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ABSTRACT 

The application of a passivation layer on the titanium dioxide (TiO2) photoelectrode, along with 

the treatment of dye sensitizers utilizing dye additives, represents two fundamental approaches 

utilized to enhance the efficiency of photogenerated electrons in dye-sensitized solar cells 

(DSSCs). This study represents a novel exploration into the combined application of MgSO4-

doped TiO2 passivation photoelectrodes and MgSO4 dye additives, with a meticulous 

examination of their collective impact on the performance of dye-sensitized solar cells (DSSCs). 

The effects of MgSO4 incorporation to TiO2 on the morphological, structural, and optical 

properties were analyzed using field-emission-SEM (FESEM) and ultraviolet–visible 

spectroscopy (UV–Vis Spectroscopy). Meanwhile, the effect of MgSO4 dye additive on the 

functional group of the natural dye sensitizer extracted from Mitragyna speciosa (MS) was 

investigated using FTIR spectroscopy. Finally, the performances of four different types of solar 

cells with various treatment procedures were compared. Among the evaluated cells, the double 

treatments cell involving the MgSO4-doped TiO2  followed with MgSO4 treated dye additive 

process   (i.e, MgSO4-doped TiO2-A) is verified to be superior to others in terms of power 

conversion efficiency, ɳ and photocurrent density, Jsc of 0.86 %, and 3.38 mA/cm2, respectively. 

The enhancement in power conversion efficiency can be attributed primarily to the elevated 

photocurrent density, Jsc, and open circuit voltage, Voc. These factors are intricately linked to 

the advantages of a passivation layer that reduced recombination as well as lowering interfacial 

resistance at the cell’s interfaces, secondly due to dye additive that improving dye molecules 

attachment to the TiO2 nanoparticles. The co-active impact has significantly influenced the band 

structure, charge transport, and recombination processes within the cell. 

Keywords: DSSC, Dye-additive, Charge transport, MgSO4-doped TiO2, Mitragyna speciosa, 

Passivation 

 

1. INTRODUCTION 

 

Dye-sensitized solar cells (DSSCs) represent a prominent approach to harnessing solar energy, garnering growing 

interest due to their numerous advantages such as  low production cost, high efficiency, flexibility and ease of 

fabrication if compared to traditional silicon-based solar cells. [1][2][3][4]. In general DSSC devices comprises 

of photoanode, dye molecule sensitizer, electrolyte, and counter electrode [5]. The photoanode, as the first 

component of the DSSC, is essential for the attachment of dye molecules and for enabling the processes of electron 

generation and transfer within the cell. The DSSC employing titanium dioxide (TiO2) as a photoanode has attained 

notable efficiencies of up to 14% [6][7]. To achieve higher performance photoanode, some modification processes 

such as TiO2 doping can be employed during the preparation of the photoanode. The purpose of doping is to 

modify the optical and/or electrical properties of TiO2 thin films, typically achieved through the intentional 

introduction of metal cations as impurities into the titanium dioxide crystal lattice [8][9][10].  

Magnesium, Mg, is an alkaline earth of a divalent metal cation that has been utilized as dopant in TiO2 anatase to 

enhance photocatalytic activities for various applications, including photocatalysis and DSSCs [11][12]. From an 

atomic standpoint, the Mg cation (0.72 Å) possesses a slightly larger atomic radius compared to the Ti cation 

(0.64 Å), which positions Mg as a favourable option for doping to modify bandgap alignment of the final 

composition [13]. Moreover, Mg has a lower conduction band (CB) than TiO2 which results in squeezing the 

conduction-band, CB of TiO2 thereby, enhancing the photo absorption [12]. Again, Mg is the most popular p-type 

dopant for enhancing the optoelectrical effect of gallium nitride (GaN), a widely used material for blue light-
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emitting diodes, as well as zinc oxide thin film modification for sol–gel technique applications [14]. It is also 

reported that Mg doping is applied in positive electrode materials rich in nickel for Li batteries to hinder the Ni 

migration into the Li layer and increase capacity retention [15]. Furthermore, due to the similarity in the ionic 

radius of Mg2+ and Li+ ions made it a good choice as the dopant element. From another standpoint, particularly 

regarding the dye additive, the benefits of this additive have been documented by numerous studies. We have 

documented multiple investigations employing various salt materials for dye additive, including Al2(SO4)3 and 

MgSO4 [21,32]. Based on the findings of those investigations, it has been observed that the addition of dye showed 

a remarkable improvement in photocatalytic activity, dye adsorption on TiO2 nanoparticles, and protonation level, 

all of which ultimately contributed to the performance of the cell. 

