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The bandgap energy (Egap) of TiO2 material modified with metal-chlorophyll 
complex compounds (M = Cu2+, Fe3+) was observed. Chlorophyll (Chl) was isolated 
from cassava leaves, and its UV-Vis spectra showed absorption peaks in the Soret 
band region (410 nm) and in the Q band region (665 nm), which is the typical peak 
of chlorophyll. Copper(II)-chlorophyll complex was prepared from the reaction 
between chlorophyll and CuSO4.5H2O, while the iron(III)-chlorophyll was 
synthesized from chlorophyll and FeCl3.6H2O in methanol solvent under reflux at 
65°C. The presence of copper  and iron metals in the chlorophyll metal complexes 
was identified using Atomic Absorption Spectroscopy in methanol solution. The 
absorption of copper measured in Cu2+-Chl was 0.0488 (0.4805 mg/L), while the 
iron atom in Fe3+-Chl was 0.0050 (0.0195 mg/L). The UV-vis spectra demonstrate 
the hypsochromic shift of the Soret band to 405 nm (Cu2+-Chl) and 402 nm (Fe3+-
Chl). The Infrared spectra of chlorophyll after being complexed with copper(II) 
shows the increase of vibrational absorption wavenumber of the C=N group from 
1225.06 cm-1 to 1241.94 cm-1 indicates the coordination of the metal ion on the N 
atom in the pyrrole ring. The shift in the absorption band on the Fe3+-Chl 
spectrum was seen for the C=O ester group from 1720.49 cm-1 to 1721.10 cm-1 
indicating the metal ion bonding in the C=O group of esters. The DR-UVis analysis 
of TiO2/metal-chlorophyll shows a bathochromic shift towards the visible light 
region. By using the Tauc plot method, it was observed that the Egap of TiO2 reduces 
from 3.08 eV to 2.89 eV and 2.93 eV in the compound of TiO2/Cu2+-Chl and 
TiO2/Fe3+-Chl, respectively. 

 

1. Introduction 

Material modification using complexes of transition 
metals and natural ligands such as chlorophyll, curcumin, 
and anthocyanins has been widely carried out. One of the 
uses of natural ligands is their use as a dye that functions 
as a photosensitizer that absorbs photon energy from 
sunlight in a solar cell system known as natural-Dye 
Sensitized Solar Cell (n-DSSC), as an alternative concept 
to conventional solar cells [1]. Previously, DSSCs were 
made using the poly-pyridyl ruthenium complex as an 
effective sensitizer. However, this material is not 
economical because of the low abundance of ruthenium 
metal, and it is not profitable from an environmental 
aspect. Another approach is to replace DSSC materials 
with complex compounds from abundant transition 
metals and natural dyes that are easy to extract, cost-

efficient, environmentally friendly, non-toxic, readily 
available, and biodegradable. 

As the primary pigment of photosynthesis, 
chlorophyll has a symmetric pyrrole ring that coordinates 
with the Mg2+ ion in the central atom. Transition metals 
can potentially replace Mg2+ ions to form metal-
chlorophyll complexes [2]. There have been many 
observations on the luminosity of chlorophyll [3, 4, 5]. 
The luminescence property of chlorophyll is the basis for 
its use as a coloring agent in semiconductors. 

Titanium(IV) oxide (TiO2) is a semiconductor 
material used in DSSC. However, it has an immense 
bandgap energy (3.2 to 3.9 eV), so it only absorbs the 
ultraviolet portion of sunlight, giving it a relatively low 
conversion efficiency (5%) [6]. The efficiency can be 
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improved by increasing the absorption of sunlight by 
reducing the energy of the bandgap. The introduction or 
insertion of transition metals into TiO2 material has been 
shown to reduce the bandgap energy. Copper oxide 
compounds are known to have low bandgap energies of 
1.7 eV and 2.1 eV for CuO and Cu2O, respectively [7]. The 
insertion of about 2% copper(II) metal ions in the TiO2 
structure without the occurrence of cation exchange has 
lowered the Egap of the material to 2.86 eV [8], while the 
doping of TiO2 with Cu metal by up to 2.5%, which causes 
cation exchange reduces the bandgap energy to visible 
light [9]. Doping of Fe3+ ion into TiO2 to form TiO2/Fe2O3 
material shifts the valence band positively and has been 
reported to be photoactive in the photosynthetic 
reactions of methanol under visible light [10, 11, 12]. The 
combination of chlorophyll dye properties and the 
transition metal coordinated with the chlorophyll ligand 
incorporated with the TiO2 material is expected to reduce 
the bandgap energy. This can widen the use of the 
material as a photocatalyst or sensitizer in DSSC. 

