfer to the TiO2 CB therefore, leading to more 

efficient electron injection. In dyes bearing carboxylic groups the position of the 

anchoring group does not alter significantly the efficiency of the prepared DSSCs. 

Dyes with two carboxylic acids bind more efficient onto the TiO2 surface 

increasing the performance of the cell. The same trend was also observed when a 

pyridyl ring was used as anchoring group. The best PCE values were obtained in 

the case of porphyrins with four pyridyl groups and with long alkyl chains 

preventing aggregation. Moreover, various porphyrins were synthesized and 

used as electron donor materials in BHJ organic solar cells. The best efficiency 

obtained when a trimeric compound was used consisting of two BODIPY and one 

porphyrin molecule as a donor and a fullerene as an electron acceptor 

(21:PC71BM). 
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