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Abstract Anthocyanin (An) and chlorophyll (Chl) dyes have been extracted from black

rice and fragrant screwpine (Pandanus amaryllifolius) leaves respectively using methanol

as solvent. The anthocyanin and chlorophyll dyes were characterized using UV–Vis

absorption spectroscopy. While the anthocyanin dye has a broader absorption peak at

541 nm, the chlorophyll dye has two prominent absorption peaks at 465 and 663 nm. The

anthocyanin and chlorophyll dyes were deposited sequentially on the TiO2 electrode. The

photoelectrode prepared by dipping in anthocyanin solution first and then in chlorophyll

solution for the same duration showed the best efficiency of 0.81 % with Jsc =

2.64 mA cm-2, Voc = 0.46 V and FF = 0.63 for DSSC.
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1 Introduction

Natural dyes extracted from natural sources have been used in various fields such as textile,

coatings, food coloration, cosmetics, pharmaceuticals, pH indicators, non-linear optical

applications and dye-sensitized solar cells (DSSCs) (Shahid et al. 2013; Kouissa et al.

2013; Bouchouit et al. 2010; Zongo et al. 2015a, b; Calogero and Marco 2008). Natural

dyes which serve as sensitizers in DSSCs have the advantages of being readily available,

environmental friendly and easy to extract compared to ruthenium-based dyes (Kimpa
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et al. 2012). Anthocyanin is a flavanoid compound present in many plant parts and is

responsible for the red, violet and blue colors (Melo 2009; Konczak and Zhang 2004).

Chlorophyll, on the other hand, is another attractive compound that absorbs in the visible

region and reflects green color (Lim et al. 2015). Finding an efficient but cheap photo-

sensitizer for good performance in DSSCs is a challenge.

In this study, anthocyanin and chlorophyll are extracted from black rice and pandan

(fragrant screwpine) leaves respectively. Anthocyanin and chlorophyll have also been used

as combined sensitizers. The TiO2 coated electrodes were successively dipped in chloro-

phyll and anthocyanin solutions for dye adsorption. Different combinations of dye soaking

times were used to study the effect on the DSSC performance and to select the best

combination. Two batches of photo-electrodes were prepared using two sequential dye

deposition procedures either starting first with anthocyanin or chlorophyll.

2 Experimental

2.1 Materials

Tetrapropylammonium iodide (TPAI), polyethylene oxide (PEO), Triton X-100 a surfac-

tant and ethylene carbonate (EC) were purchased from Sigma-Aldrich. Dimethyl-for-

mamide (DMF) was purchased from Friedemann Schmidt Chemical. Iodine (I2) crystals

were purchased from Amco-chemie-Humburg. Phthaloylchitosan was synthesized by the

reaction of chitosan with phthalic anhydride, which was purchased from Merck-Germany.

TiO2 particles of sizes 15 nm (P90) and 21 nm (P25) were purchased from Evonik

Industries. Carbowax was purchased from Supelco, USA and methanol was purchased

from John Kollin Corporation.

2.2 Preparation of TiO2 electrodes

A two layer TiO2 electrode were prepared and the porous TiO2 electrode was soaked in the

natural pigment dye. The TiO2 paste for the first compact layer was prepared by adding

0.5 g of TiO2 (P90) powder with 2 mL of 0.1 mol nitric acid and ground for 30 min. The

paste was spin-coated on fluorine doped tin oxide (FTO) glass and then sintered at 450 �C
for 30 min. The paste for the second porous layer was prepared by grinding 0.5 g TiO2

(P25) powder with 2 mL of 0.1 mol nitric acid and added with 0.1 g carbowax. Then 2

drops of surfactant was added to get a homogeneous paste. The TiO2 paste was then coated

on the top of the first compact layer using the doctor blade method and then sintered at

450 �C for 30 min.