In this study, chlorophyll was complexed with metal 
ions Cu2+ and Fe3+. The synthesized complex compound 
was then deposited on the TiO2 surface. Characterization 
of complex compounds was carried out using a UV-Vis 
spectrophotometer, infrared spectrophotometer, and 
atomic absorption spectrophotometer. Meanwhile, 
TiO2/metal-chlorophyll material was characterized by 
using Diffuse Reflectance (DR) UV-Vis. The Tauc plot 
method is used as the basis for calculating the bandgap 
energy value for TiO2/Cu2+-Chl and TiO2/Fe3+-Chl 
materials. 

2. Methodology 

2.1. Equipment and Materials 

The equipment used was a separator funnel, furnace, 
hotplate, chromatography column, boiling flask, UV 
lamp, condenser, magnetic stirrer, rotary evaporator, a 
set of glassware, Perkin Elmer infrared 
spectrophotometer, Perkin Elmer atomic absorption 
spectrophotometer (AAS), UV-Visible spectrophotometer 
(UV-Vis) Shimadzu UV 2600, Shimadzu 2450 Diffuse 
Reflectance UV-Vis (DR/UV-Vis) spectrophotometer, and 
Mettler Toledo AE 60 analytical balance. 

The materials used in this study were 99.7% glacial 
acetic acid (Merck), 99.8% acetonitrile (Merck), iron(III) 
chloride hexahydrate (FeCl3.6H2O), 99-102% (Merck), 
cassava leaves, dichloromethane 99.8% (Merck), ethanol 
98% (Merck), ethyl acetate 99.75% (Merck), n-hexane 
99% (Merck), all of which were analytical grade. In 
addition, 0.45 μm (Whatman) filter paper, fluorine tin 
oxide (FTO) conductive glass, methanol 99.8% (JTBaker), 
TLC plate silica gel 60 Å pore size, silica gel for column 
chromatography pore size 60 Å (Merck), copper(II) 
sulfate pentahydrate (CuSO4.5H2O) 99-100.5% (Merck) 
and titanium(IV) oxide (TiO2) P25 99.5% nanopowder 21 
nm (Aldrich) were used. 

2.2. Chlorophyll isolation [13] 

Cassava leaves (300 g) were crushed with a mortar 
with a bit of methanol added. An amount of 200 mL of 
methanol was added to the delicate leaves and then 

filtered. The residue was washed by using methanol three 
times. Then the methanol solutions were combined. The 
extraction was carried out using n-hexane as a solvent. 
300 mL of n-hexane was added to the methanol solution, 
then placed in a separating funnel. Into the mixture, a 
saturated solution of NaCl (50 mL) was added. Then the 
top layer (n-hexane) was taken. The n-hexane solvent 
was evaporated by using a rotary evaporator to give a 
green solid. The extract was purified via silica in a 
chromatography column using the eluent n-hexane: 
ethyl acetate of 9: 1 to obtain chlorophyll. 

2.3. Synthesis of copper(II)-chlorophyll complex [13] 

In a 100 mL round bottom flask equipped with a 
condenser, 0.1 g (0.1 mmol) isolated chlorophyll was 
dissolved in 30 mL methanol. Copper sulfate 
pentahydrate (CuSO4.5H2O) (0.028 g, 0.1 mmol) was 
added to the chlorophyll solution while stirring. Then the 
mixture was refluxed for 4 hours at 65°C. The reaction 
was monitored by the thin-layer chromatography 
method at 0 minutes, 1 hour, 2 hours, 3 hours, and 4 hours 
using n-hexane: ethyl acetate of 9: 1 eluent. After that, the 
solvent was evaporated using a rotary evaporator. The 
complex compound formed was purified through the 
solvent extraction method in 10 mL dichloromethane 
washed three times with 10 mL distilled water. 
Furthermore, the dichloromethane solution was taken; 
then added anhydrous MgSO4 to remove water. The 
filtrate was taken, and then the solvent was removed by 
using a rotary evaporator to give a light green solid. The 
product was characterized by using a UV-Vis 
spectrophotometer, atomic absorption 
spectrophotometer, and infrared spectrophotometer. 

2.4. Synthesis of iron(III) - chlorophyll complexes [14] 

In a 100 mL round bottom flask equipped with a 
condenser, 0.1 g (0.1 mmol) isolated chlorophyll was 
dissolved in 30 mL methanol. Then 0.030 g (0.1 mmol) of 
iron (III) chloride hexahydrate (FeCl3.6H2O) was added to 
the chlorophyll solution while stirring. The procedure 
was carried out to prepare the copper(II)-chlorophyll 
complex mentioned in section 2.3. The purification of 
complex compounds was carried out by using gravity 
column chromatography. 

2.5. TiO2 material preparation on conductive glass 

TiO2 paste was prepared in which 2 g of TiO2 solid was 
crushed by using a mortar to obtain a fine solid. Acetic 
acid (5 mL) and ten drops of acetonitrile (CH3COCN) were 
added and stirred using a magnetic stirrer to form a TiO2 
paste. The Fluorine Tin Oxide (FTO) conductive glass was 
cleaned by using ethanol. Then the TiO2 paste was 
deposited on the active site of the FTO conductive glass 
with an area of 1 cm x 1 cm. The TiO2 layer was left in the 
open air to dry then calcined in a furnace at 450°C for 2 
hours. 

