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 Abstract: A preliminary study of the effect of magnesium-doped into betanine-
sensitized TiO2 thin layers has been carried out computationally and experimentally. The 
computational calculation was performed to observe the effect of magnesium on the 
interaction molecular of betanine onto TiO2 surface, using Ti12O28H8 model cluster. It was 
found out that the distance of the oxygen on the anchoring site betanine with the Ti in 
TiO2/Mg cluster is shorter compare to that one in TiO2 cluster. This result confirms the 
bond between betanine and TiO2 is stronger in the case of Mg2+ incorporation. The 
Natural Population Calculation also confirms that the electron transport from betanine 
to the TiO2 is more facilitated after Mg2+ incorporation. These results are also supported 
by the HOMO-LUMO profile of TiO2-betanine and TiO2/Mg. The XRD and SEM 
measurement confirm there are no effect on the TiO2 structure and morphology with the 
incorporation of Mg2+. The thin-film UV-Vis measurement confirms there is a bandgap 
shift after the incorporation of Mg. 
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■ INTRODUCTION 

Development of device that converts solar energy to 
electricity has become the priority in the most countries 
in order to meet energy demand as the result of the 
abundant availability of solar energy for the next 40 years 
[1]. Moreover, solar energy is classified as clean renewable 
resources of energy. Dye-sensitized solar cells are one of 
the solar cell devices that are promising to be developed. 
Their fabrication is simple, moreover, they meet criteria 
as devices that are cost-effective and environmental 
friendliness. They consist of a mesoporous 
semiconductor layer deposited on a transparent 
conductive oxide (TCO), sensitized by a monolayer of 
dyes, and coupled with an electrolyte and a counter 
electrode. All components of DSSCs are desired to 
construct a stable and efficient solar cell device through 
their interactions at the molecular level. DSSCs can be 
small and light, so they can be easily applied to various 
electronic devices. They are mentioned as a candidate for 

the third generation of solar cells [2]. Despite their 
advantages, their efficiency is still lower compared to the 
silicone-based solar cells. The research to improve their 
performances has been on-going for more than two 
decades. This improvement covers the improvement of 
the semiconductor as photoelectrode, sensitizing dye, 
electrolytes or counter electrodes [3-6]. 

The purpose of DSSC development is not only to 
improve their performance but also to find the natural-
source of DSSC components, in order to increase the 
economic value of some natural resources. One of the 
DSSC components that can be developed from the 
natural resources is dye sensitizer. Various researchers 
have found that a few natural dyes have a potential to be 
used as dye sensitizers such as anthocyanin, 
betanine/betalain, carotenoid, chlorophyll, and 
flavonoid [7-9]. The limitations of natural dyes in DSSC 
application are a lot of natural dyes do not have a good 
anchoring site [10] and the low stability of natural dyes 
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towards the photoelectrode [11]. Among the natural dyes, 
betanine is the most promising to be used as dye sensitizer 
due to owing the carboxylate functional group as good 
anchoring site to attach with TiO2 surface [12] Whereas 
to increase dye stability towards the photoelectrode, 
Prabavaty et. al., have proposed various ways, one of the 
proposed ways is to create the electron trap site [11]. 
Metal-doped TiO2 can become a method to create this 
trap. The various researches have been done to do metal-
dopes TiO2 [12-17]. Mg-doped TiO2 has been studied and 
observed to apply for DSSC. The computational study has 
shown that there is a shift in bandgap after Mg-doped into 
TiO2 [12-13]. Moreover, Liu has observed that the Mg-
doped TiO2 performance in DSSC application has higher 
short circuit current by 26.7% compared to undoped TiO2 

[17]. As far as we know, there has not been observed yet 
the study of the betanine utilization to sensitize Mg-doped 
TiO2 for DSSC application. As well as the computationally 
study regarding the potency of Mg-doped TiO2 for 
betanine-sensitize DSSC device. 