 

 

 
Fig. 1. (a) Fresh MS leaves (b) various types of dye solutions (after immersed with each electrode) (c) Four 

different types of photoelectrodes investigated in this study 

 

Figure 1(a) presents the fresh sample of MS leaves utilized in this investigation. In the meantime, different samples 

of the dye solutions after immersion are presented in Figure 1(b). Figure 1(c) illustrates four distinct types of TiO2 

photoelectrodes developed through the experimental procedure, labeled as follows: TiO2 (pure TiO2), TiO2 with 

additive (TiO2 -MgSO4-A), magnesium sulfate-doped without additive (MgSO4-doped TiO2), and magnesium 

sulfate-doped TiO2 with MgSO4 additive (MgSO4-doped TiO2 -A). Apart from the TiO2 photoanode, this research 

utilized dye molecule sensitizer extracted from fresh leaves of Mitragyna speciosa (MS), which is part of the 

Rubiaceae family and the Naucleeae tribe. The leaves are known as kratom or ketum in Southeast Asia, 

particularly Thailand and Malaysia, while in Western countries, “kratom” is the predominant name. The native 

ecological habitat for kratom is wet and rich soils, with medium to full sun exposure zones and high doses of 

ultraviolet (UV) light [16]. Ghazali et al. [17] performed experimental analysis to investigate the pigment extracted 

from kratom leaves. The authors reported kratom leaves contain highest alkaloid contents and its leaves have a 

high concentration of chlorophylls. Chlorophylls are green-coloured macrocyclic pigments and the primary 

photosynthetic pigments in nature [18]. Furthermore, chlorophylls can be considered as ideal photosensitisers in 

DSSC due to their highly stable polycyclic network of alternating single and double bonds (polyenes) conjugated 

structure, that allows the orbitals delocalization [8]. Nevertheless, making chlorophylls as a potential source of 

eco-friendly dye in numerous studies [19]. Moreover, Calogero and co-workers highlights that cells treated with 

chlorophyll derivatives as sensitisers have a conversion efficiency of more than 2% [20]. 

Following the successful establishment of MgSO4 as the dye additive for the MS dye in our previous study [21]. 

In this present research we investigated the combined effect of  co-active procedure (passivation layer and dye 

treatment using MgSO4) through MgSO4-doped-immersed TiO2 (i.e. MgSO4-doped TiO2 nanoparticles then 

immersed in the MgSO4-treated dye solution) which is denoted as MgSO4-doped TiO2-A. To the best of our 

knowledge, the co-active approach of MgSO4-doped TiO2 -A photoelectrode utilized in DSSC represents the 

inaugural instance of this investigation. Firstly, the structural, surface morphology, optical and electrical 

properties of MgSO4-TiO2 thin films. were characterized using FESEM, EDX and UV-Vis spectroscopy. The 

functional group and chemical bonding of the treated and untreated chlorophyll dyes were analysed using FTIR. 

(c) 
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Finally, the current density-voltage (I-V) characteristics was measured and analysed under AM 1.5 illumination 

with 100 mW/cm2  light intensity to evaluate the performance of MS dye for each sample. 

 

2. Experimental Procedure 

2.1 Materials  

Indium tin oxide (ITO) conducting glass plates (1 mm thick, 80% transparency; was obtained from Biotin Glass 

Co. Titanium dioxide (TiO2) nano-powders (99.7% purity, P25, particle size: <25 nm), Tetrabutylammonium 

iodide (TBAI) (electrolyte), acetonitrile (98%), iodine (I2) was obtained from Aldrich Co. A magnesium sulfate 

(MgSO4) crystalline solid was supplied from Sigma Aldrich, which was used as both an additive and doping. 

Methanol (99%) was purchased from QRëC. Acetic acid (98%) was obtained from Merck & Co. Filter paper 

(Whatman, No. 1) and was purchased from Modern Lab. Meanwhile, the digital multimeter (Model: RS 14) was 

purchased from RS PRO and the ultrasonic bath (Digital Ultrasonic Cleaner: Model: PS-40A) was obtained from 

Alibaba.com, respectively. Magnetic stirrer (RET Basic) was purchased from IKA Magnetic Stirrers and 

(Hamilton Beach Commercial, Model: HBB909). Finally, MS leaves used as a natural dye were obtained from a 

local supplier in Pulau Pinang, Malaysia. All materials were used without further purification. 