2.6. TiO2/metal chlorophyll material preparation 

Chlorophyll complex solution was prepared at a 
concentration of 40 ppm by dissolving 2 mg of 
chlorophyll complex in 50 mL methanol. The adsorption 
process was carried out in which TiO2 paste, which was 
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deposited on calcined FTO conductive glass, was 
immersed in 15 mL of chlorophyll complex solution. The 
immersion was carried out for 24 hours in the dark and 
closed. The absorbance of the solution was measured 
using a UV-Vis spectrophotometer before and after the 
adsorption to monitor the amount of compounds 
adsorbed by TiO2. 

2.7. Characterization of TiO2/metal-chlorophyll 
material 

The absorption of chlorophyll complex solution 
before and after adsorption on TiO2 was measured using a 
UV-Vis spectrophotometer at a wavelength of 200-800 
nm to determine the occurrence of adsorption. The 
characterization of TiO2, TiO2/metal-chlorophyll (M = 
Cu2+ and Fe3+) materials deposited on FTO conductive 
glass was carried out by using a Diffuse Reflectance UV-
Vis (DR-UV-Vis) spectrophotometer, and the data 
obtained were analyzed by using the Tauc plot method to 
determine the change in bandgap energy (Egap). 

The Egap value was determined by using the Tauc Plot 
method in which a linear graph of photon energy, hν (eV) 
on the x-axis, and the coefficient, (Khν)2 on the y-axis 
were drawn. The bandgap energy is the photon energy 
value from the x-axis intersection obtained from the 
regression equation [15, 16]. 

The Tauc plot equation is as follows: 

(Khν)1/n = K.E = 
(1−𝑅)ˆ2

2𝑅
 𝑥 

ℎ𝑐

𝜆
 

Note: 
R = reflectance 
h = Plank constant (6,626 x 10-34 J/s) 
c = the speed of light (3 x 108 m/s) 
λ = wavelength (nm) 
n = ½ (direct transition) 

3. Results and Discussion 

3.1. Chlorophyll Isolation and Characterization 

Chlorophyll, which is used to synthesize metal-
chlorophyll complex compounds, was isolated from 
cassava leaves using the extraction method. The thin-
layer chromatography (TLC) results using n-hexane: 
ethyl acetate of 9: 1 eluent showed that spots based on the 
Retardation factor (Rf) value could be identified as the 
content of chlorophyll a, chlorophyll b, and β-carotene. 
Chlorophyll extract was separated through gravity 
column chromatography with an eluent mixture of n-
hexane and ethyl acetate in a ratio of 9: 1. The β-carotene 
compounds, which are more non-polar, came out first, 
followed by chlorophyll to obtain β-carotene-free 
chlorophyll isolates. The chlorophyll isolate obtained was 
1.7% of the number of cassava leaves used. 

Chlorophyll electronic transition was observed in the 
UV-Vis spectra using methanol as a solvent. Methanol 
absorption is at a wavelength of 250-300 nm so that the 
absorption observed in this study is at a wavelength of > 
300 nm. Figure 1 shows the chlorophyll absorption 
spectra obtained. Chlorophyll absorbs photons at a 
wavelength of 400-800 nm in two wavelength regions, 

namely the Soret band and the Q band. Several typical 
peaks of chlorophyll were obtained. This absorption peak 
was thought to result from an electronic transition π → π* 
originating from the porphyrin ring found in two regions: 
the Soret band region and the Q band region. The isolated 
chlorophyll gave two prominent UV-Vis absorption peaks 
at 410 and 665 nm, accompanied by several weakly 
intense peaks at 509 nm, 543 nm, and 608 nm [14, 17]. 
The peak at 410 nm in the Soret band indicates a mixture 
of chlorophyll a and chlorophyll b. The four peaks in the Q 
band consisting of three peaks with weak intensity and 
one absorption peak in the 665 nm region have the most 
vigorous intensity. These absorption peaks originated 
from orbitals in the porphyrin structure which have four 
pyrrole rings. The absorption results indicate that 
chlorophyll can be used as a dye in DSSC because it shows 
absorption in the visible light region. 

 

Figure 1. UV-Vis chlorophyll (Chl) spectra in methanol 
solvent. 

Characterization of isolated chlorophyll using an 
infrared spectrophotometer showed a bending vibration 
of the N-H group at a wavenumber of 1627.22 cm-1. The 
broad and robust peak at 3379.75 cm-1 is an OH group that 
may come from a water molecule interacting with the C=O 
group from the ester and keto groups. The OH peak can 
also be due to the enolization of β-hydrogen in the keto 
ring, in which the keto group in chlorophyll is a 
diastereoisomeric compound [13]. The bending vibration 
of the CN group on the pyrrole group occurred at 1225.06 
cm-1, corresponding to the porphyrin peak reported in a 
previous study [18]. The hydrocarbon group, C-H in the 
phytol chain, is shown at wave number 2923.97 cm-1. A 
strong peak at 1720.49 cm-1 indicates a vibrational C=O 
ester group, while a peak at wave number 1450.50 cm-1 
indicates a C=C functional group. 

