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Abstract: Design of novel efficient light-harvesters for p-type dye-

sensitised solar cells (DSSCs) is indispensable for further advances 

in this light harvesting technology. Herein, a novel D-π-A sensitiser 

ZnP1 featuring an electron acceptor perylenemonoimide (PMI) 

connected to an electron donor di(p-carboxyphenyl)amine (DCPA) via 

fluorene and a zinc(II) porphyrin with alkyl chains as a π-conjugated 

bridge is introduced. Spectroscopic and electrochemical 

characterisation of this dye along with a newly synthesised PMI-free 

reference dye ZnP0 has been undertaken to demonstrate strong 

electron coupling between the DCPA donor and PMI acceptor 

subunits via the porphyrin ring in ZnP1, which red-shifts the light 

absorption onset to the near-IR region. When integrated into p-DSSCs 

based on a mesoporous nickel(II) oxide semiconductor electrode and 

a tris(acetylacetonato) iron(III/II) redox mediator, ZnP1 exhibits an 

onset of the incident photon-to-current conversion efficiency at 800 

nm and a power conversion efficiency of up to 0.92% under simulated 

100 mW cm-2 AM 1.5G irradiation. This is the highest efficiency of the 

porphyrin-based p-DSSCs hitherto reported. 

Introduction 

Dye-sensitised solar cells (DSSCs) attract considerable research 

interest as one of the most cost-effective solutions to the topical 

technological problem of the efficient harnessing of solar 

energy.[1] Making DSSCs competitive with respect to other, more 

established photovoltaic technologies requires significant 

improvements to the state-of-the-art power conversion efficiency 

(PCE) for these devices.[2] Theoretically, the most efficient DSSC 

configuration is a tandem of an n-type photoanode and a p-type 

photocathode. Combining the two may enable capturing a very 

broad range of solar irradiation and improve the open-circuit 

voltage of the cell (VOC).[3] However, the highest reported PCE of 

tandem DSSCs, 4.1%,[4] is far below the record achieved with a 

n-DSSC featuring a photoactive anode and platinum-coated 

cathode, which is currently 14.3%.[5] This mismatch originates 

from the low efficiency of p-type dye-sensitised photocathodes. 

Indeed, the best hitherto reported p-DSSCs exhibit PCE not 

higher than 2.5%.[6] Thus, it is imperative to develop new, better 

performing semiconducting electrodes, redox mediators and 

sensitisers for p-DSSCs in order to support further advances in 

the tandem dye-sensitised photovoltaic technology.[7] 

The current benchmark p-type semiconductor used to load dyes 

in p-DSSCs is nickel(II) oxide,[8] which however, presents several 

drawbacks including a too positive valence band edge and 

significant parasitic absorption in the visible region.[7] For 

achieving higher voltage, alternative p-type materials such as 

CuAlO2,
[9] CuCrO3,

[10] CuGaO2
[11] and other with lower-lying 

valence band edges as compared to NiO have been introduced. 

Replacing the classical I-/I3
- redox couple with novel systems 

having more negative redox potential is another strategy to 

improve the voltage delivered by p-DSSCs, as has been 

demonstrated for the devices utilising [Co(en)3]
2+/3+,[12] 

disulphide/thiolate,[13] or [Fe(acac)3]
0/1-[8] as a redox mediator. 

Overall, the above approaches provide straightforward strategies 

towards improvements in the cell voltage. In contrast, progress 

towards enhancing the photocurrent density has been hampered 

due to the lack of p-type dyes with intense and broad absorption 

beyond 700 nm.[14] 

The most common strategy to create an organic sensitiser for 

p-DSSCs builds upon a donor-π-acceptor (D-π-A) configuration, 

i.e. a molecular structure featuring electron donating and electron 
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accepting subunits connected via a π-conjugation linker.[14] This 

architecture facilitates intramolecular charge transfer and thereby 

provides broad light absorption along with reduced recombination 

between the photoinjected hole in the p-type semiconductor and 

the photoexcited dye.[14-15] Significant efforts have been made to 

design D-π-A dyes with improved optical and photovoltaic 

properties.[16] The most common electron donor and acceptor 

subunits in the p-type dyes are triphenylamine (TPA) and 

perylenemonoimide (PMI).[3a] Bäuerle and co-workers 

demonstrated that torsion between TPA and PMI is necessary for 

high quantum efficiency, and that insertion of an acetylene unit 

between donor and acceptor induces significant red-shift of the 

absorption onset.[17] Bach and colleagues used the PMI-6T-TPA 

dye, where 6T stands for six thiophene linkers, to achieve the 

record efficiency for a p-n-tandem DSSC.[3a] Chang et al. 

introduced new asymmetric squaraine dyes comprising a di-n-

octylaminophenyl group substituted with an indoline moiety, 

which exhibited an incident photon-to-current efficiency (IPCE) 

onset red-shifted to 700 nm.[18] Hua et al. employed quinoxaline 

and cyclopentadithiophene as the π-bridge between PMI 

acceptor and N-annulated perylene donor subunits and achieved 

an IPCE onset at 750 nm and p-DSSCs with short-circuit 

photocurrent densities (JSC) as high as 6.7 mA cm−2.[16a] He et al. 

introduced fluorene as a novel linker between donor and acceptor 

moieties in a p-type dye, which achieved an impressive JSC of 7.6 

mA cm−2.[19] Notwithstanding this significant progress in the 

design of sensitisers for p-DSSCs, all of the p-type dyes above 

show very weak light-harvesting ability beyond 750 nm, which is 

considered as a major limitation for further improvements in the 

JSC and PCE of p-DSSCs.[20] Thus, new types of key subunits in 

the architecture of p-type sensitisers are required to overcome the 

absorption and performance limitations. 

