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Abstract 

Natural dye sensitizer in photoelectrochemical shows a great potential in improving the efficiency of metal oxide semiconductor 

especially Titanium dioxide (TiO2) due to its prominent in absorbing visible light and also low cost. In this work, the effect of 

using pitaya peel as natural dye sensitizes to TiO2 has been studied through characterizations analysis and PEC test. The bare 

TiO2 thin films were fabricated on Fluorine-doped tin oxide (FTO) glass substrate by doctor blade method meanwhile dye-

sensitized TiO2 thin films prepared by immersion of TiO2 in the dye extracts. The fabricated thin films were characterized with 

Scanning Electron Microscopy (SEM), X-ray difractometer (XRD), UV-Vis spectrophotometer and photoelectrochemical 

analysis. The surface of TiO2 was porous and uniform meanwhile dye particles could not been observed due to very small size. 

The energy band gap of dye-sensitized TiO2 from the UV-Vis spectrum is 2.1 eV which is smaller than bare TiO2 (3.7 eV). 

Meanwhile, photoactivities of dye-sensitized TiO2 has the highest compared to bare TiO2 photoelectrodes which is 127µA/cm2 in 

6.25% v/v of pitaya dye in the electrolyte. 
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Abstrak 

Pemeka-pewarna semulajadi di dalam fotoelektromia (PEC) menunjukkan potensi yang bagus untuk meningkatkan keupayaan 

semikonduktor logam oksida terutamanya titanium dioksida (TiO2) disebabkan kemampuannya untum menyerap cahaya nampak 

dan kos yang rendah. Di dalam penyelidikan ini, kesan menggunakan kulit buah naga sebagai pemeka-pewarna semulajadi 

terhadap TiO2 telah dikaji melalui pencirian dan analisis fotoelektrokimia. Filem nipis TiO2 asli telah dihasilkan melalui kaedah 

Doctor blade di atas kepingan kaca bersalut FTO (Stanum oksida terdop fluorin) manakala filem nipis TiO2 dengan pewarna-

pemeka telah dihasilkan dengan merendam TiO2 ke dalam larutan ekstrak pewarna. Filem nipis yang telah terbentuk telah 

melalui beberapa analisis pencirian iaitu, Mikroskopi Elektron Imbasan (SEM), Difraktometer Pembelauan Sinar-X (XRD), 

Spektrofotometer Ultralembayung dan Cahaya Nampak (UV-Vis) dan juga ujian fotoelektrokimia. Permukaan TiO2 adalah 

berliang dan seragam manakala zarah pewarna tidak dapat dilihat disebabkan saiznya yang terlalu kecil. Jurang tenaga filem 

nipis TiO2 dengan pewarna-pemeka adalah lebih rendah iaitu 2.1 eV jika dibandingkan dengan TiO2 asli (3.7 eV). Manakala, 

fotoaktiviti bagi fotoelektrod TiO2 dengan pewarna-pemeka adalah lebih tinggi daripada TiO2 asli dengan 127µA/cm2 di dalam 

kepekatan 6.25% v/v pewarna di dalam elektrolit.  
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Introduction 

The hydrogen gas production by using solar energy is deliberated as one of the most significant sustainable and 

clean energy technologies [1].  Photoelectrochemical (PEC) water splitting is the most promising method in 

generating hydrogen gas. Metal oxide semiconductor such as TiO2, SnO2, and WO3 is widely studied as having a 

great potential as photoelectrodes in PEC system [2]. Nonetheless, TiO2 semiconductor is more favorable due to its 

good stability in thermal and chemical properties, inexpensive and non-toxic [3].  However, TiO2 is characterized 

by its wide band gap of 3.2 eV (anatase phase) and required Ultra-Violet (UV) irradiation which only absorb small 

fraction (< 10 %) of the sunlight energy [3, 4].  An improvement of TiO2 semiconductor can be achieved by using 

dye sensitizer plays as a main role in absorbing light energy in production of hydrogen [4]. Dye sensitizer has been 

widely studied caused by its great potential as sunlight harvester and improved PEC efficiency by increased light 

absorption in solar spectrum to visible light range [5]. The advantages of dye sensitizer includes low cost, minimal 

and simple fabrication process [6]. However, dye-sensitizer should have strong attachment to the surface of metal 

oxide semiconductor to achieved higher efficiency in PEC system [7]. Other than that, recombination also 

influenced the photocurrent generation in PEC reaction. Yet, the electron injection of dyes sensitizer is very fast 

while the back reaction is slow, hence the rate of recombination believed to be very small  [8]. 

