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 Thin films were prepared based on cellulose polymer doped with different ratios of natural 

dye derived from Portulaca grandiflora concentrations. The polymer and natural dye were 

extracted from eco-friendly materials—the cell walls of millet husks and Portulaca 

grandiflora, respectively. The spray pyrolysis technique was applied to prepare thin film 

samples to control the film morphology and reduce the roughness of the surface. Optical 

microscope and Fourier transform infrared were used to analyse structural, morphological, 

and functional groups for all samples, respectively. The peak absorbance, extinction 

coefficient, optical bandgap, Urbach energy, and optical conductivity for the thin films were 

determined using ultraviolet-visible spectroscopy. The results show an enhancement in the 

optical characteristics when the natural cellulose is doped with a dye. Doping cellulose with 

5% P. grandiflora has led to a considerable reduction in the energy bandgap (to 1.95 eV), 

compared to the sample doped with 1%. 
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1. Introduction 

In recent years, there has been a growing interest in 

green renewable energy owing to its role in alleviating 

human and environmental health issues. Natural dye is 

increasingly a vital component of the world’s green 

materials and sustainable development [1]. The most 

significant sources of natural dyes have been obtained from 

various sources, including insects, animals, minerals, and 

plants [2]. Since the early days of civilization, natural dyes 

have been used extensively in wear, fine art, and even 

medicine. Natural dyes are also safe to use and preserve 

ecological equilibrium [3–6]. Darkening materials with 

natural dyes have received increased attention from 

scientists and companies for their efficiency gains and 

environmental integrity. Several researchers have reported 

significant developments in pigment extraction from plant 

sources such as petals, flowers, leaves, seeds, and bark, 

resulting in increased extraction percentages [7, 8]. Natural 

dyes provide biomaterial pigments such as phycocyanin 

[9], chlorophyll [10, 11], luteolin, tannins [12, 13], 

violaxanthin [14, 15], and phycoerythrin [16, 17]. The 

technique for the extraction of natural dye has been covered 

extensively in the past, including reports on its use in dye-

sensitized solar cells [18, 19], photosensitizers [20], and 

optoelectronic applications (optical sensors, optical 

interconnects, and medical equipment) [21–23]. 

However, the major challenge in the use of natural dyes 

for optoelectronic applications is their low electrical 

conductivity, which requires to be enhanced to improve 

their properties. It is crucial to research innovative 

development in materials that can increase the performance 

of semiconductors and optoelectronic devices. Efficient 

exciton creation is critical in photoelectronic systems, 

allowing for a narrow energy bandgap to shape [24, 25]. A 

combination of inorganic functional components and 

organic polymers can lead to synergistic qualities that have 

attracted considerable interest in literature. An interface 

made of a dye-doped polymer can offer improved 

absorption characteristics across an extensive range of 

wavelengths, making it an attractive material for specific 

applications [26, 27]. 

The modifications made by the polymer dopant are due 

to the improved electrical interaction between the dye 

electrolyte and the semiconducting electrode. The organic 

dye functions as a prototype model, while the polymer 

(cellulose [C6H10O5]) acts as an electron acceptor molecule, 
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facilitating the transfer of charge from the pigment to the 

electrode and enabling the system to function. Natural 

cellulose is considered the most common renewable 

polymer that has the potential to replace synthetic polymers 

in various applications [28, 29]. Cellulose has emerged as 

a critical element in developing advanced materials, 

particularly electroactive paper which has numerous 

potential applications in fields such as flexible electronics, 

sensing, and actuation. 

Given these considerations, this work aims to analyse 

and describe the dye extracted from a natural source 

(P. grandiflora) which has been doped with natural 

cellulose. Figure 1 addresses the natural source used in this 

work as a green material. The study will discuss the effect 

of doping dye on the polymer and then examine its optical 

properties. The effect of the dopant dye on the cellulose is 

investigated using samples with various ratios of the dye 

and the cellulose. The latter is checked through 

morphological and structural studies using an optical 

microscope. The structure of the obtained additive has also 

been confirmed using the Fourier transform infrared 

(FTIR) spectroscopy. 

2. Experiment 

2.1. Materials and equipment 

The petals of the P. grandiflora plant were used to 

extract the dye. This plant is widespread in the private and 

public gardens in Basrah city in Iraq [see Fig. 1(a)]. The 

dye was extracted by using a magnetic stirring device 

(BOECO Hot Plate Magnetic Stirrer, model MSH 420, 

Boeco Germany, Germany). The magnetic stirrer has  

a maximum stirring capacity of 15 L, a stirring speed of  

60–1110 rpm, and a heating surrounding temperature of 

450 °C. Transmittance and absorbance spectra of thin films 

were carried out in a region of 350–900 nm using the GBC 

Cintra-2020 ultraviolet-visible (UV-VIS) spectrometer, 

(GBC, Australia). HD Microscope Camera ICC50 and 

DM500 microscope (Leica Microsystems, Germany) were 

used to analyse the surface image. The functional groups 

located in the samples were recorded using the Shimadzu 

IR Prestige 21 (Shimadzu Scientific Instruments, Japan), 

with the range of 200–4000 cm−1. 

