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Abstract
In this study, photovoltaic performance was improved when two natural sensitizers, namely, rengas (Gluta spp.) and mengkulang (Heritiera elata), were mixed with ruthenium (N719) sensitizer. Five different ratios were prepared and their performances were compared with individual sensitizers. The components of the sensitizers were analyzed via ultraviolet–visible spectrophotometry and Fourier transform infrared spectroscopy. The band gap values and the highest occupied molecular orbital–lowest unoccupied molecular orbital (HOMO-LUMO) levels were calculated using data obtained from photoluminescence analysis and cyclic voltammetry. The mengkulang: N719 (80%:20%) sensitizer exhibits the highest conversion efficiency (ŋ), which is 0.58% with an open circuit voltage (Voc) of 0.63 V, a short circuit photocurrent density (Jsc) of 2.1 mA/cm2, and a fill factor (ff) of 0.44. By contrast, the individual mengkulang sensitizer presents a poor conversion efficiency (ŋ) of 0.16%.

Keywords:  natural sensitizer, mixed sensitizer, band gap, HOMO–LUMO level

Abstrak
Dalam kajian ini, prestasi fotovoltik telah bertambah baik apabila dua pemeka yang semula jadi, iaitu, rengas (Gluta spp.) dan mengkulang (Heritiera elata), telah di campur dengan pemeka rutenium (N719). Lima nisbah yang berbeza telah disediakan dan prestasi mereka dibandingkan dengan pemeka individu. Komponen pemeka dianalisis melalui spektrofotometri ultralembayung cahaya nampak dan spektroskopi inframerah transformasi Fourier. Nilai jurang jalur dan aras orbit molekul tertinggi yang diduduki - orbit molekul terendah yang diduduki (HOMO-LUMO) dikira menggunakan data yang diperolehi daripada analisis kefotopendarcahayaan dan voltammetri berkitar. Pemeka mengkulang:N719 (80%: 20%) mempamerkan kecekapan penukaran tertinggi (ŋ), iaitu 0.58% dengan voltan litar terbuka (Voc) 0.63 V, kepadatan fotoarus litar pintas (Jsc) sebanyak 2.1 mA/cm2 dan faktor isi (ff) daripada 0.44. Sebaliknya, pemeka individu mengkulang memberikan kecekapan penukaran terendah (ŋ) 0.16%.

Kata kunci:  pemeka semula jadi, pemeka campuran, jurang jalur, aras HOMO-LUMO

Introduction
Dye sensitized solar cells (DSSCs) becomes reliable solar cells device as it is reported to promote low cost for material and simple synthesis method in achieving efficient conversion efficiency [1-4]. Basically, DSSCs consists of four components to convert light into electricity which are porous semiconductor, sensitizer, electrolyte and counter electrode. A lot of explorations have been made for each of the components to enhance the effectiveness of DSSCs [5, 6]. Since sensitizer plays important key roles to absorb light and supply electron for the mechanism in DSSCs, an intense attract to introduce effective sensitizer have led to few types of sensitizer such as metal complexes, metal-free, organic, inorganic, synthetic and natural sensitizers. Each type of sensitizers has their own potential to enhance the conversion efficiency as well as drawbacks that limit their performance [7-10]. A sensitizer that works as a light harvester in dye-sensitized solar cells (DSSCs) is the key to improving the performance of such cells. 

Recently, natural dyes have become reliable alternatives for expensive organic, inorganic, or synthetic dyes. Several studies have found that using natural sensitizers have several possible advantages. For example, natural materials can be easily extracted from fruits, flowers, and leaves with minimal procedures; hence, they have attracted considerable interest to produce low-cost and biodegradable sensitizers [11, 12]. Furthermore, such sensitizers are effective because they provide charge carriers and the model cells exhibit similarities to the photosynthetic mechanism [13, 14]. Natural dyes, which are abundant, provide reasonable light harvesting efficiency; they are also sustainable, low cost, and non-toxic [15, 16]. The most efficient photosensitizer for DSSCs is obtained from ruthenium polypyridyl complexes, such as N719, which exhibits conversion efficiency (ŋ) of over 10% [17]. This characteristic is attributed to metal-to-ligand charge transfer, which produces excited states with long lifetimes, and thus, provides N719 with a broad photon absorption band in the visible spectrum range [18-20]. However, a few drawbacks exhibited by N719 have prompted researchers to seek for another alternative photosensitizer. Although ruthenium exhibits high thermal and chemical stabilities, as well as provides a relatively high efficiency, this trace element is extremely expensive and the demand for it is high; moreover, its sophisticated synthesis and purification processes lead to a high production cost [9]. In addition, ruthenium is a heavy metal, and thus, is a threat to the environment that can pose potential risks even to future generations. 