Porphyrins and related materials exhibit a range of 

physicochemical features that render them attractive for 

implementation in solar energy conversion applications. Besides, 

porphyrin derivatives are ubiquitous natural light harvesters in 

photosynthesising systems.[21] Top-performing n-DSSCs are 

based on porphyrin-based sensitisers, which have broad 

absorption spectra and long-lived π* singlet excited states. 

Importantly, tuning the electrochemical and optoelectronic 

properties of porphyrins for improvements in photovoltaic 

performance is straightforward via facile chemical 

modifications.[22] In 2014, Tian and co-workers were first to report 

on the application of a porphyrin molecule (ZnTCPP) as a 

sensitiser in a NiO-based p-DSSC and demonstrated a short-

circuit current density of 1.5 mA cm−2.[23] Later, Odobel and co-

workers succeeded in constructing D-A porphyrin dyes for p-

DSSCs by introducing naphthalene diimide as acceptor and 

achieved a promising JSC of 1.4 mA cm−2. However, subsequent 

ultrafast transient absorption spectroscopic study implied that the 

hole injection into NiO from this new dyes was followed by 

unusually rapid charge recombination.[24] They also reported that 

the inefficient regeneration of the oxidised porphyrin sensitiser by 

I3
- electrolyte is another major limitation to this class of p-DSSCs. 

Overall, these results indicate the need for further optimisations 

in the structure of the porphyrin dyes and redox mediator for 

improving the efficiencies of p-DSSCs. 

We report herein a new strategy for the design of porphyrin dyes 

based on the D-A configuration to improve the PCE of p-DSSCs. 

We introduce an alkoxy-functionalised zinc(II) porphyrin ring to 

couple di(p-carboxyphenyl)amine (DCPA) donor and PMI 

acceptor groups, resulting in a new D-A dye ZnP1. Another dye 

ZnP0 without PMI is used as a reference to investigate 

intramolecular electronic coupling and confirm the D-A behaviour 

of ZnP1. Synthesis, characterisation and photovoltaic 

performance of the new sensitisers are presented. 

Results and Discussion 

Design and synthesis of the porphyrin sensitisers. 

Perylenemonoimide and di(p-carboxyphenyl)amine with two 

carboxylic anchoring groups were chosen as electron acceptor 

and donor moieties, respectively, based on the previous 

promising results achieved with these subunits for p-DSSCs.[19] A 

fluorene unit with two aliphatic hexyl chains was introduced 

between DCPA and the porphyrin, aiming to improve the charge 

separation efficiency and suppress charge recombination.[19a] The 

porphyrin was functionalised with two alkoxyphenyl groups in 

meso-positions, which were expected to reduce the aggregation 

of sensitiser molecules on the NiO surface.[25] The resulting 

structure of ZnP1 is shown in Scheme 1. The reference ZnP0 dye 

featured a bromine atom instead of a PMI subunit (Scheme 1). 

 

Scheme 1. Molecular structures of sensitisers ZnP0, ZnP1 and PMI-6T-TPA. 
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The synthesis routes employed herein for ZnP0 and ZnP1 dyes 

are summarised in Scheme 2. Compound 1 was prepared via a 

Buchwald-Hartwig reaction following published procedures.[17] A 

similar approach was used to synthesise compound 3 by reacting 

1 and 2 in the presence of 

tris(dibenzylideneacetone)dipalladium(0) and sodium tert-

butoxide. The acetylene moiety for compound 3 was introduced 

by a Sonogashira cross coupling reaction with trimethylsilyl 

acetylene, producing compound 4. Subsequent removal of the 

trimethylsilyl-protection group using nBu4NF solution yielded 

compound 5. The zinc(II) porphyrin compound 6 was synthesised 

following well-established protocols[26] and cross coupled with 

compound 5 to obtain compound 7. The latter was transformed 

into sensitiser ZnP0 by hydrolysis of the carboxylic ester under 

base conditions. Synthesis of compound 8 was accomplished as 

reported previously.[22d] Reaction of 7 and 8 in the presence of 

bis(triphenylphosphine)palladium(II) dichloride and copper(I) 

iodide produced compound 9, which was de-protected by 

hydrolysis to finally achieve sensitiser ZnP1.[27] A more detailed 

description of the synthetic procedures is provided in the 

Experimental Section. 

Scheme 2. Synthesis of ZnP0 and ZnP1. 

Properties of the porphyrin sensitisers. Light absorption by the 

new dyes was studied using their solutions in tetrahydrofuran 

(THF) (Figure 1). ZnP0 exhibits an absorption spectrum typical of 

porphyrins, with maxima Soret band (B-band) at 452 nm and Q-

bands at 578 nm and 636 nm, respectively (Table 1). The 

introduction of the PMI acceptor induces a significant red-shift of 

the lowest-energy band maxima to 707 nm and significantly 

enhances the absorption between the Soret and Q-bands (580–

650 nm), which makes ZnP1 a panchromatic dye (Figure 1a). 