2.2. Dye extraction process 

Approximately 200 g of blossoms were gathered and 

their petals were subsequently cleaned to eliminate dust 

particles. After washing, the petals were placed at  

room temperature for ten days in a dark and dry setting 

before being pulverized in a crusher to create powder. The 

powdered product (1.5 g) was placed in a capped glass 

beaker with 50 ml of distilled water to obtain an aqueous 

extract. The mixture was then filtered using medium-fast 

filter paper, which weighed 55 g/m2 and had a thickness of 

0.33 mm. A 1:50 ratio of natural dye to water solvent was 

mixed, followed by magnetic stirring. The process inputs 

were adjusted at 50 °C with several rotations (200 rpm) for 

40 min. The aqueous colour derived from the P. grandi-

flora flower is shown in Fig. 2(a). 

2.3. Extraction of cellulose 

The natural polymer used in this work is cellulose, 

which is extracted from the cell walls of plants including 

millet husks [see Fig.1(b)]. The plant was collected and dirt 

or debris was removed, as well. The husks were then rinsed 

thoroughly to remove any remaining dirt or impurities. 

After that, the yields were placed in a container of water to 

allow soaking overnight, which helps to loosen the 

cellulose fibres and make them easier to extract. The husks 

were then ground into a fine powder using a grinder. 

Cellulose fibres are separated from the husk debris, 

through acid hydrolysis, a chemical method which uses 

acid to dissolve the lignin and hemicellulose in the husk, 

leaving the cellulose fibres behind. Sulfuric acid is 

commonly used for acid hydrolysis of cellulose fibres and 

a concentration of 10% is used resulting in an acid solution 

at a temperature of 150 °C for 1 h. The cellulose fibres were 

thoroughly rinsed with water to remove any remaining 

impurities and were placed in a low-temperature oven for 

drying. Once the cellulose fibres were dry [see Fig. 2(b)], 

an airtight container was used to store the product. 

2.4. Preparation of thin films 

Figure 3 illustrates the setup of a homemade spray 

pyrolysis technique (SPT). The details of this technique are 

described in other works [30]. Electrical heaters were used 

to reach the desired temperature of the glass substrates. An 

adjustable variance thermostat was used to keep the 

substrate temperature at 75 ± 5 °C. A suitable quantity of 

dye composition (natural dye and water, 1:50 ratio) was 

stirred to produce an appropriate spraying solution 

employing carrier gas that contains pressurized nitrogen at 

1.2 bar. The volumetric quantity with a dye content of 8% 

 

Fig. 2. The aspect of (a) extracted dye from P. grandiflora and 

(b) extracted cellulose from millet husks. 

Fig. 1.  

 

Fig. 1. The green materials used in the extraction of 

P. grandiflora plant and cellulose from millet husks, 

respectively. 
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was used as a spray solution. A spray volume of 25 ccs with 

the resulting solution was painted on the glass substrate for 

30 min with one-minute intervals, given that each spray 

step takes 3 s. In the final step, all films were allowed to 

cool naturally to room temperature.  

3. Characterisation 

3.1. Optical microscope analysis 

Enlarged images were captured using an optical 

microscope to better illustrate the morphological and 

structural characteristics of doped and pure samples. Slides 

were observed and photographs were taken with the 

DM500 microscope and the ICC50 HD camera, 

respectively (see Fig. 4). The photomicrographs of the 

slides were digitized using the Leica LAS EZ Software. 

The thin films with images of P. grandiflora reveal the 

shape, size, and distribution of the pigment particles, as 

well as the impurities that may be present in the sample. 

Figure 4(a) presents a good homogeneity and quality of the 

pigment dispersion in the film. The morphological 

characteristics of the polymer matrix (cellulose) with 

different concentrations of P. grandiflora dye are presented 

in Figs. 4(b), 4(c), and 4(d). These images depict the 

agglomeration of the pigment particles within the polymer 

matrix. As can be seen from Fig. 4, the samples were well 

prepared using the SPT. The pigment particles are well 

dispersed within the polymer matrix suggesting their 

homogeneous distribution throughout the film. Overall 

distribution and dispersion of the pigment particles in the 

matrix seem satisfactory, with minimal aggregation or 

deformation. The prepared samples are as close as possible 

to a uniform thickness for pure dye (261, 1044, 1058, and 

1061 nm) and P. grandiflora-doped cellulose (PC) (1%, 

3%, and 5%), respectively. The thickness values of the film 

were obtained using a standard approach that involves 

calculating the mass values of the glass substrate (𝑚1) and 

the dye layer (𝑚2) on the same surface as follows: 

𝑑 =
𝑚2 − 𝑚1

𝜌 𝑎
. (1) 

The parameters 𝜌  and 𝑎 represent the density of the dye 

and/or polymer and the area of the sample. 