2.2 Preparation of natural plant 

Fresh Mitragyna speciosa (MS) leaves were collected from the local licensed supplier from the district of Seberang 

Perai, Pulau Pinang, Malaysia. The leaves were authenticated by certified botanist, Dr. Farah Alia Binti Nordin, 

from the School of Biological Sciences, University Science Malaysia (USM), Malaysia. The voucher specimen 

No. is 11074. The leaves were cleansed with de-ionized water (DI) and allowed to naturally dry at room 

temperature before being crushed using a grinder (Hamilton Beach Commercial, Model: HBB909). Then, 40 

grams of ground MS leaves were dispersed in 50 ml of methanol (100%, v/v) and the mixture was stirred using a 

magnetic stirrer to facilitate the dissolution of chlorophyll in methanol. Afterwards, filtration process was carried 

out using filter paper (Whatman, No. 1) and the filtered dye solution was divided into four beakers. Then, the dye 

solution was completely dissolved in two beakers with 0.3 g of MgSO4 each and denoted as TiO2-MgSO4-A and 

MgSO4- doped TiO2-A, respectively. The remaining dye solutions were denoted as TiO2 and MgSO4-doped TiO2. 

In the preparation of photoelectrodes, ITO-coated TiO2 with and without additive (TiO2 and TiO2-A) and ITO-

coated magnesium-doped with and without additive (MgSO4-doped TiO2 and MgSO4-doped TiO2) were finally 

submerged in their respective dye sensitiser solutions.  

2.3 Preparation of conductive ITO glass 

Indium tin oxide (ITO) glass substrates (2.5 cm x 2.5 cm, 8 Ω/sq) were utilized as anode and cathode. The 

conductive side of the ITO glasses was identified using a digital multimeter. The ITO conducting substrates were 

first cleaned in an ultrasonic bath with acetone for            20 min. After that, the ITO glass substrates were rinsed 

with distilled water to remove any mineral traces before air drying at room temperature. 

For the preparation of undoped TiO2 and magnesium-doped TiO2 (MgSO4- doped TiO2): The undoped and 

magnesium-doped TiO2 pastes were prepared using 2 g of anatase powder, 5 mL of DI water, and 1 mL of acetic 

acid and 1 mL of diluted detergent. Typically, 1 mL of acetic acid was mixed with 5 ml of DI water and 

continuously stirred until the solution was homogeneous, using a stirrer. Then, the solution was poured into 2 g 

of TiO2 powder and stirred for 8-10 min to obtain a homogenous mixture. Finally, 1 mL of diluted detergent was 

added to the paste and stirred until it was smooth and lump-free. To avoid bubbles, the mixture was slowly stirred 

at a low speed. The method for the magnesium-doped procedure was similar to the above, the only difference is 

that for the first step, 0.03 g of MgSO4 was dissolved in a 5:1 volume ratio of DI water and acetic acid and stirred 

until complete dissolution and homogeneity were attained. Both pastes were sonicated for 30 min to form a good 

coating and required to be stored for at least one night before being utilised as photoelectrode in DSSC.  

2.4 Electrolyte preparation 

The iodine/triiodide electrolyte was synthesized following the methodology outlined in a prior investigation [22]. 

In general, the liquid iodine was prepared by utilizing a colloidal suspension consisting of 0.127 g of granule 

iodine (I2), 0.83 g of Tetrabutylammonium iodide (TBAI), and 10 ml of acetonitrile. 

2.5 Preparation of counter electrode  

Graphite from 2B pencil lead (Faber Castell)  was used as catalytic material on the conducting sides of the ITO 

glass [23]. 