This study aims to investigate experimentally the photovoltaic performance of natural sensitizers extracted from rengas (Gluta spp.) and mengkulang (Heritiera elata) wood. These natural sensitizers are mixed with a low percentage of N719 sensitizer to enhance their cell performances and optical characteristics. 

Materials and Methods
Plants materials and wood extraction
Rengas and mengkulang wood samples were collected from a local sawmill in Kuala Lumpur, Malaysia. A wood chipper machine and a knife ring chipper were used to obtain fine particles from the wood samples. The particles were then dried in an oven at 60 °C for 24 hours before they underwent a segregation process according to particle size. The large particles were ground further using a ball mill. The obtained sawdust was then dried in an oven at 130 °C for 24 hours to decrease its moisture content. To extract dye from the sawdust, methanol was used as the organic solvent in a cold extraction technique. The sawdust was soaked in methanol (1:10 w/v ratio) and left overnight at room temperature. All extraction procedures were performed under dim condition. The glassware that contained the dyes were covered with aluminum foil to minimize photoxidation. Then, the mixture was made to undergo Soxhlet extraction to obtain the extractive compound. The crude extract was stored in a refrigerator (4 °C) until further used. 

Subsequently, 0.3 mM N719 sensitizer was prepared by mixing 50 mL acetonitrile (J.T. Baker® Chemicals, PA, USA) and 50 mL 4 tert-butyl alcohol (99.7%, Sigma-Aldrich Corporation, MO, USA) with 0.036 g B2 (N719) dye (Dyesol, NSW, Australia). The mixture was left overnight at room temperature before it was ready for use. Apart from the individual sensitizers, we also prepared mixtures of both natural sensitizers with N719 for further analysis. Five different v/v ratios were prepared and denoted as mengkulang: N719 (80%:20%), mengkulang: N719 (90%:10%), mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%).

Fabricating DSSCs
Photoelectrodes were prepared by depositing titanium dioxide (TiO2) paste (WER 2-0, Dyesol, NSW, Australia) onto fluorine-doped conducting tin oxide (FTO) glasses (~15 Ω sq−1, Solaronix SA, Aubonne, Switzerland) as conductive glass plates via the doctor-blading technique. The electrodes were then sintered at 450 °C for 30 minutes. The photoelectrodes were subsequently dipped into their respective sensitizers, namely, mengkulang, rengas, and their mixtures [mengkulang: N719 (80%:20%), mengkulang: N719 (90%:10%), mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%)], for 24 hours at room temperature to allow sufficient time for the dye molecules to be absorbed onto TiO2 surface. Then, the TiO2 electrodes were removed and rinsed with methanol before being dried with nitrogen gas. The DSSCs were assembled by introducing the redox electrolyte (iodolyte AN-50, Solaronix SA, Aubonne, Switzerland) between the dyed TiO2 electrode and the platinum counter electrode. The platinum paste purchased from Solaronix was deposited onto FTO glasses (~8 Ω sq−1, Solaronix SA, Aubonne, Switzerland) and heated at 450 °C for 30 minutes. Surlyn® (60 μm, Meltonix 1170-60, Solaronix SA, Aubonne, Switzerland) was used to assemble the photo electrode and the counter electrode of the cell. 

Characterization and device performance
The absorption spectra were obtained using an ultraviolet–visible (UV–Vis) absorption spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan). The functional groups of the sensitizers were determined via Fourier transformed infrared spectroscopy (FTIR) using the Spectrum 400 FTIR Imaging System (PerkinElmer, Inc., MA, USA). The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were determined by photoluminescence (PL) analysis using FLSP920 fluorescence spectrometer (Edinburgh Instruments, Ltd., Livingston, UK) and cyclic voltammetry (CV) using the ModuLab system (Solartron Analytical, PA, USA). The CV measurements consist of three electrodes, namely, glassy carbon working electrode, platinum counter electrode, and silver/silver chloride (Ag/AgCl) reference electrode, at a scan rate of 100 mV/s. In this study, 0.1 M lithium perchlorate (LiClO4) is used as the supporting electrolyte. Current–voltage (I–V) measurement was conducted using a class AAA solar simulator (XES-40S1, San-Ei Electric Co., Ltd., Osaka, Japan) under an irradiation of 1000 W/m2. The maximum power conversion efficiency (ŋ) was calculated using the following formula in equation 1:

                									         (1)

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 (ff) was defined using the following equation 2:

								         (2)

where Imax and Vmax represent the maximum output value of the current and voltage, respectively; while Isc and Voc represent the short-circuit current and open-circuit voltage, respectively. Incident photon-to-current efficiency (IPCE) was also measured using a spectral response measurement system (IVT Solar PVE-300, Bentham Instruments, Ltd., Berkshire, UK).