 

Synthetic dyes such as ruthenium complexes may offer high efficiency in PEC however, due to its expensive cost 

and rarity as well as toxic materials, substantially lead to the use natural dye as sensitizer [9]. Up till now, various 

natural dyes pigments from plants and fruits has been utilized such as anthocyanins, betalains, chlorophyll and 

carotenoids because of their low cost in extraction process while having good light absorption in visible region  [10-

13]. Among all of the natural dye pigments, betalains is the most suitable candidate as a sensitizer to TiO2 

photoelectrode as its having essential anchoring group that can attached efficiently onto TiO2 surface which is 

carboxyl group [14].  

 

Red pitaya fruit is one of the new focuses for dye-sensitizers as it rich in betalains pigment. Betalain can be found in 

both peel and flesh of the fruit and also can be divided into the red-violet betacyanins and yellow-orange 

betaxanthins group that promise variants in colour.  However, in this study focused more on pitaya peel as it is a 

leftover product especially in beverage industries. The deep purple colour observed in pitaya peel contributes by at 

least seven known betalain that have identical maximum light absorption (λmax) namely betanin, isobetanin, 

betanidin, isobetanidin, phyllocactin, and bougainvilllein-r-I [15]. The advantage of betalains possess over other 

pigments is its anchor group that adsorb efficiently onto atoms of semiconductor. The study of betalain dye 

molecules bonding to the TiO2 subtrate has been reported previously. They suggested that ability of betalain’s 

anchor group, carboxyl is the key factors to an efficient PEC reaction [16]. 

 

So far, the literature study work on pitaya peel dye in PEC water splitting is still barely known [17]. Thus, our 

research particular interest is the uses of natural pitaya peel dye molecules as light harvester sensitizer and also 

finding the influence of dye molecules added in liquid electrolyte. 

 

Materials and Methods 

Dye pigment extraction 

Pitaya peel was macerated with double distilled water in a blender until completely homogenized in room 

temperature. The mixture is filtered by using vacuum filter to extract the dye and stored at 20 ºC prior to analysis. 

Any contact of the dye extract to the light was inhibited to avoid change in colour. 

 

Fabrication of thin films 
Prior to fabrication process, Fluorine-doped Tin Oxide (FTO) glasses were cleaned using ultrasonicator by 

immersed into three different solvent sequentially; ethanol (Merck), acetone (Merck) and single distilled water for 5 

minutes each at 30 ºC. After that, the cleaned FTO glasses were dried at room temperature. In the meantime, TiO2 

paste was prepared using nanoparticles powder of titanium dioxide P25 Degussa (Sigma Aldrich) mixed with 

double distilled water at ratio 1:3 of mass (g) to volume (ml). Then, the paste was stirred by using spatula to ensure 
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homogenous mixture. The TiO2 paste was coated on top of FTO glass by Doctor Blade method and the thickness of 

thin films were controlled by taping the scotch tape at sides of FTO glass. Later, TiO2 thin film were calcined and 

sintered in a furnace at 450 ºC for 2 hours with constant heating of 5 ºC/min. The preparation is carried out in 

duplicates to prepare TiO2 with dye sensitizer thin films. 

 

After cooling down, the sintered TiO2 thin film was soaked into a container filled with pitaya peel dye up to 24 

hours in room temperature and dark condition to allow the adsorption of the dye molecules as a sensitizer. Later, the 

non-adsorbed materials on TiO2 with dye sensitizer thin film were removed by distilled water. The thin film stored 

at 0ºC for further analysis and any contact with light is prevented to keep its colour stability.  

 

Characterization and Photoelectrochemical (PEC) test of thin films 
All of thin films prepared were characterizes using X-ray diffraction measurement, XRD (Bruker D8 Advance 

diffractometer) with CuKα radiation in determining its structure and crystallinity. The percentage of the anatase and 

rutile crystalline phase was determined using following Equation 1 [18]: 

 

              Anatase (%) =
1

1+1.265 (
Irutile

Ianatse
)

 x 100%                                                                     (1) 

where Ianatase and Irutile are the intensities at highest peak of anatase and rutile phase respectively for TiO2. 