2.6  Photoelectrodes and DSSC fabrication 

To prepare the TiO2 photoelectrodes, a region of 1 cm × 1 cm was patterned with scotch tape, and a suitable 

amount of TiO2 paste was deposited on the glass substrate using the Dr Blade technique. Then, the ITO substrates 

were placed in a tubular furnace (Nabertherm Universal Tube Furnace, B180). The prepared films were annealed 

at 550 °C for 40 min. The TiO2 electrodes were then allowed to cool at room temperature to prevent the surface 

of the thin film from cracking before being removed from the furnace [24]. The prepared photoelectrodes were 

then immersed in their respective dye solutions for 24 hrs, allowing the dye molecules to be adsorbed on the 

surface of the TiO2 nanoparticles. Based on the measurement evaluated by a Surface Profiling instrument (Veeco, 

Dektak 150), the thickness of the prepared TiO2 photoelectrodes was approximately 15 µm. The photoelectrodes 

were rinsed with methanol and then the two photoelectrodes were finally assembled using binder clips. Finally, 

an electrolyte was injected into the space between the electrodes. The active area of the device was 1.0 cm2.  
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2.7 Characterization and measurements 

 The optical absorbance from 400 nm to 800 nm were obtained using ultraviolet-visible spectroscopy (UV-Vis) 

(Lambda 25, Perkin Elmer). The functional group of the dyes was examined using FTIR (Thermo Scientific 

Nicolet 6700; software: OMNIC 8). The surface shape and elemental content of TiO2 nanoparticles were 

performed using Field Emission- Scanning Electron Microscopy (FE-SEM - Model Nova NanoSEM 450, Thermo 

Fisher). A confocal Micro-Raman Imaging System (Horiba XploRA Plus, UK) instrument with the wavelength 

of 525 nm was used to acquire Raman spectra of the samples. The thickness of the annealed sample was measured 

using a Surface Profiler (Veeco, Dektak 150).  

2.8  DSSC photo-conversion efficiency, PCE 

The photovoltaic DSSC parameters were examined using a Keithley source meter (Model: 4200 SCS), under a 

simulated solar light power supply (AM 1.5, 100 mW/cm2) provided by a simulator (Oriel, 91160-1000). The 

active area was 1.0 cm2. The open-circuit voltage (Voc), short circuit current density (Jsc), and fill factor (FF) 

were used to characterise the photovoltaic performance of the solar panels. The fill factor (FF) was calculated 

based on the I-V curve using formula (1) [25]. 

           FF = (Imax × Vmax) ÷ (Isc  × Voc)                                                   (1) 

Where, Imax and Vmax are the maximum current-density and maximum voltage for Pmax (maximum power 

output), Isc is the short-circuit current and Voc is the open-circuit photovoltage respectively. The total conversion 

efficiency (ƞ) of a solar cell is calculated through equation (2)[26].   
  Efficiency, η = ( Jsc × Voc × FF ÷ Pin )              (2) 

Where Pin is the incident light power on the cell and Jsc is the short-circuit current density. 

 

3. RESULTS AND DISCUSSION 

 

3.1 FESEM and EDX analysis 

3.1.1 FESEM analysis 

The surface morphologies of the pure TiO2 and MgSO4-doped TiO2 were probed by Field Emission Scanning 

Electron Microscopy (FESEM) and the images are shown in Figure 2 (a) and Figure 2 (b). The formation of a 

nanoporous structure with average nanoparticles of 25 nm was identified using a 400 nm scale TLD detector. As 

can be noted, the comparison of the two images indicates that the morphology of the undoped surface exhibits a 

slightly porous structure compared to the doped surface. This phenomenon may arise from the integration of 

magnesium sulfate (MgSO4) granules, which adhere to the surface of titanium dioxide (TiO2) resulting in a more 

compact surface structure. The MgSO4-doped TiO2 film has lesser pores with network appears to be more 

interconnected which can be attributed to the addition of dopant into the anatase lattice of TiO2. 

Secondly, it can be observed that the size of most particles in Figure 2(a) was 25 nm, however in Figure 2(b), 

some of the particles were mixed ranging from 35 nm to 40 nm. M. Rashad et al.[27], revealed that the particle 

size of Mg can be varied from 30 nm to 50 nm, while the particle size of TiO2 ranges from 20 nm to 25 nm. It is 

also known that metal ions could be easily substituted into the TiO2 lattice if their ionic radii were comparable to 

the Ti4+ cations [30]. This indicated that the larger particles, which were considered to be Mg particles, were 

effectively deposited on the TiO2 surface [28]. The formation of a porous TiO2 photoanode is crucial for the 

fabrication of high-performance DSSCs, as it offers a high specific surface area for dye adsorption and allows for 

deep infiltration of the liquid electrolyte. The size of the pores in TiO2 particles influences the characteristics of 

dye adsorption and electrolyte diffusion. The TiO2 photoanodes created with porous particles are anticipated to 

enhance the dye loading on the electrodes and improve the transport of the electrolyte, consequently boosting the 

efficiency of the DSSCs. [29].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. FE-SEM images of (a) Pure TiO2, (b) MgSO4-doped TiO2 films at 200,000× magnification 
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3.1.2 EDX Analysis  

The EDX spectra and chemical composition of pure TiO2 and Mg-doped TiO2 thin films are shown in Figure 3, 

and their elementals composition are summarised in Table 1. The elemental composition analysis performed 

clearly shows the presence of magnesium in the MgSO4-doped TiO2 sample together with the leading component 

Ti and O.  