The broadened light-harvesting spectrum of ZnP1 as compared 

to ZnP0 can be interpreted in terms of the elongation of π-

conjugation and further disruption of symmetry in the porphyrin 

molecule.[28] According to the literature, the intensity of the Q band 

relative to Soret band can serve as a measure of how close in 

energy the a2u and a1u orbitals are to each other.[29] Therefore, 

change in the extinction coefficient ratio of the Q and Soret bands 

from 0.127 for ZnP0 to 0.374 for ZnP1 is indicative of alteration in 

the porphyrin molecule dipole moment, and confirms the donor-

acceptor character of the ZnP1 sensitiser.[21c, 28] The data in 

Figure 1 confirm that the introduction of the PMI acceptor unit 

modified the electron coupling within the π-conjugation system 

and the symmetry of the dye molecule, both factors contributing 

to the extended light harvesting range of ZnP1. 

 

Figure 1. (a) Absorption spectra of the ZnP0 (black) and ZnP1 (red) solutions 

in tetrahydrofuran and PMI-6T-TPA (blue) in dimethylformamide. 

Table 1. Absorption[a] and electronic properties of PMI-6T-TPA, ZnP0 and 

ZnP1 sensitisers in solution. 

Dye λmax 

(nm) 

ɛ 

(mol·L-1 cm-1) 

HOMO [b] 

(eV) 

Optical gap [c] 

(eV) 

PMI-6T-TPA [d] 367 

494  

52300 

42900 

-5.30 1.90 

ZnP0 452578 

636 

315000 

15000 

40200 

-5.44 1.91 

ZnP1 454 

707 

176000 

66000 

-5.43 1.62 

[a] Measured for 4 μM ZnP0 or ZnP1 solutions in THF. [b] Derived from cyclic 

voltammetric measurements (50 mV s-1) and calculated as Eox – 4.8 eV[30], 

where Eox / V vs. Fc0/+ is a mid-point potential for the oxidation of a sensitiser 

(0.5 mM) dissolved in N2-saturated THF (0.1 M nBu4NPF6). [c] Calculated as 

hc/λ, where λ is absorption onset wavelength. [d] Adopted from Ref.[12, 30] 

 

The redox behaviour of the sensitisers was probed by cyclic 

voltammetric analysis of their solutions in THF (Figure 2) to 

determine the redox potentials of the first oxidation processes 

(Eox). The Eox values are defined by the energy level of its highest 

occupied molecular orbital (HOMO), which should be positioned 

energetically favourably with respect to the valence band of NiO 

to allow for efficient charge transfer within a p-DSSC. Both ZnP0 

and ZnP1 undergo oxidation with very similar mid-point potentials 

of ca 0.20 V and 0.21 V vs. ferrocene0/+ (Fc0/+), suggesting that 

the electron transfers occur within the same subunit, viz. electron 
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rich DCPA. These oxidation processes are chemically reversible 

on the timescale of the voltammetric experiments undertaken 

herein as concluded from the similarity of the oxidation and 

reduction peaks. 

 

Figure 2. Cyclic voltammograms (scan rate, v = 50 mV s-1) for the oxidation of 

0.5 mM ZnP0 (black) and ZnP1 (red) solutions in N2-saturated THF (0.1 M 

nBu4NPF6) containing a Fc reference using a glassy carbon electrode. 

Figure 3 compares the energy levels for ZnP0 and ZnP1 derived 

from spectroscopic and voltammetric data with those of the 

valence band of NiO semiconductor and redox potential of the 

[Fe(acac)3]
0/1- couple.[8] The choice of iron (II/III) acetylacetonate 

as a mediator was motivated by the very promising performance 

of p-DSSCs based on this redox couple reported previously by 

our group.[8] Overall, the data in Figure 3 attests to the energetic 

feasibility of the regeneration of the photoexcited states and hole 

injection into nickel(II) oxide for the new porphyrin-based ZnP0 

and ZnP1 sensitisers. 

 

Figure 3. Energy diagrams for the p-DSSCs based on PMI-6T-TPA, ZnP0 and 

ZnP1 sensitisers, NiO semiconductor and [Fe(acac)3]0/1- redox mediator. 

Photovoltaic performance. Initially, p-DSSCs were fabricated 

using a 2.5 μm mesoporous NiO semiconductor layer supported 

on glass coated with fluorine doped tin(IV) oxide (FTO) to 

compare the performance of the new porphyrin-based sensitisers 

with a benchmark PMI-6T-TPA dye. The photoelectrode was 

prepared by immersing hot NiO films (80 °C) into dye solution 

(ethanol: toluene=1: 1 v:v) for two hours of dye adsorption. FTO 

coated with platinum was employed as a counter electrode to 

regenerate the reduced [Fe(acac)3]
- state of the redox mediator. 

The cells were constructed inside a N2-filled glovebox and were 

sealed prior to exposing to ambient conditions for testing. 

The photocurrent–voltage (J–V) characteristics of p-DSSCs 

based on different sensitisers are exemplified in Figure 4a and 

the corresponding photovoltaic parameters are summarised in 

Table 2. Under simulated 100 mW cm-2 AM 1.5G irradiation 

(1 sun), devices sensitised with the benchmark PMI-6T-TPA dye 

achieved 2.0 % PCE with the best-performing cell exhibiting 

JSC = 6.7 mA cm-2, VOC = 571 mV and a fill factor (FF) of 0.52. 