Menawhile, the size of crystal can be measured by using Scherrer Equation 2 [19]: 

 

              D = 
Kλ

β kos θ
                                                                                           (2) 

where K is the crystal shape factor (0.9), λ is the wavelength of x-ray (CuKα1 = 0.15406 nm), β is full width at half 

the maximum intensity (rad) and θ is diffraction angle. 

 

The morphology, grain sizes, and thickness of the thin films were studied with scanning electron microscope, SEM 

(Zeiss AM10). Meanwhile, the light absorption of thin films was measured by UV-Vis spectrophotometer 

(PerkinElmer Lambda 35). Light absorption of thin film can be calculated using following Equation 3: 

 

T = e
-αd

                                     (3) 

where T is normalised transmittance, α is the absorption coefficient, d is the thickness of the film (cm). Besides that, 

the optical absorption coefficient is corresponding to the energy band gap (Eg) determined by using the Tauc 

formula (Equation 4): 

 

Αhv = B(hv-Eg)
n
                     (4) 

where A is a absorption coefficient, B is a constant; Eg is optical band gap energy of the film and n is the exponent. 

For crystalline semiconductors, n is ½, 3/2, 2, and 3 when the transition is direct allowed, direct forbidden, indirect 

allowed and indirect forbidden respectively. 

 

For the study of photoelectrochemical (PEC) activity, FTO glass coated with thin films were assembled with copper 

wire as described by Minggu et al [20] to form photoelectrodes. A PEC cell set-up with optical window was used 

with three electrodes system which consists of a working electrode (fabricated photoelectrodes), a counter electrode 

(platinum electrode) and a reference electrode (Saturated Calomel Electrode) whereas double distilled water with 

dye as electrolyte. Beforehand, the electrolyte was purged with nitrogen gas for 30 minutes. The analysis was 

carried out under 100mWcm
-2

 Xenon full arc lamp as light source with Ametek Versastat 4. The initial and final 

potential was set to -0.5V and 1.5V respectively where the scan rate is 0.05V/s. 

 

 

 

 

https://en.wikipedia.org/wiki/Intensity_(physics)
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Results and Discussion 

Morphological analysis 
The images of surface and cross sectional morphology for bare TiO2 and TiO2 with dye sensitizer thin films can be 

observed using Scanning Electron Microscopy (SEM) as shown in Figure 1. The surface of TiO2 thin film 

demonstrates porous with good uniformity which can be benefit to support dye adsorption [21].   The thickness of 

bare TiO2 has been measured from cross-sectional image which is approximately 6 µm meanwhile dye-sensitized 

TiO2 is approximately 8 µm which is 2 µm thicker than the bare TiO2. Dye particles were not clearly visible on the 

surface and cross-sectional of TiO2 with dye sensitized thin films due to very small size of dye molecule. Besides 

that, the particles size of TiO2 is almost in the same size and agglomerated with 40 nm in average.   

 

 

 

 

Figure 1.  SEM images of (a) bare TiO2 and (b) dye-sensitized TiO2 thin films for its (i) surface and (ii) cross 

sectional respectively 

 

 

Crystalline structure of thin films 
Figure 2 shows the X-Ray Diffraction (XRD) pattern of TiO2 and dye-sensitized TiO2 thin films deposited onto 

FTO surface. The P25 Degussa TiO2 nanoparticles contain 74 % anatase and 26 % rutile with average crystallite 

size of 20 nm obtained from Equation (1) and (2), respectively. Anatase peaks were observed at 2θ of 25.43°, 48.15° 

and 54.70° where correspondingly located at plane (101), (200) and (105) which in agreement with reported by 

Hamadanian et al. [21]. Meanwhile, the strongest peak of rutile appears at 27.55° at plane (110). In general, anatase 

phase is phocatalytically more active compared to rutile due to low rate of eletron-hole recombination [22]. Besides, 

the addition of dye sensitizer on TiO2 thin films did not change the percentage of the anatase and rutile crystalline 

phase. However a new diffraction peak was exhibited at 2θ of 26.64° due to the present of mineral salts in dye 
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which later form crystal phase. In addition, there is increment in intensity of TiO2 peaks which suggest that the 

crystallinity of TiO2 is improved with adsorption of dye particles to TiO2 crystal lattice. 