Results and Discussion
UV–Vis analysis
The extracted crude sensitizers from rengas and mengkulang wood were examined under a UV–Vis spectrophotometer with methanol as the solvent reference. The absorption spectra of the crude sensitizers are shown in Figure 1. The intense peaks were found at 400 nm and 512 nm, which were observed in the rengas sensitizer. However, a broad shoulder appeared between 420 nm to 550 nm, which represented the mengkulang sensitizer. Based on these data, the rengas sensitizer can exhibit strong absorption at low wavelengths. Moreover, Figure 2 illustrates the absorption spectra of the mengkulang and rengas mixtures with the N719 sensitizer at five different percentage ratios. As shown in the figure, the absorption spectra of mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%) exhibit similarity to that of the individual rengas sensitizer. This finding may be attributed to the chemical characteristic of the rengas sensitizer, which is more dominantly absorbed onto TiO2 surface compared with the other sensitizers. Moreover, the absorption spectra of mengkulang: N719 (80%:20%) and mengkulang: N719 (90%:10%) also exhibit similarity to that of the individual mengkulang sensitizer because of the dominant effect of this sensitizer over the N719 sensitizer. 
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Figure 1:  UV–Vis absorption spectra of the mengkulang and rengas sensitizers

In addition, the absorption spectra of the mixed sensitizers absorbed onto TiO2 are also shown in Figure 2. Upon absorbed onto TiO2, the spectra did not present an obvious peak although wide shoulders were observed between 400 nm and 450 nm and between 500 nm and 550 nm for mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%), as well as between 500 nm and 550 nm for mengkulang: N719 (80%:20%) and mengkulang: N719 (90%:10%). The UV–Vis absorption of TiO2 without a sensitizer is also shown to compare it with those with absorbed sensitizers. Based on the comparison results, the absorption spectra of the sensitizers absorbed onto TiO2 exhibit a more stable and broader shoulder than that of TiO2 without a sensitizer; this characteristic enables the photoelectrode to harvest light from a broad spectrum of solar energy, which causes a device to generate high photocurrent [21]. Another important finding is that dye concentration also affects absorption value.
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Figure 2.  	UV–Vis absorption of the mixed sensitizers, the TiO2 electrode, and the sensitizers absorbed onto TiO2 (M stands for mengkulang; N denotes N719; and R indicates rengas).

FTIR analysis
The functional groups of the sensitizers were analyzed via FTIR spectroscopy, with potassium bromide as the background reference. Figure 3 shows that the patterns of the infrared spectra are similar for all samples probably because the functional groups present in all the investigated sensitizers are the same. The broad bands observed at 3323, 3309, 3340, 3352, and 3320 cm−1 were attributed to the vibrations of the free hydroxyl group (Ar–O–H) of phenols. The intense peaks observed at 2832 cm−1 and 2944 cm−1 were attributed to the stretching of the sp3 C–H bond. Moreover, the small shoulder that appeared at 1449 cm−1 was ascribed to the presence of aromatic C=C stretching, whereas the one observed at 1650 cm−1 was attributed to the presence of a C=N bond. The intense and long peak at 1023 cm−1 was ascribed to the presence of a C–O bond. Based on the collected information, the carboxyl and carbonyl functional groups do not exist in the studied natural sensitizers. Previous literature has reported that the functional group that is required to interact with TiO2 surface is either a carboxylic group or other peripheral acidic anchoring groups [22].  

[image: ]
Figure 3. 	FTIR analyses of the individual and mixed sensitizers (M stands for mengkulang; N denotes N719; and R indicates rengas)