 

 

 
 

Fig. 3. EDX spectra of (a) Pure TiO2 and (b) MgSO4-doped TiO2 

Table 1 EDX analysis for the Pure TiO2 and MgSO4-doped TiO2 particles 

TiO2    

Elements          at %     wt% 

O          60.02     33.40 

Ti          39.98     66.60 

Total          100     100 

    

Elements          at %     wt % 

O          57.59     31.67 

Ti          40.21     66.20 

Mg          1.20     0.92 

S          1.00     1.21 

Total          100                                                                         100  

 

Meanwhile, for pure TiO2 photoelectrode, the atomic percentages of Ti and O are 39.98 % and 60.02 %, 

respectively. Because of the bonding chemical formula of TiO2, the data shows that oxygen has a higher mass 

than Ti (O - Ti – O). Moreover, the analysis of both samples reveals that the TiO2 nanoparticles are completely 

free from any external impurities, confirming their exceptional purity and suitability for use as photo materials 

with natural dye [31,32].  

3.2 Raman analysis 

Ohsaka et al. [33] reported that TiO2 anatase phase contains six Raman active modes (designated A1g +B1g +Eg), 

two infrared (IR) active modes (designated A2u and Eu) and a silent mode (designated B2u). However, in this study, 

the modes that appeared in both samples are Raman active modes which can be observed at 133 (Eg), 389 (Eg), 

504 (A1g), 506 (A1g) and     631 (Eg) cm-1. These modes are assigned to the Eg and A1g modes as reported by 

Alamgir and  co-workers [34]. 

(a) 

(b) 
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Fig. 4. Raman spectra for pure TiO2 and MgSO4-doped TiO2  

To further confirm that MgSO4 is incorporated into the framework of anatase TiO2, Raman spectroscopy for the 

sample is also studied in the range of 100-800 cm-1. In this section, only two measurements are displayed; 

nevertheless, the other two parameters for TiO2-MgSO4-A and MgSO4-doped TiO2-A) were negligible. Figure 4 

demonstrates the typical spectra Raman of anatase TiO2 with four vibrational bands at 133, 389,504, and 631 cm-

1, conforming with the literature reported [34]. Meanwhile, the Raman vibrational peaks of MgSO4-dopedTiO2 

were observed at 133 (Eg),389 (Eg),506 (A1g) and 631(Eg) cm-1 respectively. The effective doping of TiO2 film 

with MgSO4 is evidenced by the blue-shift peak position observed in Raman spectroscopy. In addition, it 

also indicates a significant distortion in the original anatase lattice is occurring due to Mg substitution [35]. In a 

nutshell magnesium ions have been integrated into the TiO2 lattice and framework of TiO2 anatase. Furthermore, 

it is also noticed that the increase in crystallite size and peak intensity upon doping also suggests the successful 

incorporation of MgSO4 into the TiO2 film which was supported by previous EDX results. 

3.3 UV-Visible Spectroscopy Analysis 

The absorption spectra of four different dye solutions (after dye immersing process) were analyzed using UV–Vis 

spectroscopy in the range of 400–800 nm wavelength and their spectra were presented in Figure 5 (a). It could be 

noticed that all of the post immersion dye samples containing MgSO4, whether as a doping agent or additive, 

exhibited higher and a red shift in the absorption, and these were primarily attributed to the Mg doping [28].  