3.2. Synthesis and Characterization of Copper(II) -
Chlorophyll Complexes (Cu2+-Chl) 

The Cu2+-Chl complex was prepared from the 
reaction of the CuSO4.5H2O compound, the precursor for 
the Cu2+ ion, with the chlorophyll as a ligand. The reaction 
is carried out in the form of a solution using methanol as 
a solvent because methanol is a solvent capable of 
dissolving chlorophyll and CuSO4.5H2O well [2]. The two 
compounds are put into a boiling flask equipped with a 
condenser, magnetic stirrer and placed on an electric 
heater. The reaction was conducted under the reflux 
condition for 4 (four) hours, followed by TLC to observe 
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the reaction with time variations of 0 minutes (before 
reflux), 2 hours, and 4 hours. TLC results at 0 minutes 
showed that there were three spots identified as 
chlorophyll a, chlorophyll b, and pheophytin a. At the 
reflux time of 2 hours, no chlorophyll and pheophytin a 
spots appeared, but a new spot with an Rf value of 0.60 
was observed, which was identified as the product of the 
reaction. At the reaction time of 4 hours, the Rf shifted 
slightly from the initial spot of the product to 0.70 with a 
single spot; the solution color change to a lighter green, 
indicating the formation of the reaction product, Cu2+-
Chl compound. 

To identify copper (Cu) metal in the product, analysis 
was made using atomic absorption spectrophotometry. 
The test begins with the preparation of a metal ion 
calibration curve by making a standard series through the 
dilution of Certified Reference Material (CRM) from Mg 
and Cu metals from a concentration of 1000 mg/L to 
several working standards in the concentration range of 
0-0.1 mg/L (Mg) and 0-5 mg/L (Cu). Metal absorbances 
were measured at the wavelengths of 285.2 nm (Mg) and 
324.8 nm (Cu) until a straight-line equation was obtained 
with a linear regression correlation coefficient (R2) ≥ 
0.995. Sample preparation was carried out by dissolving 
solid chlorophyll and Cu2+-Chl complex in methanol with 
a concentration of 20-30 mg/L in a 100 mL volumetric 
flask. The test samples were then filtered through a 0.45 
µm membrane then the absorbance of metal ions in the 
test samples along with the solvent blank was measured 
on AAS at a wavelength of 285.2 nm (Mg) and 324.8 nm 
(Cu). The measurements for a solution of chlorophyll in 
methanol showed that Mg metal absorbance was 0.0827 
(C = 0.0952 mg/L), while, the measurement of Cu metal 
showed zero Cu uptakes. This result is in accordance with 
the structure of chlorophyll, which has Mg as the central 
atom. Measurement of Cu2+-Chl complex solution in 
methanol showed that Cu uptake was 0.0488 (C = 0.4805 
mg/L) and Mg metal uptake decreased compared to 
chlorophyll to 0.0518 (C = 0.0482 mg/L). Metal 
concentration was obtained by comparing the absorbance 
of metal ions with a calibration curve with linear 
regression values R2 = 0.9964 (Mg metal) and 0.9985 (Cu 
metal) (Figure 2). The presence of Cu uptake and 
decreased Mg uptake in the Cu2+-Chl complex solution 
indicates the presence of metal in the complex compound 
but cannot prove that metal complexation or the 
substitution of the central atom in chlorophyll has 
occurred. 

 

 

 

 

 

Figure 2. Atomic absorption calibration curves using AAS 
for a) Mg (λ=285.2 nm), b) Cu (λ=324.8 nm) and c) Fe 

(λ=248.3 nm) 

UV-Vis spectrophotometer was used to study the 
electronic transition of Cu2+-Chl complexes compared to 
chlorophyll. The spectra depicted in Figure 3 show 
consistency with the results of previous studies [14, 19]. 
Chlorophyll spectra show peaks in the Soret band with a 
maximum wavelength of 410 nm, while the visible light 
region is at 665 nm. Changes are seen in the spectra of 
complex compounds where new peaks appear at a 
wavelength of 405 nm. There is a hypsochromic shift or 
blue shift at the peak of 410 nm to 405 nm. A wavelength 
shift also occurs in the visible region, a hypsochromic 
shift from 665 nm to 651 nm. The entry of copper(II) 
transition metals resulted in a significant increase in 
absorption intensity (hyperchromic effect) in chlorophyll 
metal complexes. The peak shift indicated the exchange 
of the central atom of the Mg2+ ion in chlorophyll with the 
transition metal ion [2]. 