PL Analysis
Band gap measurement was performed via PL analysis. The optical band gaps of the sensitizers were obtained from the relation Eg = hc/λ, where h is Planck’s constant, c is the speed of light, and λ is the emission peak obtained from the PL emission spectra. Table 1 provides the band gap measurements of all types of samples used in this study. Based on the data, the mengkulang and mengkulang: N719 (80%:20%) sensitizers exhibit the highest band gap value, that is, 2.38 eV, at the emission peaks of 522 nm and 520 nm, respectively. Furthermore, the mengkulang: N719 (90%:10%) sensitizer presents a slightly lower band gap value, that is, 2.36 eV at the emission peak of 525 nm. The remaining samples exhibit close band gap value of 2.15 eV for both the rengas sensitizer at the emission peak of 576 nm and the rengas: N719 (80%:20%) sensitizer at the emission peak of 578 nm. The band gap value of 2.16 eV was obtained for both the mengkulang: N719 (80%:20%) and mengkulang: rengas: N719 (40%:40%:20%) sensitizers at the same emission peak of 575 nm. As shown in Figure 4, the mengkulang, mengkulang: N719 (80%:20%), and mengkulang: N719 (90%:10%) sensitizers have broad emission peaks, whereas the other sensitizers exhibit similar emission peak patterns. In addition, 90% and 80% mengkulang present higher intensity than 90% and 80% rengas in the mixed sensitizers. Moreover, the mixed sensitizers with 10% N719 have higher intensities than those with 20% N719. 


Table 1.  Summary of optical band gap measurement
	Sensitizer
	λ max (nm)
	Eg = hc/λ (eV)

	Mengkulang (M)
	522
	2.38

	Rengas (R)
	576
	2.15

	M:R:N (40%:40%:20%)
	575
	2.16

	M:N (90%:10%)
	525
	2.36

	M:N (80%:20%)
	520
	2.38

	R:N (90%:10%)
	575
	2.16

	R:N (80%:20%)
	578
	2.15
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Figure 4. 	Emission spectra of the individual and mixed sensitizers (M stands for mengkulang; N denotes N719; and R indicates rengas

Cyclic voltammetry analysis
The HOMO–LUMO was calculated via CV [23]. The cyclic voltammograms of mengkulang, rengas, mengkulang: N719 (80%:20%), mengkulang: N719 (90%:10%), mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%) are presented in Figure 5. The calculated positions of the HOMO and LUMO levels are presented in Table 2 with respect to their individual reduction potential onset extrapolated from the voltammograms of the sensitizers [24]. Based on the HOMO–LUMO levels presented in Table 2, schematics were illustrated in Figures 6 and 7 to compare the energy levels of the investigated sensitizers in terms of vacuum level and normal hydrogen electrode (NHE).







Table 2.  Calculated HOMO–LUMO energy levels and band gap measurements
	Sensitizer
	Band Gap,
Eg(eV)
	Eoxonset vs
Ag/AgCl (V)
	LUMO Level
(eV)
	HOMO Level
(eV)

	Mengkulang (M)
	2.38
	0.29
	-2.31
	-4.69

	Rengas (R)
	2.15
	0.26
	-2.51
	-4.66

	M:N (80%:20%)
	2.38
	0.27
	-2.29
	-4.67

	M:N (90%:10%)
	2.36
	0.32
	-2.36
	-4.72

	M:R:N (40%:40%:20%)
	2.16
	0.32
	-2.56
	-4.72

	R:N (80%:20%)
	2.15
	0.27
	-2.52
	-4.67

	R:N (90%:10%)
	2.16
	0.31
	-2.55
	-4.71
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Figure 5. 	Cyclic voltammograms of the individual and mixed sensitizers (M stands for mengkulang; N denotes N719; and R indicates rengas)
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Figure 6. 	Schematic of the energy levels of TiO2 and the N719, mengkulang, and rengas sensitizers with respect to vacuum level and NHE (M stands for mengkulang and R denotes rengas)
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Figure 7. 	Schematic of the comparison of the energy levels of the investigated sensitizers with respect to vacuum level and NHE (M stands for mengkulang; N denotes N719; and R indicates rengas)

As shown in Figures 6 and 7, the LUMO levels of mengkulang, rengas, mengkulang: N719 (80%:20%), mengkulang: N719 (90%:10%), mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%) were located below the conduction band (CB) of TiO2. By contrast, the LUMO level of a sensitizer must be located slightly above the energy level of a semiconductor to enable the sensitizer to inject electrons into the conduction band of TiO2 with high quantum yields [25]. Given that the LUMO levels of the investigated sensitizers obtained in this study are lower than the CB level of TiO2, the performance of the cells is predicted to be poor.