In this work, we have investigated computationally 
and experimentally the effect of Mg-doped into betanine-
sensitize TiO2. In the case of TiO2, the calculation was 
carried out using Ti12O28H8 model cluster. The interaction 
of betanine with the TiO2 and TiO2/Mg surface has been 
observed. The natural population analysis (NPA) is 
calculated to find out the electron charge transfer from the 
betanine to the TiO2. We also have figured out the HOMO 
and LUMO of the betanine -TiO2 and betanine- TiO2/Mg 
to reveal the effect of Mg into the electron transport from 
betanine to the photoelectrode. 

■ EXPERIMENTAL SECTION 

TiO2 Particle Preparation 

The synthesis of TiO2 and TiO2/Mg has been carried 
out using hydrothermal reaction based on reference [17]. 
3 mL of acetic acid, 20 mL of butanol and 3 mL tetrabutyl 
titanate were mixed under constant mixing. 15 mL of 
butanol and 1 mL of water then was added to the mixture. 
The mixing process was continued for 30 min. The 
mixture then was moved into the hydrothermal reactor 
and put in the oven at 240 °C for 6 h. After cooled at room 
temperature, the mixture was centrifuged to get the 

deserved viscosity for thin-layer preparation using 
Doctor Blade technique. The Doctor Blade technique is 
a method for thin-layer preparation by depositing the 
slurry on the glass substrate using a thin glass. In this 
case, a microscope slide is commonly used to deposit the 
slurry. The same procedure was done for TiO2/Mg. 
Mg(NO3)2·6H2O was added into the mixture at 0.5; 1 and 
1.5% mol of TiO2. After the deposition process, the thin 
layer was annealed at 500 °C for 30 min [17]. 

Layer Characterization 

The crystal structure was analyzed using X-ray 
Diffraction. The FTIR analysis was done using 
Shimadzu 8400S. The optical film properties (total 
transmission and total reflection) were recorded with a 
Carry 5000 UV-Vis-NIR spectrophotometer equipped 
with an integrating sphere which is located in Ibnu Sina 
Institut for Fundamental Science Studies, University 
Teknologi Malaysia, Skudai, Malaysia. 

Computational Methods 

The calculations were carried out using the Density 
Functional Theory (DFT) with the Gaussian 09 code [18] 
in custom-configured high-performance supercomputing, 
Ibnu Sina Institut for Fundamental Science Studies, 
University Teknologi Malaysia, Skudai, Malaysia. The 
optimization geometries were done using the B3LYP 
functional methods and 6-311G** [19]. Calculations were 
performed using B3LYP functionals. These methods 
have been chosen based on the consideration that B3LYP 
has been used widely in many calculations. B3LYP show 
the satisfactory results in calculating the ground states 
geometry even for such largely-conjugated molecules. 
The anatase (101) cluster, Ti12O28H8 has been chosen as 
a representative model for TiO2 layers. Slab anatase 
(101) was created using Avogadro software [20], the 
created slab then is cut and terminated by a Hydrogen 
atom. The input cluster of Ti12O28H8 is shown in Fig. 1. 

The optimized structure of TiO2 cluster model 
then was analyzed it density of states (DOS) profile as 
shown in Fig. 2. Fig. 2 shows that this model has a 
conduction band value -3.8 eV and its valence band is -
7.8 eV. These values are in agreement with the value of 
TiO2 ones which are around -4 eV for conduction band 
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Fig 1. Anatase-Ti12O28H8 cluster input model in this study, 
namely TiO2. The small white ball = H; the big white ball 
= Ti; the red ball = Oxygen 

 
Fig 2. The DOS Plot of TiO2 cluster model in this research 

and -7.5 eV for the valence band [12-13]. Based on this 
result we continue using this model for the other 
calculations. 