 Jurnal Kimia Sains dan Aplikasi 24 (4) (2021): 126–135 130 

 

Figure 3. UV-vis spectra of Fe3+-Chl and Cu2+-Chl 
compounds compared to Chl 

 

Figure 4. Infrared spectra of (a) Chlorophyll (Chl) (green 
line), Cu2+-Chl (blue line) and Fe3+-Chl (orange line), (b) 

enlarged spectra in the area 1000-2000 cm-1 to make 
more detail 

The FT-IR spectra of the Cu2+-Chl complex 
compound compared to chlorophyll (Figure 4) show that 
the vibrational energy associated with the O-H functional 
group shifted to a higher wavenumber 3379.75 cm-1 to 
3388.75 cm-1. The shift in wavenumbers indicates a 
change in the enol group due to the interaction of water 
molecules with the metal. The appearance of this OH 
group can be derived from the enolization of beta-
hydrogen in the keto ring. The keto group in chlorophyll 
is a diastereoisomeric compound that can facilitate keto-
enol tautomerism [13]. An insignificant shift was 
observed in the C=O ester functional group (from the five-
membered ring in the chlorophyll structure), from 
1720.49 cm-1 to 1722.63 cm-1. The change in the vibration 
band in C=O ester is influenced by the entry of Cu2+ ions 
into the chlorophyll, thereby increasing the vibration 
absorption in the C=O ester group [13]. The absorption 
peak for the N-H group in chlorophyll at 1627.22 cm-1 did 

not appear in the Cu2+-chlorophyll spectra. The 
associated peak for the C=N group has shifted from 
1225.06 cm-1 to 1241.94 cm-1, indicating the possibility 
that the Cu2+ ion is coordinated with the N atom in the 
pyrrole ring, replacing the Mg2+ ion. Although the shift in 
wavenumbers in the IR spectra is insufficient to prove the 
structure of a complex compound, the observed trends 
indicate the coordination of Cu2+ ions with N atoms in the 
pyrrole system. 

Table 1. Annotation of Functional Groups in Cu2+-Chl and 
Fe3+-Chl Compounds compared to Chl based on FTIR 

Spectra 

Chl ν (cm-1) 
Cu2+-Chl ν (cm-

1) 
Fe3+-Chl ν (cm-

1) 
Functional 

group 
References 

[14] 

3379.75 3388.75 3403.18 O-H 3800 - 2700 

2923.97 2925.90 2927.45 C-H 3000 - 2850 

1720.49 1722.63 1721.10 C=O 1850 -1600 

1627.22 -- 1620.55 N-H 1640 - 1550 

1225.06 1241.94 1238.45 C=N 1250 - 1000 

1450.50 1451.04 1451.52 C=C 1900 - 1400 

ν = wavenumber 

3.3. Synthesis and Characterization of Iron(III)-
Chlorophyll (Fe3+-Chl) Complexes 

The synthesis of Fe3+-Chl complexes was carried out 
using FeCl3.6H2O compound as a precursor for Fe3+ metal 
ion, which was reacted with chlorophyll. At 0 min, when 
the precursor and chlorophyll were mixed, the TLC results 
showed a spot at Rf 0.5, which was identified as 
chlorophyll. At the reflux time of 2 hours, the Rf value for 
chlorophyll compound at Rf 0.5 and several new spots at 
Rf 0.75 and 0.87 were seen. At the reaction time of 4 hours, 
the chlorophyll spot was still observed at Rf 0.5, while the 
additional spots shifted slightly to 0.75 and 0.95. The 
results of the TLC analysis showed that the reaction 
mixture still contained chlorophyll after 4 hours of reflux. 
So, it is necessary to purify the reaction product by gravity 
column chromatography using silica gel to obtain a single 
spot. The separation using the column showed a single 
spot identified as a complex compound product with an Rf 
of 0.95 and intense green color. 

AAS analysis was carried out to identify the presence 
of Mg and Fe metals in the Fe3+-Chl complex compared to 
chlorophyll. AAS analysis was performed with the same 
treatment as Cu2+-Chl measurements. The calibration 
curve is made from a standard series through the dilution 
of the Certified Reference Material (CRM) for Mg and Fe 
from a concentration of 1000 mg/L to several working 
standards in the concentration range of 0-0.1 mg/L (Mg) 
and 0-5 mg/L (Fe). The absorbance of metal ions was 
measured at 285.2 nm (Mg) and 248.3 nm (Fe). Sample 
preparation was carried out by dissolving chlorophyll 
solids and the Fe3+-Chl complex into methanol with a 20-
30 mg/L concentration in a 100 mL volumetric flask. The 
test samples were filtered using a 0.45 µm membrane, 
then the absorbance of metal ions in the test samples and 
solvent blank were measured using AAS at a wavelength 
of 285.2 nm (Mg) and 248.3 nm (Fe). The measurement 
results of the Fe3+-Chl complex solution in methanol 
showed that the absorbance of Fe atoms was 0.005 and 
the absorption of Mg atoms decreased compared to 
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chlorophyll from 0.0827 to 0.0422. The metal ion 
concentration was obtained by comparing the absorbance 
of metal ions with a calibration curve with a linear 
regression value (R2) of 0.9964 (Mg metal) and 0.9992 (Fe 
metal) (Figure 2) in order to obtain a Fe concentration of 
0.0195 mg/L and Mg decreased from 0.0952 mg/L to 
0.0337 mg/L. The adsorption of Fe metal indicates Fe3+ 
ions in the Fe3+-Chl compound, although it cannot prove 
the complexation between Fe3+ and chlorophyll. 

