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Abstract Dye-sensitized solar cells (DSSCs) are fabri-

cated using natural sensitizers extracted from rengas (Gluta

spp.) and mengkulang (Heritieraelata) wood. The natural

sensitizers are extracted using a cold extraction and the

Soxhlet extraction methods. This paper presents the results

of the analysis of the optical characteristics of the sensi-

tizers via ultraviolet–visible spectrophotometry and Fourier

transform infrared spectroscopy. The optical band gap and

the highest occupied molecular orbital (HOMO)–lowest

unoccupied molecular orbital (LUMO) levels of each

investigated sensitizer are calculated on the basis of the

analyzed data collected from photoluminescence and cyclic

voltammetry. The DSSCs with the mengkulang sensitizer

have better conversion efficiency (n = 0.1695%) than the

DSSCs with the rengas sensitizer (n = 0.109%). The per-

formance of the DSSCs indicates an increment as the ratios

of the mixed mengkulang:rengas (60%:40%) and

mengkulang:rengas (40%:60%) sensitizers increase up to

0.296 and 0.292%, respectively.
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Introduction

In the critical view of renewable energy forms, solar

energy has shown its potentials for power generation

market especially in the Malaysia region that have constant

supply of sun radiation throughout the year. Dye-sensitized

solar cells (DSSCs) as the third generation solar cells

devices have attract a lot of attention from researches as it

is low cost and have potential for high photoconversion

efficiency as reported by Gratzel group which have

obtained efficiency up to 12% [1–4]. The components that

build up the mechanism in DSSC including porous semi-

conductor loaded with sensitizer on a glass substrate, redox

couple electrolyte, and counter electrode [5]. Sensitizer

becomes one of the important components that attract

research interest to enhance the device performance. From

the metal complex to metal free sensitizer and from inor-

ganic to organic type of sensitizers, they have their own

potentials and drawbacks. However, metal complex such as

Ruthenium and Zinc porphyrin dye have been reported to

achieve better performance which are 12–13% efficiency

as compared to others [6–10]. However, the costing and

synthesis issues have leads to intense interest to use other

than metal complex sensitizers even though the perfor-

mance of other type of sensitizer are still considered low

[11].

The performance of DSSCs depends on sensitizers that

act as light harvesters in the mechanism. The best sensi-

tizers must be capable of absorbing a wide range of visible

light and producing electrons [12]. Natural dyes provide

different types of pigments and thus serve as alternative

sensitizers for inexpensive organic-based DSSCs. The

requirements that natural dyes should meet are as fol-

lows:(1) ability to absorb a wide range of visible and near-

infrared photons, (2) presence of an anchoring group that
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can strongly attach to the mesoporous oxide layer, and (3)

an energy level that is between the lowest unoccupied

molecular orbital (LUMO) and the highest occupied

molecular orbital (HOMO) for an efficient electron injec-

tion from the valence to the conduction bands of the

semiconductors [13]. Superior sensitizers should also be

able to absorb all of the light that strikes below a threshold

wavelength (920 nm) and convert standard air mass (AM)

of 1.5 sunlight into electricity, so that upon excitation,

these sensitizers could inject electrons from the dyes into

the solid materials with a quantum yield of unity [14]. In

considering natural dyes as one of the parameters in the

development of DSSCs, verifying the efficiency with

respect to processes such as (1) the absorption of incident

photons by the dye molecules, (2) conversion of photons to

electron–hole pairs, and (3) separation and collection,

before choosing pigments as sensitizers is important [15].

The interest in this study is towards effective natural

sensitizers. In the last two decades, a number of studies

have tested variable plant parts, such as flowers, leaves,

barks, and roots, in search of effective natural sensitizers.

However, most of the studies in the open literature did not

investigate potential sensitizers extracted from the wood of

forest trees. Malaysia is known for the biodiversity of its

tropical rainforests that are home to various tree species.