Having absorption in the visible spectrum indicates that the MS dye was suitably used as a photosensitiser in 

DSSC applications. The enhanced light absorption of the dye solutions containing MgSO4 were basically due to 

the decreases in the HOMO-LUMO energy levels of the dye, which makes it easier for electrons to jump from 

valence to the conduction band [36]. Due to the direct application of MgSO4 into the dye solution, the highest 

peak in visible light absorption were observed in the MgSO4-doped TiO2-A thin film and TiO2-MgSO4-A. Another 

possible reason for the higher UV peak position were due to the pH level of both solutions, which became more 

acidic after the dissolution of the MgSO4 additive. Dissolution process increased the levels of free positive 

hydrogen ions (protonation) and enhanced the acidity of the dye solutions, consistent with observations 

documented in earlier studies [24]. Moreover, the addition of MgSO4 to TiO2-A and TiO2-MgSO4-A led to a 

broader visible range, thereby improving the effectiveness of light energy conversion into photo-generated 

electrons [24].  

The increased acidity of the dye solutions due to dissolution was accompanied by an enhancement in the bandgap, 

Eg, of the dye molecules, which is linked to a higher LUMO. The higher LUMO level of the dye facilitates more 

rapid electron injection within the system. The Tauc plot technique stands out as one of the most effective 

approaches for ascertaining the bandgap energy of the dye solution. The determination of Eg was carried out using 

the equation (3) [37], derived from the previously plotted ultraviolet-visible data. Meanwhile Figure 5 (b) 

illustrated the band gaps of TiO2, TiO2-MgSO4-A, MgSO4-doped TiO2 and MgSO4-doped TiO2-A thin films, 

respectively. 

                                                                       αhν=A(hv − Eg)n       (3) 

where α is the absorption coefficient, ℎ𝜈 is the photon energy, A is a constant, Eg is the optical bandgap and ո 

denotes the electronic transition, whereby n=2 is direct allowed transitions. The calculated bandgap energies are 

given in Table 2 and the values of the bandgap were in the range of 1.814 eV to 1.823 eV. The Eg values for TiO2 

and TiO2-MgSO4-A obtained from the graph were found to be 1.814 eV to 1.820 eV. Meanwhile, the Eg values 

for MgSO4-doped TiO2 and MgSO4-doped TiO2-A were 1.818 eV and 1.823 eV, respectively.  

The bandgap exhibited an increase from 1.814 eV to 1.818 eV following the doping process. The presence of the 

Mg2+ dopant leads to the formation of oxygen vacancies, which are directly associated with the absorption and 

transportation of photons within the TiO2 structure [38]. This finding suggests that there is an enhancement in 
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photon absorption of the film as a consequence of Mg doping. Therefore, improving the light absorption of the 

photoanode is a viable approach to enhance the performance of dye-sensitised solar cells [39]. Moreover, it 

also indicates a strong correlation between doping and photon absorption, suggesting that MgSO4-doped TiO2-A 

is capable of harvesting a greater amount of visible light to the cell. This enhancement may be due to the multiple 

reflections of incoming light within the host structure (TiO2) and the formation of additional energy levels situated 

within the bandgap [40]. The additional energy level formed within the bandgap arises from the movement of the 

Fermi energy level of Mg2+ towards the valence band, resulting in the formation of a P-type semiconductor [41]. 
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Fig. 5 (a) Absorption spectra of different photoanodes extracted with Mitragyna speciosa in methanol (inset pic 

is the absorption spectra between 600-700 nm), (b) Tauc plot of various photoanodes 

 

Table 2 Optical energy bandgap of different photoanodes 

Samples         Absorption wavelength (nm)    Optical energy gap (eV) 

Pure TiO2 600-700 1.814 

MgSO4-doped TiO2 600-700 1.818 

TiO2-MgSO4-A 600-700 1.820 

MgSO4-doped TiO2-A 600-700 1.823 

 

3.4 Fourier-Transform Infrared (FTIR) Spectra Analysis 

Figure 6 illustrates the FTIR transmission spectra of the post-immersion dye solutions (identical samples utilized 

in the UV-Vis measurement), recorded within the range of  400–4000 cm-1. It is evident that nearly all the 

significant functional groups of the dye sensitizer, including O-H, C-H, C=O, and C-O, were present. The O-H 

group emerges as the broadest peak at 3257 cm-1, and its normally dictates the capability of dye adsorption on 

TiO2 nanoparticles. It can be noticed that the MgSO4 treated dye sensitizer immersed with    MgSO4-doped TiO2-

MgSO4-A has contributed to the highest O-H content in the respective dyes. This situation is closely related to the 
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increased number of O-H and Mg2+ produced during MgSO4 dissolution process with water in those two samples 

(samples with added MgSO4 additive).  