The results of the characterization of the complex 
Fe3+-Chl compound using a UV-Vis spectrophotometer 
showed spectra changes in the Soret band area, where a 
new peak appeared at a wavelength of 402 nm (Figure 3). 
The peak shift from 411 nm to 402 nm is a hypochromic or 
blue shift to shorter wavelengths. The peak shift indicates 
that there has been a reaction to the formation of the Fe3+-
chlorophyll complex. It is estimated that an electronic 
transition factor influences the shift in wavelength in 
Metal-to-Ligand Charge Transfer (MLCT), the transition 
of electrons from metals to ligands [20]. The d-d 
transition can influence the MLCT phenomenon and the 
maximum wavelength in the visible light area. So that 
Fe3+-chlorophyll can be used as a dye in DSSC because it 
can absorb light optimally. Meanwhile, in the Q band, 
there is a shift in wavelength to a higher direction 
(redshift), from 665 nm to 668 nm. The redshift can occur 
due to the complexation of chlorophyll with the Fe3+ ion, 
which gives the auxochrome effect. Auxochrome 
compounds and solvents with a lower degree of polarity 
cause a redshift in the dye [21]. 

The characterization of Fe3+-Chl complex 
compounds using infrared spectrophotometer shows the 
spectra shown in Figure 4, while the functional group 
annotations compared to chlorophyll are tabulated in 
Table 1. The vibrational energy associated with the -OH 
group experienced a shift at a higher wavenumber, 
3403.18 cm-1, compared to the chlorophyll spectra of 
3379.75 cm-1. The same trend was observed in the Cu2+-
Chl complex, which indicated a change in the enol group 
or the interaction of water molecules with the metal. The 
shifting of the vibrational band was also observed for the 
C=O ester group, showing a slight increase, from 1720.49 
cm-1 to 1721.10 cm-1. Meanwhile, the peak associated with 
the C=N group increased from 1225.06 cm-1 to 1238.45 cm-

1. The information obtained from the IR spectra of the 
Fe3+-Chl compound did not seem to be sufficient to prove 
the formation of the Fe3+-Chl complex. However, the TLC 
results and changes in wavelength in the UV-vis spectra 
indicated the formation of the complex. 

Based on the data that has been described and the 
reaction products that have been discussed, it can be 
predicted that the complexation reaction of Cu2+ ions with 
chlorophyll can be predicted as follows: 

 

Figure 5. Prediction of the complexation reaction of Cu2+ 
ions with chlorophyll to form Cu2+-Chl 

According to the Lewis acid-base concept, an acid is 
a species that accepts an electron pair, and a base is a 
species that donates an electron pair. Hard acids and 
bases are generally described in ionic interactions, 
whereas soft acids and bases are more covalent. Hard 
acids tend to bind to hard bases, and soft acids bind to soft 
bases [22]. Judging from the strength of the acid, in the 
theory of HSAB (Hard Soft Acid Base), Cu2+ ions as 
borderline metal ions will like borderline donor atoms 
such as N in porphyrin. The Cu2+ ion has the potential to 
substitute Mg2+ in porphyrins so that Cu2+ ions will 
replace the position of Mg2+ as the center atom in the 
porphyrin ring in the chlorophyll structure. This 
prediction was supported by the results of the IR spectra 
on the Cu2+-Chl complex compounds in which there was a 
significant shift in the absorption peak of the N-H 
groups, indicating the coordination of Cu2+ ions in the N 
groups of chlorophyll. 

The substitution of the metal ion Mg2+ by Cu2+ can 
also be considered based on the chemical properties of the 
metal element. Mg metal is electropositive, while Cu 
metal has a relatively high electronegativity of 1.90 on the 
Pauling scale [23]. The electronegativity possessed by 
Cu2+ ions causes Cu2+ metal to prefer coordinating with N 
atoms to make it easier to react. 

 

Figure 6. Prediction of the complexation reaction of Fe3+ 
ion with chlorophyll to form Fe3+-Chl 

Figure 6 shows the prediction of the complexation 
reaction of metal ion Fe3+ with chlorophyll. The Fe3+ ion 
has a different behavior from the Cu2+ ion. Based on the 
HSAB theory, the metal ion Fe3+ is a hard acid, so it will 
prefer the COO- group, which is a hard base. The Fe3+ ion 
bond can be coordinated selectively in either COO- or both. 
The structure of the Fe3+-chlorophyll ion complex 
compound has 3 (three) possibilities according to the 
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reaction because the IR spectra results cannot prove that 
the reaction product is more dominant to either one. 