Hence, exploring the contribution of trees to fields other

than the furniture industry, such as the field of solar energy,

is important. The present study introduces sensitizers

extracted from rengas (Gluta spp.) and mengkulang (Her-

itieraelata) wood and examines their optical properties and

performance in DSSCs. In addition, the ratios of the mix-

tures of these sensitizers are manipulated to investigate

their effectiveness on device performance.

Methodology

Materials

Rengas and mengkulang wood were collected from a local

sawmill in Kuala Lumpur, Malaysia, TiO2 paste (WER 2,

Dyesol), fluorine-doped conducting tin oxide (FTO) glasses

(*15 X sq-1, Solaronix), redox electrolyte (iodolyte AN-

50, Solaronix), platinum paste purchased from Solaronix,

Surlyn (60 lm, Maltonix), organic solvent purchased from

Sigma-Aldrich.

Wood extraction

A wood chipper machine and a knife ring chipper were

used to obtain fine particles from the wood. The particles

were then dried in an oven at 60 �C for 24 h before

undergoing a screening process to isolate the particle size.

The large particles must be fined using a ball mill. The

sawdust obtained was then dried in an oven at 130 �C for

24 h to reduce its moisture content. To extract dye from the

sawdust, methanol was used as the organic solvent in the

cold extraction technique. The sawdust was soaked in

methanol (1:10 w/v ratio) and left overnight at room tem-

perature. All of the extraction procedures were imple-

mented under dim conditions, and the glassware containing

the dyes were covered with aluminum foil to minimize

photooxidation. Subsequently, the mixture was subjected to

the Soxhlet extraction technique to obtain the extractive

compound. The crude extract was stored in refrigerator

(4 �C) for future use. In addition to the individual sensi-

tizers, mixtures of both sensitizers were prepared with three

different v/v ratios and were classified as mengku-

lang:rengas (60%:40%), mengkulang:rengas (40%:60%),

and mengkulang:rengas (50%:50%).

Fabrication of dye-sensitized solar cells

Photo electrodes were prepared by depositing TiO2 paste

(WER 2, Dyesol) into fluorine-doped conducting tin oxide

(FTO) glasses (*15 X sq-1, Solaronix), which were used

as the conductive glass plates in the doctor blading tech-

nique. The electrodes were then sintered at 450 �C for

30 min. The photo electrodes were subsequently dipped in

the sensitizers, that is, mengkulang (M), rengas (R), and

their mixtures [M:R (50%:50%), M:R (60%:40%), and

M:R (40%:60%)] for 24 h at room temperature to allow

sufficient time to graft the dye molecules on the TiO2

surface. Then, TiO2 electrodes were extracted and rinsed

with methanol before being dried with nitrogen gas. The

DSSCs were assembled by introducing a redox electrolyte

(iodolyte AN-50, Solaronix) between the dyed TiO2 elec-

trode and the platinum counter electrode. The platinum

paste purchased from Solaronix was deposited on to the

FTO glasses (*8 X sq-1, Solaronix) and heated at 450 �C
for 30 min. Surlyn (60 lm, Maltonix) was used to assem-

ble the photo and counter electrodes of the cells.

Characterization and device performance

The absorption spectra were analyzed via ultraviolet–visi-

ble (UV–Vis) absorption spectroscopy (Shimadzu UV-

1800). The functional groups of the sensitizers were

determined via Fourier transform infrared spectroscopy

(FTIR) (Perkin Elmer Spectrum 400 FT-IR). The HOMO

and LUMO levels were determined via photoluminescence

(PL) (FLSP920 Edinburgh Instrument) and cyclic voltam-

metry (CV) (ModuLab Solartron Analytical).

The current–voltage (I–V) measurement was conducted

using solar simulator class AAA (XES-40S1, San-Ei

Electrical) under irradiation of 1000 W/m2. The maximum

5 Page 2 of 9 Mater Renew Sustain Energy (2017) 6:5

123



power conversion efficiency (n) was calculated using the

following formula:

g ¼ ff � Isc � Voc=P;

where ff is the fill factor, Isc is the short circuit photo

current density (A/cm2), Voc is the open circuit voltage (V),

and P is the intensity of the incident light (W/cm2) of the

DSSC.