■ RESULTS AND DISCUSSION 

The Effect of Mg into the TiO2 Crystal-Structure 

The effect of Mg2+ into the TiO2 crystal structure is 
confirmed by the XRD analysis. The diffractogram of 
TiO2/Mg compared to the pure TiO2 is showed in Fig. 3. 
Fig. 3 confirms that the TiO2 and TiO2/Mg has an 
anatase structure (JCPDS card file no. 21-1272) that is 
confirmed by the peaks correspond to the Miller indices 
(101), (103), (004), (112), (200), (105), (211), (213), 
(204), (116), (220) and (215)). 

On contrary, the result of optimization geometry 
of TiO2 and TiO2/Mg cluster show that the insertion of 
Mg2+ causes a small crystal distortion as displayed in Fig. 
4. The change of the bond length of Ti and O around the 

 
Fig 3. The diffractogram of (a) Pure TiO2 and (b) 
TiO2/Mg 

 
Fig 4. The optimization geometry result of (a) TiO2 and (b) TiO2/Mg cluster model. The small white ball = H; the big 
white ball = Ti; the red ball = Oxygen 
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Mg are listed in Table 1. Table 1 shows that the presence 
of Mg2+ will make the Oxygen atom move far away from 
the insertion position. This is due to the Mg2+ ionic radius 
(0.86 Å) is larger than Ti4+ one (0.74 Å) [13]. Moreover, 
the Ti4+ charge is larger than Mg2+ so the ionic interaction 
is stronger in the Ti-O system compare to the Mg-O 
system. Furthermore, this oxygen shift causes the atomic 
distance between O and the next Ti decrease. However, 
this small crystal distortion was not observed in the bulk 
system, probably because the Mg2+ concentration was too 
small. The same result was also observed in the 
diffractogram of TiO2/Mg that was obtained by Gao et.al. 
They found that there was no significant difference in the 
diffractogram of TiO2 and Mg-doped TiO2 [15]. 

The Effect of Mg into the TiO2 Electronic Properties 

As predicted, the Mg-doped into TiO2 provokes the 
bandgap shift. Fig. 5 shows the bandgap shift as a function 
of Mg concentration. The addition of 1.5% Mg makes the 
bandgap of TiO2 decrease to 2.4 eV. This result is in 
agreement with the previous result showed by Kumar et. 
al. [22]. To find the explanation about the bandgap shift 
because of the Mg2+ incorporation, we then investigated 
the DOS profile of TiO2 and TiO2/Mg through the 
computational methods. The DOS profile of both systems 
is shown in Fig. 6. 

Fig. 6 shows that there is a new localized state in the 
DOS profile of TiO2/Mg that strongly suggest the 

occurrence of Ti-Mg interactions on the surface. These 
new localized states explain the bandgap shift for the 
system. The existence of new local states of Mg2+ was also 
observed by Liu et al. [16]. 

The Effect of Mg into the TiO2 and Betanine 
Interaction 

The betanine interaction with TiO2 and TiO2/Mg is 
confirmed in the FTIR measurement result that is shown 
in Fig. 7. The wide peak at the wave number range 2500–
3500 cm–1 shows the O-H stretching vibration (1) and 
the wide peak at the wave number range 500–100 cm–1 
shows the Ti-O-Ti stretch vibration (2) [23-25]. The 
peak at about 2900 cm–1 represents to C-H bond of 
betanine (3) [23]. The peak at about 1629 cm–1 is caused 
by O-H  bending  vibration [24].  A peak at 1029 cm–1  

Table 1. The list of bond length of Ti and O around the 
Mg 
Bond length between Bond length in 

TiO2 cluster (Å) 
Bond length in 
TiO2/Mg cluster (Å) 

Ti5-O1 or Mg5-O1 1.799 1.988 
Ti5-O4 or Mg5-O4 1.899 2.012 
Ti5-O1 or Mg5-O1 1.799 1.988 
Ti22-O4 1.78 1.678 
Ti27-O8 2.202 2.082 
Ti29-O1 1.808 1.693 
Ti29-O32 1.915 1.976 

 

 
Fig 5. Bandgap calculation of (A) TiO2; (B)TiO2/Mg 0.5%; 
(C) TiO2/Mg 1% and (D) TiO2/Mg 1.5% 

 
Fig 6. The DOS Plot of (A) TiO2 cluster (B) TiO2/Mg 
cluster 



Indones. J. Chem., 2019, 19 (4), 892 - 899   
        
                                                                                                                                                                                                                                             

 

 

Yuly Kusumawati et al.   
 