3.4. Synthesis of TiO2/Metal-Chlorophyll Materials 

Titanium dioxide, which was sensitized on FTO glass, 
was prepared in the form of TiO2 paste. The paste was 
made by adding 5 mL of acetic acid (CH3COOH) and ten 
drops of acetonitrile (CH3COCN) to 2 g of solid TiO2. The 
addition of acetic acid aims to provide an acidic 
atmosphere to TiO2, while acetonitrile functions as a 
particle stabilizer to prevent particle reaggregation. 
Stirring was carried out using a magnetic stirrer to form a 
TiO2 paste. TiO2 is made in the form of a paste (gel phase) 
because the gel phase can keep moving electrons well and 
provide a long-wear resistance. After all, it does not 
evaporate quickly. In making TiO2 paste, the ratio of the 
amount of TiO2 to liquid material (acetic acid and 
acetonitrile) must be considered because if the ratio of 
TiO2/liquid material is too high, the resulting TiO2 paste is 
too thick and can make the thin layer of TiO2 too thick, 
making it easily peeled off the glass surface of the FTO. On 
the other hand, if the ratio of TiO2/liquid material is too 
low, the TiO2 paste is too liquid and can make the layer too 
thin, resulting in an easily volatile layer and not strong 
enough to absorb photons [24]. 

The TiO2 paste is then positioned on the active site of 
the Fluorine Tin Oxide (FTO) conductive glass. The FTO 
glass is used because FTO glass is a conductive 
transparent glass that can carry loads to function as a 
cargo transport medium. The TiO2 paste layer deposited 
on the FTO glass was then calcined at 450°C for 2 hours 
[25]. The purpose of calcination is to remove solvent 
molecules and rearrange the TiO2 crystal structure so that 
the TiO2 surface becomes homogeneous and forms pores 
with a large area. Choosing a moderately high calcination 
temperature needs to be considered to prevent 
agglomeration, which results in an increase in particle 
size and a decrease in the active surface area. Listanti et al. 
[26] reported that agglomeration occurred during the 
calcination of TiO2 at 600°C. 

Table 2. The UV-Vis Absorbance of Cu2+-chlorophyll and 
Fe3+-chlorophyll Solutions in Methanol, Before and After 

the Adsorption on TiO2 Layer 

Complexes 
λ 

(nm) 

Absorbance 

before 
adsorption 

after 
adsorption 

% 
adsorbed 

Cu2+-Chl 405 0.908 0.885 2.53% 

Fe3+-Chl 402 0.882 0.870 1.36% 

The adsorption process was carried out by 
immersing TiO2-sensitized FTO glass in chlorophyll 
solution and M-chlorophyll complex solution (M = Cu2+ 
and Fe3+) under dark conditions for 24 hours. The 
immersion time was 24 hours as the optimum time for 
adsorption, affects the concentration of dye molecules 
adsorbed on the TiO2 layer [27]. Another thing that affects 
the adsorption is the size of the TiO2 particles. The smaller 
the TiO2 particle size, the more dye will be adsorbed on the 
TiO2 surface, providing a greater chance of photon 
absorption, increases the number of electrons injected 
into the TiO2 particle [28]. The UV-Vis spectra of the 

chlorophyll complex solution showed a decrease in 
absorbance after the adsorption process, as shown in 
Table 2. 

3.5. Band Gap Energy (Egap) of TiO2/Metal-Chlorophyll 
(M = Cu2+, Fe3+) 

The TiO2/metal-chlorophyll (TiO2/M-Chl) materials 
were characterized using a Diffuse Reflectance UV-Vis 
(DR/UV-Vis) spectrophotometer analyze the UV-Vis 
reflectance characteristics and calculate the bandgap 
energy of the material. The DR/UV-Vis spectra of the 
synthetic materials were then compared with TiO2. 

The bandgap energy affects the electron excitation 
process from the valence band to the conduction band and 
the performance of a semiconductor as a photocatalyst 
material. When a semiconductor is subjected to photon 
energy, the electrons are excited to the conduction band, 
leaving a positive charge called a hole. Most of these 
electron-hole pairs will survive on the semiconductor 
surface so that the holes can work by initiating oxidation 
reactions. In contrast, the electrons initiate the reduction 
reactions of chemical compounds around the TiO2 
surface. If the bandgap energy is small, the light energy 
required is also tiny. 