I–V characteristics
Figure 8 shows the I–V curve of the mengkulang, rengas, mengkulang: N719 (80%:20%), mengkulang: N719 (90%:10%), mengkulang: rengas: N719 (40%:40%:20%), rengas: N719 (80%:20%), and rengas: N719 (90%:10%) sensitizers evaluated under the illumination of AM 1.5 global simulated solar light. The performances of the DSSCs are calculated and the results are presented in Table 3. The best performance is exhibited by the mengkulang: N719 (80%:20%) sensitizer, which presents a conversion efficiency (ŋ) of 0.58%, with an open circuit voltage (Voc) of 0.63 V,  a short circuit photocurrent density (Jsc) of 2.1 mA/cm2, and a fill factor (ff) of 0.44. The mengkulang: N719 (90%:10%) sensitizer follows with a conversion efficiency (ŋ) of 0.45%, Voc of 0.606 V,  Jsc of 1.7 mA/cm2, and ff of 0.44 under an irradiance of 1000 W/m2. Moreover, the other mixed sensitizers exhibit lower conversion efficiencies than the two synthesizers but still higher than those of the individual sensitizers, namely, mengkulang and rengas. Between these two, mengkulang achieves higher conversion efficiency (ŋ) of 0.16%, with Voc of 0.53 V, Jsc of 0.4 mA/cm2, and ff of 0.76. Meanwhile, rengas has conversion efficiency (ŋ) of 0.11%, Voc of 0.5 V, Jsc of 0.3 mA/cm2, and ff of 0.73. Based on the obtained data, the Jsc value is directly proportional to conversion efficiency (ŋ). Ooyama et al. [26] reported that the Jsc value is dependent on the interaction between TiO2 and the dye sensitizer. A high Jsc value directly indicates strong light-absorption capability and high electron-injection efficiency for a photoexcited dye. Hence, a high Jsc value will contribute to increasing conversion efficiency (ŋ).
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Figure 8. 	Comparison of the I–V characteristics of the individual and mixed sensitizers (M stands for mengkulang; N denotes N719; and R indicates rengas)

Table 3.  I–V characteristics and power conversion efficiencies (ŋ) of DSSCs with different type of sensitizers
	Sensitizer
	Voc
(V)
	Jsc
(mA cm-2)
	ff
	η/%

	Mengkulang (M)
	0.53
	0.40
	75.98
	0.16

	Rengas (R)
	0.50
	0.30
	72.88
	0.11

	M:N (80%:20%)
	0.63
	2.10
	44.00
	0.58

	M:N (90%:10%)
	0.61
	1.70
	44.41
	0.46

	M:R:N (40%:40%:20%)
	0.55
	1.60
	45.23
	0.39

	R:N (80%:20%)
	0.53
	1.10
	57.07
	0.33

	R:N (90%:10%)
	0.56
	0.70
	65.03
	0.25
















IPCE spectra
Figure 9 shows the IPCE spectra of all the investigated sensitizers. As shown in the figure, the mengkulang: N719 (80%:20%) and mengkulang: N719 (90%:10%) sensitizers exhibit the highest efficiency with two similar intense peaks at 354 nm and 540 nm, respectively. Meanwhile, the mengkulang: rengas: N719 (40%:40%:20%),  rengas: N719 (80%:20%), and rengas: N719 (90%:10%) sensitizers present similar curve patterns, where mengkulang: rengas: N719 (40%:40%:20%) has the highest efficiency, followed by rengas: N719 (80%:20%) and rengas: N719 (90%:10%). Both the individual sensitizers, namely, mengkulang and rengas, exhibit lower efficiencies compared with the mixed sensitizers, which are parallel to their lower efficiency in I–V characteristics. The results in IPCE percentage agree with the I–V data collected in this study. They are consistent with the findings of Kumara et al. [23], wherein low IPCE contributes to the low energy conversion efficiency (ŋ) of a DSSC.
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Figure 9. 	IPCE spectra of the individual and mixed sensitizers (M stands for mengkulang; N denotes N719; and R indicates rengas)


Conclusion
This study reveals the enhanced performance of DSSCs with natural sensitizers extracted from rengas and mengkulang mixed with N719 sensitizer. The best performance is exhibited by the mengkulang: N719 (80%:20%) sensitizer, with a conversion efficiency (ŋ) of 0.584%. This conversion efficiency shows an increment compared with the individual mengkulang sensitizer (0.161%). The mixed sensitizers present better photovoltaic performance than the individual sensitizers across all analyses. Their IPCE and I–V curves demonstrate parallel results. For example, mengkulang and rengas have low IPCE percentages, which contribute to low conversion efficiency. The HOMO and LUMO levels of all the investigated sensitizers have been calculated to determine their capability to inject electrons into the CB of TiO2. The LUMO levels of all the investigated sensitizers are located below the Fermi level of TiO2, which results in low conversion efficiency (ŋ). Although the efficiencies obtained using these natural sensitizers remain too low for large-scale practical applications, the obtained results may motivate researchers to conduct studies to explore these natural sensitizers further. 
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