It was reported that the O-H group is important constituent for chelating with the TiO2 film on the surface of the 

conducting glass [42]. Moreover, O-H group plays a key role in improvement of photocatalytic activity [43] which  

is owing to the ability of the hydroxyl group to capture the photo-excited electron. 
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Fig. 6. FTIR spectra of Pure TiO2, TiO2-A, MgSO4-doped TiO2 and MgSO4-doped TiO2-A 

The peaks lying at 2840 cm-1 and 2950 cm-1 represent the functional group corresponding to the C−H symmetric 

and antisymmetric stretching modes. The carbonyl functional group signature of all samples was present between 

1500 cm-1 to 2000 cm-1 and the peak at 1641 cm−1 was attributed to the stretching of the carbonyl group (C=O). 

The C=O enables the chlorophyll pigment to anchor to the TiO2 [44]. Meanwhile, the CH3 group at    1450 cm−1 

slightly differed in terms of transmittance intensity and C-O stretching was discovered at 1409 cm−1. It was 

reported that the organic sulfate bonding normally occurs between 1000 cm-1 to 1200 cm-1 [45]. The absorption 

band at 1000 cm-1 are related to S=O [46], however in this research the absorption bands can be ascribed at 1011 

cm-1 and 1017 cm-1. This may be caused by the interaction and combined absorption of sulfate ions (SO4
2-) with 

the chlorophyll dye. Moreover, these frequencies are known as unique fingerprints due to the presence of sulfate 

salts. 

The hydroxyl and carbonyl groups of sample with MgSO4 were found to be more intense than pure TiO2. It was 

reported that the presence of additional hydroxyl and carbonyl groups in the dye solution was found to improve 

dye adsorption on the TiO2. In addition, the red-shifted absorption peak (highest peak) for dyes adsorbed on TiO2 

is caused by strong chemical bonds between the adsorbed dye molecules and the TiO2 surface [47]. 

3.5 Photovoltaic performance 

Figure 7(a) illustrates the I-V characteristics of various dry cells produced via different techniques (either 

additive/doping MgSO4) in comparison to the pure-TiO2 photoelectrode. As regards to the MgSO4 treated (doped 

or additive) photoelectrode, at any point of anode voltage (V), the current (I) was always higher compared to the 

current of the untreated      pure-TiO2. The increased current indicates that the interfacial resistance of MgSO4-

doped TiO2 additive is lower than those of pure TiO2, attributable to Mg2+ doping. Multiple preceding studies on 

doping TiO2 confirmed that the incorporation of a dopant enhances the conductivity of solid-state DSSCs and 

influences the device's efficiency. Moreover, doping significantly reduces the recombination loss [52], and with 

the optimal doping level, the conductivity of TiO2 can be improved [53][54]. The enhancement in conductivity 

proved advantageous for applications in optoelectronics, photocatalysis, and microelectronics [55][56]. 

Figure 7(b) shows the photocurrent-voltage curves of several DSSC cells under light intensity of 100 mW/cm2 at 

AM1.5. Meanwhile, their photovoltaic characteristics were summarised in Table 3. For the DSSC without any 

additional treatment (pure TiO2), the photocurrent density, Jsc open-circuit voltage, Voc, fill factor, FF and the 

overall efficiency, ƞ were 1.67 mA /cm2, 530 mV, 33.00% and 0.29%, respectively. The pure TiO2 cell exhibited 

the lowest efficiency compared to other DSSCs, likely due to reduced dye adsorption and the loss of 

photogenerated electrons resulting from recombination. Generally, untreated TiO2 photoelectrodes and untreated 

dye molecules exhibit elevated interfacial/interlayer resistances and reduced photocatalytic activity (reduced dye 

adsorption), respectively. In the interim, the overall efficiency of the cells subjected to single treatments (MgSO4-

doped TiO2 and TiO2-MgSO4-A) exhibited marginally superior Jsc and Voc values in comparison to the pure 

TiO2 cell. The slight increase of Jsc and Voc were probably attributed to the impact of the individual treatment 

imposed to the cell, either the passivation layer or dye adsorption enhance the additive. However, for the case of 

combined treatment in the MgSO4-doped TiO2-A cell. The combined treatment’s cell has a maximum efficiency 

of 0.86 %, and Jsc, Voc, and FF, were 3.38 mA/cm2, 570 mV and 44.70 %, respectively. This clearly implies that, 
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the higher Jsc and Voc were attributed to more dye loading (higher dye adsorption) and reduced recombination 

of the photogenerated electrons (effective interface passivation) achieved due to the introduction of MgSO4 as a 

dopant and additive combined.  