These characteristics compare well to the previous report,[8] 

attesting to the appropriate quality of the p-DSSC constructed and 

examined herein. Significantly lower values of major photovoltaic 

parameters were provided by the ZnP0 sensitiser, which enabled 

maximum PCE of 0.29%, Jsc = 1.9 mA cm-2, Voc = 330 mV and FF 

= 0.48. p-DSSCs based on ZnP1 demonstrated a very significant 

improvement over the reference porphyrin system in terms of all 

photovoltaic parameters and allowed for the best PCE of 0.90 %, 

Jsc = 4.2 mA cm-2, Voc = 470 mV and FF = 0.46. The advantages 

provided by the complete D-A configuration of ZnP1 as compared 

to ZnP0 without the electron acceptor subunit are clear from this 

result. However, the new porphyrin sensitiser still did not 

outperform the benchmark sensitiser (Figure 4a, Table 2). 

Comparison of the incident photon-to-electron conversion 

efficiency (IPCE) spectra for PMI-6T-TPA and ZnP1 confirms the 

capacity of the latter to harvest light in a broader wavelength 

range with an onset as high as 800 nm (Figure 4b). This ranks 

ZnP1 as one of the broadest light-harvesting dyes employed 

hitherto in p-DSSCs. However, the IPCE values for the zinc 

porphyrin-based system were found to be significantly lower than 

for PMI-6T-TPA at wavelengths below ca 620 nm. Integration of 

the IPCE curves with the AM 1.5G solar spectrum produces a 

photocurrent density of 5.5 and 3.9 mA cm–2 for the PMI-6T-TPA 

and ZnP1 devices, respectively, which agree well with the JSC 

values inferred from the J-V characterisation (Table 2). 

The poorer photovoltaic performance of ZnP1 compared to PMI-

6T-TPA is reflected in all parameters, viz. VOC, JSC and FF (Table 

2). The driving force of ZnP1 for the dye-regeneration process is 

lower that of PMI-6T-TPA (0.49 vs. 0.9 eV), which increases the 

possibility of recombination reaction between the injected holes in 

NiO and reduced dye molecules. Moreover, previous reports 

demonstrated that the dye aggregation can rapidly quench the 

excited states of porphyrin, reducing the charge injection 

efficiency and thereby the photocurrent.[24] We hypothesise that 

ZnP1 dye molecules exhibiting significant π-aromatic conjugation 

might aggregate on the NiO surface, which would be a plausible 

reason for the lower than expected performance of the new 

porphyrin dye. For further understanding of the charge transfer 
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dynamics for ZnP1, detailed transient absorption spectroscopic 

study is needed. 

 

Figure 4. Photovoltaic performance of the p-DSSCs (2.5 μm NiO) based on 

ZnP0, ZnP1 and PMI-6T-TPA sensitisers and [Fe(acac)3]0/1- redox couple: (a) 

J-V curves under 1 sun irradiation (scan rate 100 mV s-1; forward bias to short-

circuit sweep), and (b) IPCE spectra. 

Notwithstanding the above limitations, the PCE of 0.86 ± 0.03% 

achieved here with the new ZnP1 sensitiser is the record value 

for the porphyrin-based p-type DSSCs hitherto reported in the 

literature.[14] To explore the possibilities for further improvements 

in the efficiency of the ZnP1 porphyrin-based p-DSSCs, a set of 

devices differing in the thickness of the mesoporous NiO 

photocathode were tested (Figure 5, Table 2). As expected, the 

photocurrent density increased with the thickness of the 

semiconductor scaffold as more dye molecules were anchored to 

the photocathode. However, the dependence is not linear due to 

charge transfer limitations and additional light absorption within 

thicker NiO layers (Table 2).[6] Moreover, increased thickness of 

the photocathode promoted charge recombination reaction, which 

eventuated in lower photovoltage and fill factor. Finally, long 

diffusion path of the reduced [Fe(acac)3]
- redox mediator could 

additionally limit the dye regeneration efficiency. Overall, the best 

photovoltaic performance of the ZnP1-based p-DSSCs was 

achieved with the NiO thickness of 3.5 μm, which provided a 

record PCE of 0.92 %, JSC of 4.4 mA cm-2, VOC of 465 mV and a 

FF of 0.45. When stored at room temperature, the devices do not 

suffer any deterioration in performance for at least several days. 

Long-term operation, especially at increased temperature, 

degrades the PCE significantly, which is majorly associated with 

the leakage of the electrolyte solution and degradation of the 

oxygen-sensitive redox mediator due to imperfections in the 

device sealing. 

 

Table 2. Photovoltaic performance[a] of p-DSSCs based on ZnP0, ZnP1 and 

PMI-6T-TPA dyes and [Fe(acac)3]0/1- redox couple under 1 sun irradiation. 