2.3 Preparation of sensitizers

The chlorophyll dye was prepared from fragrant screwpine (Pandanus amaryllifolius) or

locally known as pandan leaves. The leaves were washed with distilled water. 200 g of

pandan leaves were cut into small pieces and then immersed in 200 mL methanol adjusted

to pH 1 using hydrochloric acid (HCl) and kept in a fridge for 24 h. Anthocyanin was

extracted from black rice. 200 g of black rice was immersed in 200 mL methanol adjusted

to pH 1 using HCl in a glass beaker covered with aluminum foil to prevent evaporation and

kept for 24 h in the fridge. After filtration, the anthocyanin and chlorophyll dyes were
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characterized by UV–Vis spectroscopy using the UV-3101 PC Shimadzu spectropho-

tometer. The photo-electrodes were prepared in two batches A and B. Batch A electrodes

were dipped in the anthocyanin (An) solution first and for batch B, first dipping was in

chlorophyll (Chl) solution. The TiO2 electrodes were sequentially dipped in anthocyanin

and chlorophyll dye solutions for a total duration of 48 h. The dipping times used for dye

adsorption for batches A and B are listed in Table 1.

2.4 Cell assembly and characterization

An optimized phthaloylchitosan (PhCh) based gel polymer electrolyte (GPE) having the

composition 5.04 wt% PhCh-1.26 wt% PEO-31.51 wt% DMF-37.81 wt% EC-24.38 wt%

TPAI(?I2) was used to fabricate DSSCs with the configuration FTO/TiO2-dyes/GPE/Pt/

FTO (Noor et al. 2011). The electrolyte was sandwiched between photoanode and platinum

(Pt) counter electrode. The photocurrent density–voltage (J–V) characteristics were mea-

sured with a Keithley 2400 electrometer at 1000 W m-2 illumination. The active area of

the solar cell is 0.2 cm2. The fill factor (FF) and efficiency were calculated using equations

obtained elsewhere (Noor et al. 2011).

2.5 Electrochemical impedance spectroscopy (EIS)

EIS measurements were carried out with an AUT 85988 advanced electrochemical system

(Metrohm Autolab B.V. PGSTAT 128N Netherlands) from 10 mHz to 100 kHz at room

temperature. All the measurements were carried out with applied bias of open circuit

voltage (Voc) under AM 1.5 global illuminations.

3 Results and discussion

3.1 UV–Vis spectrum of sensitizer

The UV–Vis spectra of anthocyanin and chlorophyll are shown in Fig. 1.

The anthocyanin spectrum shows a broad absorption peak at 541 nm and small peak at

663 nm. The Chl dye has two prominent absorption peaks at 465 and 663 nm as well as

two small peaks at 545 nm and 613 nm. These absorption peak positions are comparable

with those reported results (Noor et al. 2011).

3.2 J–V Characteristic of DSSCs

Figure 2 shows the J–V curves of the DSSCs fabricated with all four photoelectrodes. The

corresponding performance paramet-ers are summarized in Table 2.

Table 1 Soaking durations for
batch A and B

Batch Electrodes Dye and soaking time

A A0 An (48 h)

A1 An (24 h) ? Chl (24 h)

B B0 Chl (48 h)

B1 Chl (24 h) ? An (24 h)
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It can be observed that the DSSC using A0 electrode exhibited a higher current density

of 1.83 mA cm-2 and a higher efficiency of 0.59 % compared to the DSSC with B0

electrode that exhibited 1.19 mA cm-2 and efficiency 0.39 %. These values are
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Fig. 1 UV–vis absorbance
curves of anthocyanin and
chlorophyll dyes
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Fig. 2 J–V curves of DSSCs
with batch A and batch B
photoelectrodes

Table 2 Performance parame-
ters of DSSCs with batch A and
B photoelectrodes

DSSC Jsc (mA cm-2) Voc (V) FF g (%)

[A0] 1.83 0.50 0.65 0.59

[A1] 2.64 0.46 0.63 0.81

[B0] 1.19 0.49 0.63 0.39

[B1] 1.64 0.52 0.66 0.56

Fig. 3 Schematic diagram of anthocyanin dye sensitized solar cell
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comparable with those obtained from the DSSCs as reported by Hao et al. (2006). The

higher current density obtained for the DSSC with A0 photoanode may be due to carbonyl

and hydroxyl groups present in the An molecule can bind with the surface of TiO2 porous

film thus enabling the An to transfer electrons to the CB of the TiO2 efficiently (Garcia

et al. 2003) as shown in Fig. 3. On the other hand, Chl molecules do not have hydroxyl

group in the structure. Thus, the ability of the An to adsorb to the TiO2 surface is higher

than Chl.