Moreover, the elevated fill factor of the dye-sensitized solar cell signifies effective interaction among the cell's 

components. DSSCs including MgSO4 as a dopant and additive demonstrate a fill factor of 44.70 %, which is 

comparatively high comparable to other cells. This indicates that MgSO4-doped TiO2 with dye additives and 

electrolytes exhibits a favorable interaction with chlorophyll molecules. Furthermore, the inclusion of MgSO4 as 

a dopant significantly augmented the carbonyl and hydroxyl groups in the dye, facilitating the effective chelation 

of titanium ions on the thin film surface. Moreover, the addition of MgSO4 salt to the chlorophyll dye molecules 

resulted in the formation of sulfur monoxide (S=O) and magnesium oxide (Mg-O) linkages on the TiO2 layer. 

[51]. Furthermore, effective contact among MgSO4-doped TiO2, dye additive, and electrolyte facilitates the 

seamless passage of electrons to each component, yielding a high Jsc and FF. The efficiency (ƞ) of dye-sensitized 

solar cells (DSSC) is directly related to the open-circuit voltage (Voc), short-circuit current density (Jsc), and fill 

factor (FF). The efficiency of DSSCs is enhanced when the Voc, Jsc, and FF parameters are elevated. The DSSC 

incorporating MgSO4-doped TiO2-A exhibits the maximum efficiency (ƞ) of 0.86 %. 
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Fig. 7 (a) Current vs voltage (IV) produced via different techniques (b) Photocurrent-voltage characteristics of 

DSSCs fabricated with Pure TiO2, TiO2-A, MgTiO2 and MgTiO2-A photoelectrodes 

 

Table 3 Solar energy conversion efficiency of the DSSC based on different photoelectrodes 

Working electrode Jsc (mA/cm2)            Voc (mV)    FF (%)                   ƞ (%) 

Pure TiO2 1.67                            530       33.00                    0.29 

MgSO4-doped TiO2 1.87                            530                       32.60                    0.32 

TiO2-MgSO4-A 2.52                            540                       30.60                    0.42 

MgSO4-doped TiO2-A 3.38                            570                    44.70                    0.86 
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4. CONCLUSION 

 

In this research, the combined treatment procedure using MgSO4 as passivation layer and also as dye additive in 

the fabrication of DSSC has been successfully investigated.  Upon incorporating   Mg2+ ions into the TiO2 lattice, 

highly crystallized and well-oriented TiO2 crystals are successfully fabricated. Also, MgSO4-doped TiO2 

demonstrates a mixed size nanoparticles with much larger grains at fewer grain boundaries compared to the 

homogenous surface morphology of the pure TiO2. As a result, a larger size of MgSO4 mixed with slightly smaller 

TiO2 nanoparticles enhanced the PCE of the cells through light scattering. Furthermore, the successfulness of 

doping process has been demonstrated by the blue-shift peak position in Raman spectroscopy measurement and 

higher conductivity of the dry cell. Meanwhile, the bandgap was found to increase from 1.814 eV to 1.820 eV 

from TiO2 to TiO2-MgSO4-A. As for MgSO4- doped TiO2 the bandgap was 1.818 eV and led to a further increase 

to 1.823 eV for MgSO4-doped TiO2-A. Higher Eg offers faster electron injection from LUMO to CB of the TiO2. 

Also, the FTIR spectroscopy has evidence the existence of all important functional groups of dye sensitizer such 

as   O-H, C-O and C=O which were important for dye attachment to the TiO2 nanoparticles. At some point, the 

utilization of MgSO4 as both a dopant and an additive resulted in an enhancement of photoconversion efficiency, 

increasing from 0.29 % to 0.86 % in comparison to pure TiO2. The observed trend may be attributed to the 

enhancement of Jsc resulting from improvements in dye adsorption and the reduction of interfacial resistance 

within the porous TiO2 film. This may inhibit the recombination occurring on the TiO2 surface, thereby improving 

the performance of Voc. The findings demonstrate that employing MgSO4 as a dual-purpose agent, both as a 

dopant and an additive, has concurrently enhanced the overall performance of the dye-sensitized solar cells. 
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