Dye[a] lNiO 

(μm)[b] 

JSC  

(mA cm-2) 

VOC 

(mV)] 

FF PCE  

(%) 

PMI-6T-

TPA 

2.5 6.4±0.3 568±12 0.52±0.02 1.90±0.1 

ZnP0 2.5 1.9±0.4 327±10 0.48±0.01 0.26±0.04 

ZnP1 1.2 3.2 482 0.51 0.77 

2.5 4.1±0.3 469±6 0.45±0.01 0.86±0.03 

3.5 4.4 465 0.45 0.92 

4.5 4.5 374 0.48 0.80 

5.5 5.0 330 0.35 0.58 

[a] Derived from the short-circuit to open-circuit J-V curves (100 mV s-1); data 

for lNiO = 2.5 μm were obtained for 5 independent devices of each type and 

shown as average ± one standard deviation. JSC – short-circuit photocurrent 

density; VOC – open-circuit voltage; FF – fill factor calculated as 

JmpVmp/JSCVOC, where Jmp and Vmp are photocurrent density and voltage at 

the point of maximal power output, respectively; PCE – power conversion 

efficiency calculated as JmpVmp/P, where P is the power of incident light (100 

mW cm-2). [b] Thickness of the mesoporous NiO layer. 

 

 

Figure 5. Effect of the NiO photocathode thickness (1.2 μm – black, 2.5 μm – 

red, 3.5 μm – blue, 4.5 μm – green, 5.4 μm – magenta) on the J-V curves (scan 

rate 100 mV s-1; forward bias to short-circuit sweeps) recorded for the ZnP1 p-

DSSCs under 1 sun irradiation. 
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Conclusions 

The present work reports on the synthesis and characterisation of 

two new zinc(II) porphyrin-based dyes and their application in p-

type dye-sensitised solar cells. We have demonstrated that the 

implementation of the D-π-A configuration in the ZnP1 sensitiser 

based on a perylenemonoimide acceptor and a 

di(p-carboxyphenyl)amine donor separated by a zinc(II) porphyrin 

endows this dye with a light-harvesting capacity in a very broad 

wavelength range that spans up to a near IR region. The onset of 

IPCE spectra for ZnP1 is as high as 800 nm, which is among the 

best results reported for p-type dyes. Integration of the new 

porphyrin-based dye into p-type DSSCs based on an efficient 

[Fe(acac)3]
0/1- redox mediator and a NiO scaffold with optimised 

thickness enables photon-to-current conversion efficiencies of up 

to 0.92% along with the short-circuit photocurrent density of 4.4 

mA cm-2 and open-circuit voltage of 465 mV. All of these are 

record values for the porphyrin-based p-type DSSCs. 

The new results reported herein support previous findings on the 

promising properties of porphyrin-based systems for applications 

in p-type DSSCs and large scope for further improvements in the 

performance. We believe that this can be achieved via considered 

modifications to the structure of the porphyrin, donor, acceptor 

and separator subunits, as well as by careful optimisation of the 

redox mediator. Elongating the conjugation units in the dye 

structure and increasing the asymmetry of the porphyrin molecule 

is one efficient strategy to broaden the light-harvesting range of 

this type of sensitisers. Reducing the recombination reaction and 

thereby increasing the Voc in p-DSSCs can be possible if better 

spatial separation between the electron located in the single 

occupied molecular orbital of the photoreduced dye and the 

semiconductor surface is provided. Studies exploring these and 

other possibilities are highly desirable and urgently needed to 

support further developments in the field of dye-sensitised solar 

cells. 

Experimental Section 

Materials. All chemicals and reagents were purchased from Sigma-Aldrich 

or Alfa-Aesar and used as received without further purification, except for 

the solvents. Tetrahydrofuran (THF) was dried with sodium sand and 

benzophenone. Dichloromethane (DCM), diethyl ether and triethylamine 

(TEA) were dried with calcium hydride. Reactions were carried out under 

a dry nitrogen (H2O < 1 ppm, O2 < 3 ppm) atmosphere. Diethyl 4,4'-

azanediyldibenzoate (compound 1), 2,7-dibromo-9,9-dihexyl-9H-fluorene 

(compound 2), 5,15-dibromo-10,20-bis(2,6-dodecyloxy phenyl)porphyrin 

zinc (compound 6), 2-(2,6-diisopropylphenyl)-8-ethynyl-1H-

benzo[5,10]anthrax [2,1,9-def]isoquinoline-1,3(2H)-dione (compound 8) 

were synthesised following literature procedures.[19a, 31] The reference dye 

PMI-6T-TPA was synthesised according to the literature.[30] NiO 

nanoparticle powder (73.22 wt.% Ni) was purchased from Inframat. Glass 

slides covered with fluorine-doped tin(IV) oxide (FTO) (NSG - 8 Ω/□, 3.2 

mm thick) were purchased from Dyesol. 

Device fabrication 

[Fe(acac)3]0/1- electrolyte. The electrolyte was prepared according to the 

published protocol.[8] All procedures were undertaken in a N2-filled glove-

box to exclude contamination with molecular oxygen. An acetonitrile 

solution containing 0.10 M tetrabutylammonium hydroxide (n-Bu4NOH) 

and 0.10 M of acetylacetone (acacH) was added to 

bis(acetylacetonato)iron(II) ([Fe(acac)2]) insed the assembled cell to form 

n-Bu4N[Fe(acac)3] in situ. Further, other components were introduced to 

achieve the final composition of: 0.20 M n-Bu4N[Fe(acac)3], 0.05 M 

tris(acetylacetonato)iron(III) ([Fe(acac)3)]), 0.25 M 4-tert-butylpyridine (t-

BP), 0.05 M lithium bis(trifluoromethanesulfonylimide) (LiTFSI). In some 

cases, 0.01 M chenodeoxycholic acid was also added.  