 

 

 

Figure 2.   X-Ray Diffraction (XRD) pattern of (A) FTO, (B) TiO2 and (C) dye-sensitized TiO2 thin films deposited 

onto FTO 

 

Optical light absorption and band edge analysis 

Measurement of optical light absorption and band edge of pitaya peel dye and thin films has been done using UV-

Visible spectrophotometer. The visible light makes majority of solar spectrum at wavelength range between 400 nm 

and 800 nm.  Generally, the natural pitaya peel extracts contains mixture of several group pigments of betalain. In 

this study, the maximum light absorption (λmax) for betalain pigments at about 546 nm as shown in Figure 3 which 

almost same as characteristic absorption of betacynanin, one of the red violet betalain group [23]. It shows that they 

have good light absorption at visible light portion and can utilize more photon energy. From the equation (3) and (4) 

shown in Section 2.3, the energy band gap, Eg of pitaya peel dye is 2.1 eV which include in  the range of ideal band 

gap for PEC(1.23 eV < Eg < 3.0 eV).  

 

 

Figure 3.  UV-Vis spectrum of pitaya peel dye pigment 
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Figure 4.  Optical light absorption (A) and direct allowed transition band gap (B) of bare TiO2 and dye-sensitized 

TiO2 thin films respectively 

 

 

Photoelectrochemical analysis 

Figure 5 shows measurement of photocurrent density for bare TiO2 and dye-sensitized TiO2 photoelectrodes in 

different concentration of dye in water electrolyte. The highest photocurrent density achieved by bare TiO2 are by 

6.25% and 12.5% v/v concentration of pitaya peel dye in the electrolyte which is 93 µA/cm
2 

as shown in Figure 5 

(A). However, the increased concentration of dye in electrolyte has decreased the photocurrent density with 66 

µA/cm
2 

at 100% v/v concentration of dye. In the meantime, the lowest photocurrent for bare TiO2 is 43 µA/cm
2
 

without the addition of dye molecule electrolyte (0% v/v). From the Figure 5(B), dye-sensitized TiO2 shows the 

increment in photocurrent density compared to bare TiO2 where the highest photocurrent gained is 127 µA/cm
2
 in 

6.25% v/v concentration of pitaya peel dye in the electrolyte. Meanwhile, zero adding of dye molecule (0% v/v) has 

produced the lowest photocurrent which is around 52 µA/cm
2
. 

 

From the result, the present of dye-sensitizer layer on top of TiO2 film has enhanced the production of photocurrent. 

This is due to the betalain molecules in pitaya peel dye-sensitizer has improved the light absorption of TiO2 thus 

reducing the band gap. Besides that, functional group of carboxylic acid in betalains have forms a reversible binding 

with high equilibrium binding constant between TiO2 surface and dye molecules in order to establish bonds and 

attached efficiently [24]. In dye-sensitized TiO2 photoelectrode, the absorption of photon energy cause the electron 

transfer from highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) 

following dihydropyridinie which attached on carboxyl group of dye-sensitizer. This caused photoexcitation dye 

state coupled electronically with an acceptor states in conduction band TiO2 and lead to fast electron injection and 

increased photocurrent generation [10, 16, 25].  

 

In the other hand, water is a poor electrolyte [26] and proven in this study as having the lowest photocurrent density 

for both bare TiO2 and  TiO2 with dye sensitizer (0% v/v). However, the addition of dye molecules in electrolyte has 

shown increment in the photocurrent generation for both photoelectrodes. This may due to degradation of dye in 

electrolyte has made it as an electron donor to fill-up holes leaved by photoexcited electrons. Moreover, for dye-

sensitized TiO2 photoelectrode, dye-added molecules in the electrolyte has reduce driving force of desorption of the 

dye from TiO2 surface hence increase its stability in water [27]. 
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Figure 5.  Performance of photocurrent density of (A) bare TiO2 and (B) TiO2 with dye sensitizer on different 

concentrations of pitaya peel dye in electrolyte 

 

 

Conclusion 

In this work, dye-sensitized TiO2 was successfully fabricated using pitaya peel dye. There is no significant change 

in morphological studies of dye-sensitized TiO2 thin film compare to bare TiO2 due to its very fine of dye particle 

size. However, the crystallinity of TiO2 has improved by the present of dye’s crystal structure without change its 

phase. Besides, the light absorption dye-sensitized TiO2 also has extended into visible light region. By using pitaya 

peel as dye-sensitizer has shown an increment in photocurrent generation in water splitting reaction. Furthermore, 

additional of dye molecules also has influenced photocurrent density where dye-sensitized TiO2 photoelectrodes 

with 6.25% v/v of dye in electrolyte has the highest photocurrent density with 127µA/cm
2 

under the Xenon lamp. 
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