The determination of the bandgap energy value using 
the Tauc plot method is done by extrapolating the linear 
region from the relationship graph of hν with (Khν)2 so 
that it intersects the axis at y = 0. The hν value of the 
horizontal axis at y = 0 is the bandgap energy (Egap). The 
scatter diagram of hν against (Khν)2 resulted from the 
DR-UV-Vis measurement for pure TiO2 material at a 200-
800 nm wavelength gives a linear line equation y = 
3.1959x-9.8362 with y = 0 ( Figure 7a). Based on this 
equation, the Egap of TiO2 is 3.08 eV, corresponding to a 
wavelength of 403 nm. The bandgap energy of undoped 
TiO2 was previously reported in the range of 3.0-3.1 eV 
[29, 30]. 

A semiconductor doped with an element that 
contains an excess of electrons will generate donor 
energy so that the energy required for electrons to move 
from the valence band to the conduction band (bandgap) 
decreases. Dyes that can be used as sensitizers are 
adsorbable dyes with functional groups that can 
chemically bond to the TiO2 surface and have a suitable 
energy level for electron injection. When the photons hit 
the electrodes on the DSSC, the energy of these photons is 
absorbed by the dye solution attached to the TiO2 particles 
so that the electrons get the energy to be excited (dye*). 
The excited electrons are then injected into the TiO2 
conduction band, which acts as an electron 
acceptor/collector. 

Based on calculations using the Tauc plot method, it 
was obtained the line equation y = 6.5724x-19.017 with a 
regression coefficient of 0.9906 for the TiO2/Cu2+-Chl 
material (Figure 7b). Through this equation, an Egap of 
2.89 eV is obtained with a wavelength of 429 nm. This 
shows a decrease in bandgap energy when compared to 
TiO2. This is similar to the previously reported value of 
Cu-doped-TiO2 of 2.86 eV [8]. The success of the Cu2+-Chl 
dye in TiO2 sensitization can be seen from the 
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bathochromic shift (redshift) that occurs in the visible 
light region, from a wavelength of 403 nm (TiO2) to 429 
nm (TiO2/Cu2+-Chl). Adsorption of Cu2+-Chl complex 
compounds by TiO2 causes an interaction between TiO2 
and Cu2+-Chl as a sensitizer. Electron clouds of metal ions 
fill the empty bands in TiO2. The bathochromic shift 
indicates the interaction of Cu2+ metal with TiO2, caused 
by the injection of electrons from the excited state of the 
Cu2+-Chl complex compound to the TiO2 conduction band. 

 

Figure 7. The modified reflectance spectra of the 
material based on the Tauc plot method for (a) TiO2, (b) 

TiO2/Cu2+-Chl, (c) TiO2/Fe3+-Chl 

Measurement of absorption and reflectance value 
(%R) using a DRUV/Vis spectrophotometer was also done 
on the TiO2/Fe3+-Chl material. Figure 7c shows the TiO2 
spectra sensitized by the Fe3+-Chl complex. The 
measurement gave the line equation y = 7.3231x-21.456 
with a regression coefficient of 0.9910. The Tauc plot 
method calculation results in the Egap value of 2.93 eV 
associated with a wavelength of 423 nm. The result shows 
the same tendency with TiO2/Cu2+-Chl material, in which 
there is a redshift (bathochromic) compared to the pure 
TiO2 wavelength from 403 nm to 423 nm in TiO2/Fe3+-
chlorophyll. This shift causes a decrease in the bandgap 
energy of the TiO2 semiconductor to 2.93 eV. This 
reduction was smaller than the values reported for the 
Fe-doped TiO2 material [10, 11], probably due to the 
relatively lower amount of Fe3+-Chl material adsorbed in 
TiO2. Increasing the concentration of dopant metal in 
doped-TiO2 in the range of 1.0% to 2.0% causes a decrease 

in the material Egap [8]. Based on the measurement data 
and calculations using the Tauc plot method described 
above, the wavelength values and bandgap energy values 
of the TiO2/metal-chlorophyll material are presented in 
Table 3. 

Table 3. Value of wavelength (λ) and bandgap energy of 
TiO2/M-Chl material 

Compound or complexes λ (nm) Egap (eV) 

TiO2 403  3.08 

TiO2/Cu2+-Chl 429 2.89 

TiO2/Fe3+-Chl 423 2.93 

4. Conclusion 

Based on the research results, it can be concluded 
that the bandgap energy (Egap) of TiO2 material sensitized 
by the chlorophyll metal complex compounds (M = Cu2+, 
Fe3+) reduces towards the lower energy compared to the 
pure TiO2 material. The Egap of the materials is calculated 
using the Tauc plot equation based on diffuse reflectance 
data measured in the DR/UV-Vis spectrophotometer. The 
calculated Egap of the TiO2/Cu2+- chlorophyll is 2.89 eV 
(429 nm), and the bandgap energy of the TiO2/Fe3+- 
chlorophyll is 2.93 eV (423 nm), lower than that of the 
TiO2 material, i.e., 3.08 eV (403 nm). The reduction of Egap 
in metal-chlorophyll-sensitized-TiO2 materials (M = 
Cu2+, Fe3+) can increase the use of TiO2 semiconductors. 
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