Dye-sensitised photocathode. A NiO blocking layer was first applied 

onto the FTO glass by spray pyrolysis of 5.0 mM Ni(acac)2 in methanol in 

air. The NiO paste was prepared by mixing 8 wt.% NiO (particle size ~20 

nm) with 46 wt.% ethyl cellulose solution (5 wt.% in ethanol) and 46 wt.% 

terpineol. A commercial semi-automatic screen-printer was used to print 

the NiO films onto the FTO glass with a blocking layer. Multiple printing 

cycles were performed to vary the NiO film thickness. The electrodes were 

sintered at 400 °C for 30 minutes and at 550 °C for 10 minutes. The 

thickness of the resulting layers was measured using a Veeco Dektak 6M 

stylus profilometer. Prior to device assembly, the NiO films were re-

sintered at 450 °C for 30 minutes and immersed hot (~80 °C) into a 0.30 

mM DMF solution of PMI-6T-TPA for 3 h, or 0.20 mM toluene/ethanol 

solution of ZnP0 or ZnP1 for 2 hours at room temperature.  

Counter electrode. Platinum/FTO counter electrodes were prepared as 

reported previously.[8] A hole (diameter 0.8 mm) for filling the electrolyte in 

the final device was drilled in an FTO slide prior to modification with 

platinum. One drop (ca 0.1 ml) of 5 mM hexachloroplatinic acid in iso-

propanol was casted onto FTO, smeared with a Pasteur pipette, and 

allowed to dry in air. The film was then heated at 400 °C for 15 minutes 

using a heat gun to thermally decompose the precursor and form platinum 

particles immobilised on the electrode surface. The deposition procedure 

was repeated twice for each electrode.  

Device assembly. A 25 µm thick 6 × 6 mm Surlyn gasket (Solaronix) was 

used to connect and seal the counter and working electrodes. The 

electrolyte solution was injected into the device through the pre-drilled hole 

in the counter electrode by vacuum back filling in the glove box. The hole 

was then covered with a piece of aluminium-backed Surlyn (prepared by 

melting 25 µm Surlyn onto aluminium foil at 125 °C). 

Characterisation 

Unless otherwise stated, all characterisation procedures were undertaken 

at 25 °C. 1H and 13C NMR spectra were recorded on a spectrometer 

operating at 400 MHz. Deuterated chloroform (CDCl3) and pyridine-d5 

served as solvents. UV-Vis absorption spectra were recorded using a 

Perkin Elmer Lambda 950 UV/VIS/NIR spectrophotometer, the 

measurements were undertaken under room temperature.  

Electrochemical experiments were undertaken in a three-electrode 

configuration using a Biologic VMP electrochemical workstation and one-

chamber electrochemical cell. High surface area platinum wire was used 

as an auxiliary electrode, which was positioned several centi-meters away 

from the working electrode. Ag|Ag+ quasi-reference electrode (CHI, 1 mM 

AgNO3 and 0.1 M n-Bu4NPF6 in THF) was positioned in a close vicinity to 

the working electrode surface. Potential of this reference system was 

calibrated vs. one-electron oxidation of ferrocene (Fc0/+). As a working 

electrode, thoroughly polished (0.5 μm Al2O3) glassy carbon electrode 

(diameter 3 mm) was used. All measurements were undertaken using N2-

saturated THF (0.1 M n-Bu4NPF6) electrolyte solution. 

J–V and IPCE measurements. A Keithley 2400 source meter was used 

to record current–voltage characteristics of the DSSCs. Simulated sunlight 
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was generated by an Oriel solar simulator (1000 W Xe lamp), filtered to 

provide an AM 1.5 G 100 mW cm-2 irradiation (1 sun). A silicon photodiode 

(Peccell Technologies, Japan) was used to calibrate the output of the light 

source. For the IPCE (Incident Photon to Current Conversion Efficiency) 

measurements, a Keithley 2400 source meter was used to measure the 

photocurrents under short-circuit conditions and irradiation from a Xe lamp 

(Oriel, 150 W) through a monochromator (Cornerstone 260). The output 

from the light source was calibrated by a silicon photodiode (Peccell 

Technologies, Japan). An aperture area of 0.25 cm2 was used as the 

illumination spot to measure the devices with 0.16 cm2 active area. 

Synthesis of ZnP0 and ZnP1 

Diethyl 4,4'-((7-bromo-9,9-dihexyl-9H-fluoren-2-

yl)azanediyl)dibenzoate (compound 3): 

3 was prepared via a modified procedure reported in Refs.[19b] 1 (1.19 g, 

3.8 mmol) and 2 (2.1 g, 3.7 mmol) were dissolved in 18 mL of 1,2-

dichlorobenzene at room temperature under N2. After the solution was 

degassed by purging N2 for 15 min, K2CO3 (3.93 g, 28 mmol), 18-crown-6 

(0.27 g, 1.00 mmol) and copper bronze (1.12 g, 17.6 mmol) were added. 