The fill factor was defined using the following relation:

FF ¼ Imax � Vmaxð Þ Isc � Vocð Þ;

where Imax and Vmax represent the maximum output values

of the current and voltage, respectively; and Isc and Voc

represent the short circuit current and open circuit voltage,

respectively. The incident photon-to-current efficiency

(IPCE) was also measured via spectral response measure-

ment (IVT Solar PVE-300, Bentham).

Result and discussion

UV–Vis absorption spectra

The extracted crude sensitizers from rengas and

mengkulang wood were examined under a UV–Vis

spectrophotometer with methanol as the reference solvent.

The absorption spectra for the crude sensitizers are pre-

sented in Fig. 1. The intense peak was observed between

400 and 512 nm for the rengas sensitizer. However, a

broad shoulder representing the mengkulang sensitizer

appeared between 420 and 550 nm. Therefore, the rengas

sensitizer demonstrated strong absorption at a low wave-

length. Figure 2 illustrates the absorption spectra of the

mixtures of the mengkulang and rengas sensitizers with

three different percentage ratios. The absorption spectra

of all the mixed sensitizers were similar to those of the

rengas sensitizer because the chemical characteristic of

this sensitizer was more dominantly absorbed onto the

TiO2 surface compared with that of the mengkulang

sensitizer. The absorption spectra of the mixed sensitizers

absorbed onto the TiO2 surface are illustrated in Fig. 2.

The spectra after the grafting process did not show an

obvious peak, but a wide shoulder was observed between

400 and 600 nm. The UV–Vis absorption of TiO2 without

a sensitizer is also presented in this work for comparison.

The absorption spectra of the sensitizers grafted on TiO2

showed a stable and broad shoulder, enabling the harvest

of light in a broad spectrum of solar energy, ultimately

leading to the production of high photocurrent in DSSC

device [16].

The main dye of rengas sensitizer identified was

anthocyanin based on the intense peak observed between

400 and 512 nm [17]. Anthocyanins are the largest group

of water-soluble pigments widespread in the plant king-

dom. The anthocyanins belong to the group of natural dyes

responsible for several colors in the red–blue range, found

in fruits, flowers and leafs of plants. Carbonyl and hydroxyl

groups present in the anthocyanin molecule can be bound

to the surface of a porous TiO2 film (Fig. 3). This makes

electron transfer from the anthocyanin molecule to the

conduction band of TiO2.

FTIR analysis

The analysis of the functional groups of the sensitizers was

conducted using FTIR spectroscopy, with KBr as the ref-

erence background. Figure 4 shows that the IR spectra

patterns of all the samples were similar because the func-

tional groups present in the samples were the same. The

broad band observed at 3323, 3309, 3324, and 3319 cm-1

was due to the presence of vibrations of the free hydroxyl

group (Ar–O-H) of phenols. The small and intense peaks at
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Fig. 1 UV–Vis absorption
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2832 and 2944 cm-1 were attributed to the sp3 C–H bond

stretching. The small shoulder that appeared at 1449 cm-1

was attributed to the aromatic C=C stretching. All of the

mixed sensitizers comprised similar functional groups,

such as hydroxyl group, C–H bond, and aromatic C=C.

Optical band gap and HOMO–LUMO calculations

The optical band gap was measured using PL while the

HOMO–LUMO levels were calculated using CV analysis

[9]. The optical band gap of the sensitizers was obtained

from the relation Eopt
g = hc/k, where h is Planck’s constant,

c is the speed of light, and k is the emission peak obtained

from the PL emission spectra. Table 1 provides the optical

band gap measurement of all the samples in this study.

Compared with the rengas sensitizer, the mengkulang
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sensitizer showed a higher optical band gap value of

2.38 eV from the emission peak of 522 nm. However, the

other samples indicated a close band gap value between

2.15 and 2.18 eV. The emission peaks obtained for the

M:R (50%:50%), M:R (60%:40%), and M:R (40%:60%)

mixtures were 569, 572, and 573 nm, respectively. As

shown in Fig. 5, only the mengkulang sensitizer exhibited

a broad emission peak, whereas the other sensitizers dis-

played similar emission peak patterns.