The combination of An and Chl sensitizers exhibits better electricity conversion effi-

ciency as shown in the Table 2. The cell having the photoelectrode sensitized with An first

and then Chl dyes (A1) exhibits higher current density, Jsc of 2.64 mA cm-2 and effi-

ciency of 0.81 % compared to the cell having the photoelectrode sensitized with only An

dye (A0). While the Jsc increased by 44.3 %, the efficiency is increased by 37.3 %. Also,

the Jsc and efficiency of the cell having B1 photoelectrode that was dipped first in Chl and

then An showed an increment in Jsc and efficiency of 37.8 and 43.6 % respectively

compared to the cell having B0 photoelectrode. The en-hancement of the performance may

be due to the ability to absorb in a wider wavelength range. Therefore, a better DSSC

performance could be expected from DSSCs sensitized with mixed dyes. The An–Chl

(Noor et al. 2011) and Chl–xanthophyll (Kartini et al. 2015) mixed dyes have been

reported to enhance of DSSC performance.

In the present study, the DSSC with A1 photoelectrodes has produced the highest

efficiency of 0.81 %. On comparing A1 and B1 photoelectrodes, where the durations of

soaking time in the An and Chl dyes are the same, it is clear that dipping in An dye first and

then in Chl produced a higher photocurrent and increase of 44 % in efficiency compare to

the DSSC with B1 photoelectrodes. Figure 4 shows the optical absorption spectra of A0,

B0, A1 and B1 photoelectrodes. As can be seen in Fig. 4, the A1 and B1 electrodes showed

better absorption range than the A0 and B0 photoelectrodes.

It is expected that when the TiO2 layer were soaked first in An and then Chl, electrons

released by the dye molecules are injected more efficiently into the semiconductor through

the carbonyl and hydroxyl groups of An compared to when dipped first in Chl. Thus, easy

transfer of electron is facilitated through A1 photo-anode giving rise to higher currents.
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Fig. 4 UV–Vis curves of a A0
and B0, b A1 and B1
photoanodes

Dye-sensitized solar cells with sequentially deposited… Page 5 of 8 219

123



Noor et al. (2011) have used the same dye ratio i.e. 1:1 and reported an efficiency of

0.42 % for a DSSC with a PVdF-HFP based GPE. The present work however shows that

the sequential deposition of the two dyes is a useful way to improve performance of DSSC

using natural dyes. DSSC with natural dyes exhibits lower efficiency compared to DSSC

using Ru-based dyes because the natural dyes molecules mostly have OH and O ligands

and lack –COOH ligands possessed by ruthenium dye which combines with the hydroxyl

group on the surface of TiO2.
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R2
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Fig. 5 The EIS plot of cells A0,
B0, A1 and B1
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3.3 The EIS analysis

EIS measurement is an effective method to analyze the electron transport/transfer process

between the interfaces in DSSCs (Fabregat-S et al. 2008). Figure 5 shows the Nyquist plots

for all cells studied. It is obvious that the size of the second semicircle at the mid-frequency

region which represents the charge-transfer resistances at the TiO2/dye/electrolyte interface

(Fabregat-S et al. 2008) for the [B0] DSSC is larger than that of the [A0] DSSC. Also, the

second semicircle for [B1] is larger than [A1].

The larger semicircle implies the higher resistance. The higher resistances at the TiO2/

dye/electrolyte interface identically lower electron recombination process. The lower

electron recombination process in [B0] cell may be due to lesser electron density in CB of

TiO2 which results from lower electron injection rate from dyes to CB of TiO2. According

to Suryanarayanan et al. (2009), the conversion efficiency g (%) of DSSCs depends on the

R2 values (second semicircle in the Nyquist plot). If the R2 value decreased, the Jsc value

increased thus cell efficiency increased. The R2 values of the DSSCs in this work increase

on according to A1\A0\B1\B0 as shown in the Table 3.

4 Conclusions

A series of composite TiO2 photoanodes with An and Chl sensitizers deposited sequen-

tially were prepared and tested in DSSCs in order to select the best combination. The PhCh

gel polymer electrolyte based DSSCs shows best performance with the photoelectrode

prepared with equal dipping durations but anthocyanin deposited first. This cell showed the

highest efficiency of 0.81 % with Jsc = 2.64 mA cm-2, Voc of 0.46 V, and FF of 0.63.

This work shows the effectiveness of sequential deposition of dyes on the photoanode as

well as cell performance rather than using individual or mixture of dyes. The better

performance is attributed to the better anchoring of anthocyanin to the TiO2 surface and

better light absorption by chlorophyll.
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