Then, the reaction mixture was stirred for 36 h at 180 oC. After naturally 

cooling to room temperature, the brown mixture was poured into water, the 

water phase was extracted by ethyl acetate and the organic phase was 

dried with magnesium sulphate. The solvent was removed by rotary 

evaporation, and the crude product was purified by column 

chromatography on silica gel with petroleum ether/dichloromethane (4:1) 

as the eluent to afford a colourless oil (yield 1.10 g). 1H-NMR (400MHz, 

CDCl3): 7.93(d, 4H), 7.66-7.64 (m, 2H), 7.61(d, 1H), 7.40(d, 1H), 7.12(d, 

4H) , 7.10-7.06 (m, 2H),4.36 (q, 4H) ,1.87-1.82 (m ,4H), 1.38(t, 4H), 1.17-

1.00(m, 12H), 0.81(t, 6H), 0.62(m,4H); APCI-MS m/z calcd for 

C43H50BrNO4: 723.29, found: 722.1. 

Diethyl 4,4'-((9,9-dihexyl-7-((trimethylsilyl)ethynyl)-9H-fluoren-2-

yl)azanediyl)dibenzoate (compound 4) and Diethyl 4,4'-((7-ethynyl-

9,9-dihexyl-9H-fluoren-2-yl)azanediyl)dibenzoate (compound 5): 

4 and 5 were synthesised via modified procedures reported in Ref.[32] 3 

(1.24 g, 1.72 mmol) was dissolved in 64 mL of dehydrated toluene and 17 

mL of distilled triethylamine at room temperature under N2. After the 

solution was degassed by purging N2 for 15 min, Pd(PPh3)2Cl2 (0.062 g, 

88.3 μmol), CuI (0.017 g, 89.3 μmol) and trimethylsilylacetylene (0.73 mL, 

5.19 mmol) were added and the solution was stirred in the dark under N2 

at 40 oC for 12 hours. After evaporation of the solvents, the crude product 

4 was purified by flash column chromatography using petroleum 

ether/DCM (1:4) as eluent to afford colourless oil (yield 1.15 g). After 

purification, 4 (0.28 g, 0.38 mmol) was then dissolved in THF (10 mL) and 

mixed with a tetrabutylammonium fluoride solution (450 μL, 1 M in THF). 

The mixture was stirred at room temperature for 45 min under N2 and 

quenched with de-ionised water. The mixture was extracted with DCM 

twice and dried with anhydrous Na2SO4. After removal of the solvents, the 

crude product 5 was transfer into a Schlenk tube, which was thoroughly 

dried under vacuum for 1 h. Yield 0.16 g. 1H-NMR (400MHz, CDCl3): 

7.96(d, 4H), 7.65 (d, 1H), 7.59(d, 1H), 7.49(d, 1H), 7.40(s ,1H), 7.15-7.12 

(m, 5H), 7.09 (d, 1H), 4.38 (q, 4H), 3.01 (s, 1H), 1.96-1.81(m, 4H), 1.21-

1.02(m, 16H), 0.82(t, 6H), 0.65(m, 6H); APCI-MS m/z calcd for C45H51NO4: 

669.89, found: 668.1. 

Zinc(II) 5,15-Bis(3,5-di-tert-butylphenyl)-10-(diethyl 4,4'-((7-ethynyl-

9,9-dihexyl-9H-fluoren -2-yl)azanediyl)dibenzoate)-20-

bromoporphyrin (compound 7) and Zinc(II) 5,15-Bis(3,5-di-tert-

butylphenyl)-10-(4,4'-((7-ethynyl-9,9-dihexyl-9H-fluoren-2-yl) 

azanediyl) dibenzoic acid)-20-bromoporphyrin (ZnP0): 

7 and ZnP0 were synthesised via modified literature procedures7, 8 5 (171 

mg, 0.254 mmol) and 6 (400 mg, 0.282 mmol) were dissolved in THF (30 

mL) and triethylamine (5 mL). After three cycles of freeze-pump-thaw of 

this mixture, Pd(PPh3)4 (10.3 mg, 8.94 μmol) and CuI (1.70 mg, 8.94 μmol) 

were added under an N2 atmosphere. The solution was stirred at 45 °C for 

24 h. The progress of the reaction was monitored with thin layer 

chromatography (TLC). Upon complete transformation of 5 and 6, the 

solvent was removed under low pressure. The residue was purified on a 

silica gel chromatograph column using THF/n-hexanes (1/20) as an eluent. 