896 

 
Fig 7. FTIR Spectrum of (a) TiO2; (b) betanine-TiO2 and 
(c) betanine-TiO2/Mg 

 
Fig 8. The results of optimization geometry betanine on 
TiO2 and TiO2/Mg surface. The small white ball = H; the 
big white ball = Ti; the red ball = Oxygen, the blue ball = 
N; the green ball = Mg 

Table 2. Natural population analysis 

 
Natural Charge 

Ti22 O4 O12 O21 
In the betanine system - - - - 
In the TiO2 cluster 1.6975 -0.7600 -0.9064 -0.8413 
In the TiO2-cluster-betanine 1.6790 -0.7376 -0.8999 -0.8087 
In the TiO2/Mg cluster 1.6896 -0.8257 -0.9917 -0.8552 
In the TiO2/Mg cluster-betanine  1.6592 -0.8294 -0.9898 -0.8431 

 
represents to C-O-C bond [25]. A peak at 1489 cm–1 
represents Mg interaction with betanine (6) [26]. 

To figure out at the molecular level the effect of Mg2+ 
to theTiO2 and betanine interaction, especially to the 
charge transfer properties, it is necessary to be performed 
using computational method since the experimental 
study is very limited. 

The structure optimization of betanine on TiO2 and 
TiO2/Mg surface are shown in Fig. 8. In this figure, we can 
see that the distance of O atom in the anchoring site 
betanine with the Ti atom in the TiO2 surface (2.20 Å) is 
shorter in the case of Mg incorporation (2.16 Å). This 
result indicates that betanine is attached stronger onto 
TiO2/Mg surface than TiO2. This condition will facilitate 
the electron transfer from betanine to the TiO2. To make 
more clear about the electron transfer we have done the 
NPA analysis as shown in Table 2, completed with Fig. 9 
to describe the corresponding atom in the Table. Table 2 
shows that the Ti22 in TiO2/Mg cluster receive more electron  

 
Fi 9. The corresponding atoms in the TiO2 cluster, 
TiO2/Mg cluster for Table 2. The small white ball = H; the 
big white ball = Ti; the red ball = Oxygen, the blue ball = N 

compare to that one in TiO2. This indicates that the 
electron is transferred more from betanine to the 
TiO2/Mg compare to that one to the TiO2. The profile of 
HOMO and LUMO of the betanine-TiO2 and betanine-
TiO2/Mg support this suggestion. As presented in Fig. 10,  
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Fig 10. The profile of (a) HOMO betanine-TiO2 (b) LUMO 
betanine-TiO2 and (c) HOMO betanine-TiO2/Mg and (d) 
LUMO betanine-TiO2/Mg. The small white ball = H; the 
big white ball = Ti; the red ball = Oxygen, the blue ball = N; 
the green ball = Mg 

the HOMO-LUMO calculation shows clearly that the 
electron preferable transfer into TiO2 in the TiO2/Mg 
system compares to the TiO2 system. 

■ CONCLUSION 

The addition of 1.5% mole Mg2+ into TiO2 is not 
changing the TiO2 structure crystal even the calculation 
shows there is a small movement of oxygen position near 
to the insertion position. The bandgap of TiO2 is being 
narrow with the increase of Mg2+ content in the TiO2. The 
calculation result shows that Mg makes the interaction of 
betanine and TiO2 stronger and support the electron 
transport from betanine to TiO2. These results make 
TiO2/Mg is promising to be sensitized by betanine to 
prepare photoanode for DSSCs application. 
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