The cyclic voltammograms of the mengkulang, rengas,

and mixed sensitizers are presented in Fig. 6. The cyclic

voltammetry measurements involved three electrodes,

namely, glassy carbon working electrode, platinum counter

electrode, and Ag/AgCl reference electrode, at a scan rate

of 100 mV/s. The calculated positions of the HOMO and

LUMO levels are provided in Table 2. HOMO level

(EHOMO) was determined with respect to their respective

oxidation potential onset as extrapolated from the

voltammograms of the sensitizers [18] using the equation

Table 1 Summary of optical band gap measurement

Sensitizer k max (nm) Eopt
g = hc/k (eV)

Mengkulang 522 2.38

Rengas 576 2.15

M:R (50%:50%) 569 2.18

M:R (40%:60%) 573 2.16

M:R (60%:40%) 572 2.17
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EHOMO ¼ � 4:4 þ Eonset
ox

� �
) (eV). This indicates that the

energy levels obtained have a difference of 4.4 eV from the

vacuum level. The LUMO level is the addition of HOMO

level and optical band gap of sensitizers, ELUMO ¼
EHOMO þ Eopt

g [19–21]. Exactly 0.1 M of lithium perchlo-

rate (LiClO4) was used as the supporting electrolyte. On

the basis of the HOMO–LUMO levels presented in

Table 2, Fig. 7 presents a schematic diagram for compar-

ing the energy levels of the investigated sensitizers in terms

of vacuum level and normal hydrogen electrode (NHE).

The conduction band (CB) of TiO2 was reported to

locate around -4 to -4.3 eV [22, 23]. In this study,

LUMO levels of the individual sensitizers and mixed

sensitizers were located more positive from CB of TiO2

with respect to the vacuum level (Fig. 7). The LUMO

levels of sensitizers must be located slightly above the

energy levels of semiconductors so that sensitizers can

inject electrons into the conduction band of TiO2 with high

quantum yields [24]. Ooyama and Harima [25] reported

that the desire difference of LUMO level of sensitizer and

CB of TiO2 should be more than 0.2 eV. Even though the

LUMO levels of all investigated sensitizers were found to

be more than 0.2 eV, this condition should be followed

with efficient dye regeneration by electron transfer from

the redox couple in the electrolyte to obtain high efficiency

device. The HOMO level of sensitizer must be more neg-

ative than the redox potential with respect to the vacuum

level in the range of 0.2–0.3 eV [26]. From the previous

study, the redox potential of I3
-/I- redox couple was

reported to locate in the range of -4.6 to -5 eV

[4, 5, 27, 28]. However, HOMO level calculated in this

study is located in the range of redox potential. This may

contribute to the poor dye regeneration and hence lead to

the poor performance of these devices.

Current–voltage (I–V) characteristics

Figure 8 illustrates the I–V curve of the individual

mengkulang and rengas sensitizers and their mixtures. The

performances of the DSSCs are calculated and tabulated in

Table 3. The best performance was exhibited by the mixed

sensitizer M:R (60%:40%), which achieved a conversion

efficiency (n) of 0.295% given an open circuit voltage (Voc)

of 0.528 V, a short circuit current density (Jsc) of 0.9 mA/

cm2, and a fill factor (ff) of 62.16 under the irradiance of

1000 W/m2. The mixed sensitizer M:R (40%:60%) indi-

cated slightly similar results, with its conversion efficiency

(n) calculated at 0.292% given an open circuit voltage

(Voc) of 0.526 V, a short circuit current density (Jsc) of

0.9 mA/cm2, and a fill factor (ff) of 61.78. Furthermore, the

mixed sensitizer M:R (50%:50%) showed a conversion

efficiency (n) of 0.205% given an open circuit voltage (Voc)

of 0.540 V, a short circuit current density (Jsc) of 0.6 mA/

Table 2 Calculated HOMO–LUMO energy levels and optical band

gap measurement

Sensitizer Eopt
g (eV) Eox

onset vs Ag/

AgCl (V)