7 was recrystallised from DCM/CH3OH. Yield 112 mg. Further, a two-neck 

round bottom flask was loaded with 7 (201 mg, 0.1 mmol), THF (30 mL), 

CH3OH (20 mL) and aqueous NaOH (20 wt.%, 6 mL). The mixture was 

heated to 40 °C for 2 h and the progress of the reaction was monitored 

with TLC. After the reaction was over, the mixture was diluted with ether 

and washed with water (30 mL), HCl (1 M, 30 mL), and with water again 

(30 mL; twice). Then, the organic layer was dried over Na2SO4 and 

evaporated under vacuum. The residue was purified on silica 

chromatograph twice using DCM/CH3OH=30/1 as eluent. ZnP0 was 

recrystallised with CHCl3/MeOH as a brown-green solid. Yield 81 mg. 1H 

NMR (400 MHz, CDCl3/pyridine-d5): δH 9.57 (d, 2H), 9.42 (d, 2H), 8.78 (d, 

2H,), 8.69 (d, 2H), 8.00 (d, 1H), 7.90 (s, 1H), 7.79-7.86 (m, 3H), 7.80 (s, 

1H), 7.70 (t, 1H), 7.60-7.64 (t, 3H), 7.07-7.13 (m, 6H), 6.94 (d, 4H), 3.84 (t, 

8H), 1.88 (t ,4H), 1.21-0.53 (br, 100H), 0.50-0.40 (br, 14H); δC: 160.3, 

153.1, 151.80, 151.7, 150.6, 145.2, 144.3, 140.8, 140.4, 139.8, 139.7, 

135.1, 132.5, 131.0, 129.2, 123.9, 122.3, 121.5, 121.4, 121.0, 120.7, 120.6, 

120.4, 120.2, 120.1, 119.9, 119.9, 55.4, 55.46, 40.3, 40.2, 31.9, 31.5, 29.6, 

29.0, 28.9, 25.6, 23.1, 23.9, 22.6, 22.5, 19.6, 19.5, 14.5, 14.2, 14.01, 12.4; 

MALDI-TOF MS: m/z calcd. for C157H182N6O10Zn: 1953.8460, found: 

1953.8411. 

Zinc(II) 5,15-bis(3,5-di-tert-butylphenyl)-10-(diethyl 4,4'-((7-ethynyl-

9,9-dihexyl-9H-fluoren-2-yl) azanediyl)dibenzoate)-20-

bromoporphyrin (compound 9) and Zinc(II) 5,15-bis(3,5-di-tert-butyl 

phenyl)-10-(4,4'-((7-ethynyl-9,9-dihexyl-9H-fluoren-2-yl)azanediyl) 

dibenzoic acid)-20-(2-(2,6- diisopropyl phenyl)-8-ethynyl-1H-

benzo[5,10]anthra[2,1,9-def] isoquinoline-1,3(2H)-dione) porphyrin 

(ZnP1):  

Compounds 9 and ZnP1 were synthesised following modified literature 

procedures.7, 8 A two-neck flask was loaded with 7 (101 mg, 0.05 mmol), 8 

(60 mg, 0.11 mmol), THF (30 mL) and triethylamine (5 mL). After three 

cycles of freeze-pump-thaw, Pd(PPh3)4 (5.3 mg, 5 μmol) and CuI (0.90 mg, 

5 μmol) were added to the solution under an N2. The mixture was stirred 

at 45 °C for 48 h. The progress of the reaction was monitored using TLC. 

Upon complete transformation of 7 and 8, the solvent was removed under 

vacuum. The residue was purified on a silica gel column chromatograph 

using THF/n-hexanes (1/20) as an eluent, and 9 was re-crystallised from 

DCM/CH3OH (yield 43 mg). Further, a two-neck flask was loaded with 9 

(73 mg, 0.03 mmol), THF (10 mL), CH3OH (6 mL) and aqueous NaOH (20 

wt.%, 2 mL). The mixture was heated to 40 °C for 2 h and the progress 

was monitored with TLC. After the reaction was over, the mixture was 

diluted with ether and washed with water (30 mL), HCl (1 M, 30 mL), and 

water again (30 mL; twice). Then, the organic layer was dried over Na2SO4 

and evaporated under vacuum. The residue was purified on silica 

chromatograph twice using DCM/MeOH=30/1 as eluent. ZnP1 was 

recrystallised with CHCl3/CH3OH as a brown-green solid. Yield 29 mg. 1H 

NMR (400 MHz, CDCl3): δH 9.65 (d, 2H), 9.58 (d, 2H), 9.16 (d, 1H), 8.83 

(d, 2H), 8.75 (d, 2H), 8.66 (m, 2H), 8.59 (m, 2H), 8.50 (m, 2H), 8.21 (d, 1H), 
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7.97 (d, 1H), 7.86 (m, 4H), 7.82 (s, 1H) 7.74 (d, 1H), 7.71 (m, 3H), 7.45 (m, 

1H), 7.30 (d, 2H), 7.13 (m, 6H), 6.89 (d, 4H), 6.91 (d, 1H), 3.84 (t, 8H), 

2.71-2.67 (m, 2H), 1.87-1.82 (m, 4H), 1.21-0.70 (br, 112H), 0.47-0.40 (br, 

14H); δC:168.5, 164.3, 160.4, 153.1, 151.3, 151.2, 149.4, 145.8, 145.6, 

144.1, 140.4, 138.5, 138.1, 137.9, 133.0, 132.3, 132.3, 131.5, 131.0, 130.7, 

129.6, 129.5, 129.5, 129.0, 128.5, 128.4, 128.4, 127.1, 127.0, 125.7, 124.7, 

124.3, 124.2, 124.1, 123.9, 122.4, 121.4, 121.3, 120.8, 120.7, 120.5, 120.2, 

119.8, 115.3, 110.4, 105.0, 100.0, 97.0, 69.2, 55.5, 40.2, 31.6, 29.6, 29.2, 

24.0, 22.4, 14.1, 12.4, 12.2.; MALDI-TOF MS: m/z calcd. for 

C157H182N6O10Zn: 2378.5392, found:2378.5301. 
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A novel donor-acceptor porphyrin-

based dye ZnP1 for p-type DSSCs is 

introduced. A power conversion 

efficiency of up to 0.92% along with 

a broad IPCE spectrum extending to 

800 nm was achieved with ZnP1 

sensitiser and iron (II/III) 

acetylacetonate redox mediator. 
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