ELUMO

(eV)

EHOMO

(eV)

Mengkulang 2.38 0.29 -2.31 -4.69

Rengas 2.15 0.26 -2.51 -4.66

M:R (50%:50%) 2.18 0.21 -2.43 -4.61

M:R (40%:60%) 2.16 0.32 -2.56 -4.72

M:R (60%:40%) 2.17 0.22 -2.45 -4.62

Fig. 7 Schematic diagram of

the comparison of the energy

level of the investigated

sensitizers in terms of vacuum

level and NHE (M stands for

mengkulang, R indicates rengas)
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cm2, and a fill factor (ff) of 63.28. Overall, as an individual

sensitizer the mengkulang sensitizer achieved higher con-

version efficiency (n) of 0.161% given an open circuit

voltage (Voc) of 0.529 V, a short circuit current density

(Jsc) of 0.4 mA/cm2, and a fill factor (ff) of 75.98. Whereas

the rengas sensitizer achieved conversion efficiency (n) of

0.109% given an open circuit voltage (Voc) of 0.5 V, a

short circuit current density (Jsc) of 0.3 mA/cm2, and a fill

factor (ff) of 72.88.

The energy conversion efficiency (n) of the mixed

sensitizers was higher because of the value of Jsc is higher

than that of the individual sensitizers. The value of Jsc
indicates strong interaction of TiO2 with sensitizer in

photoanode and their capability to absorb light that lead to

high electron-injection efficiency [25, 29, 30].

IPCE spectra

Figure 9 shows the IPCE spectra of all of the investigated

sensitizers. The mixed sensitizers M:R (60%:40%) and
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Fig. 8 Comparison of I–

V characteristics of individual

and mixed sensitizers

Table 3 Current–voltage (I–V) characteristics and power conversion

efficiencies (n) of DSSCs sensitized with different type of sensitizers

Sensitizer Voc (V) Jsc (mA cm-2) ff g/ %

Mengkulang 0.53 0.40 75.98 0.16

Rengas 0.50 0.30 72.88 0.11

M:R (50%:50%) 0.54 0.60 63.28 0.21

M:R (40%:60%) 0.53 0.90 61.78 0.29

M:R (60%:40%) 0.53 0.90 62.16 0.30
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Fig. 9 IPCE spectra of

individual and mixed sensitizers
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M:R (40%:60%) showed as light increment in the IPCE

percentage, followed by the mixed sensitizer M:R

(50%:50%). The individual sensitizers achieved a lower

IPCE percentage than the mixed sensitizers. This result is

parallel to the low efficiencies of the individual sensitizers

based on their I–V characteristics. The IPCE percentages

obtained agree with the I–V data collected in this study as

well as with the findings of Kumara et al. [18], who found

that the low efficiency of IPCE contributes to the low

energy conversion efficiency (n) of DSSCs. In addition, the

current produce might be low because electrons are not

being able to move smoothly through semiconductor and

contribute to recombination. This effect of recombination

in DSSCs also leads to low percentage of IPCE.

Conclusion

In summary, the current study reveals potential of natural

sensitizers extracted from rengas and mengkulang wood.

The best performance was obtained when the sensitizers

were mixed at a ratio of 60%:40% (M:R). The HOMO and

LUMO levels of all of the investigated sensitizers were

calculated. The optical band gap value decreased when the

sensitizers were mixed. The individual rengas and

mengkulang sensitizers exhibited lower energy conversion

efficiencies (n) than their mixed forms. The low IPCE

percentage was found to contribute to the low energy

conversion efficiencies (n) of the DSSCs, with the indi-

vidual sensitizers achieving a lower IPCE than their mixed

forms. The efficiencies obtained using these sensitizers

remain low for large-scale practical applications, but the

results may serve as a reference for future studies on these

new natural sensitizers.
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