3.2. FTIR spectroscopy analysis 

FTIR spectra of the powdered dye, natural cellulose, 

and dye-doped cellulose of different concentrations (1%, 

3%, and 5%) were closely investigated to identify the 

composition and chemical interactions. In Fig. 5, the FTIR 

spectra of pure dye and natural cellulose were individually 

presented. The peaks that appeared at different frequencies 

are expressed in capital letters as listed in Table 1. 

 

Fig. 3. Schematic view of the spray pyrolysis setup. 

 

Fig. 4. Optical microscope image of (a) pure P. grandiflora,  

(b) PC 1%, (c) PC 3%, and (d) PC 5% at 

20× magnification. 

 

Fig. 4. FTIR spectroscopy of extracted (a) P. grandiflora 

plant, natural cellulose, and (b) different concentrations 

of dye-doped cellulose at room temperature. 
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The purpose of presenting the IR spectra of pure dye 

and the natural polymer is to identify the chemical bonds 

that occur in the substance. As can be seen from Fig. 5(a), 

the stretching mode in cellulose has strong absorption 

bands in the regions of 2900–3500 cm−1, 1630–1620 cm−1, 

and 1100–1150 cm−1. On the other hand, the P. grandiflora 

typically exhibits absorption bands in the 1590–1580 cm−1 

and 1340–1350 cm−1 ranges. In Fig. 5(b), the absorption 

bands from cellulose and P. grandiflora are combined in 

the IR spectrum. Cellulose dominates the overall shape of 

the spectrum, although there are additional absorption 

bands corresponding to the presence of P. grandiflora dye. 

In Fig. 5(b), all PC films show A, B, and C peaks, except 

the dye with 5% concentration, which has no peak at 

position B. These bands are due to the O–H, the aliphatic 

(ν C–H) stretching mode and stretching vibrations of the 

C≡C triple bond group, respectively. As can be seen from 

Fig. 5(b), the band D of PC 1%, PC 3%, and PC 5% 

corresponds to the carbonyl (ν C=O), aromatic (ν C=C), 

and ester (ν C–O) stretching frequencies, respectively. 

According to the stretching mode at E, the bending 

vibration in the spectrum of PC 3% is associated with the 

CH groups, while the band of PC 1% corresponds to C–H 

deformation vibration, and no mode is presented at that 

position for PC 5%. Furthermore, PC 5% displays 

stretching mode, which corresponds to the C–H out of the 

plane while both PC (1% and 3%) present ester C–O–C 

bending vibrations, respectively, where all modes are 

represented by the letter F. Further investigation showed 

that the band represented by the letter I demonstrated the 

vibrations of CH2 and CH3 groups, and C–C bonds for PC 

(5%, 3%, and 1%), respectively. 

4. Results and discussion 

4.1. UV-VIS spectroscopy 

The UV-VIS spectra in the 200–1100 nm range were 

recorded using the CE-7200 double beam spectrometer. 

The absorption peaks for the natural cellulose, pure dye, 

and PC (1%, 3%, and 5%, respectively) thin films were 

located at 374, 450, 510, 511, and 512 nm, respectively. 

The UV absorption bands corresponded to the π→π* 

electronic transitions of pigment components [31] [see 

Fig. 6(a)]. Furthermore, the absorption peaks of the doped 

samples shifted to the red region compared to the pure 

cellulose due to an increase in the amount of electron 

delocalization in the molecule. This leads to a decrease in 

the energy jump between highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) [32]. 

Figure 6(b) shows the reflection patterns for both pure 

dye and dye-doped with different concentrations. 

Compared to pure dye, the presence of natural dye in all 

doped samples resulted in a considerable shift towards 

longer wavelengths in the reflection spectrum, indicating a 

redshift. This shift confirms the increase in the absorption 

of light by the dye. Table 1 shows the structural 

composition of natural dye, natural cellulose, and dye-

doped cellulose from IR spectroscopy. 

4.2. Bandgap and Urbach energy 

HOMO-LUMO energy Eg is a crucial factor in 

determining semiconductor and dielectric properties. The 

optical bandgap denotes the creation of separate and 

Table 1. 

Structural composition of natural dye, natural cellulose, and dye-doped cellulose from IR spectroscopy. 

Peak 

Pure dye Cellulose PC 1% PC 3% PC 5% 

Wavenumber 

peak (cm−1) 

Characteri-

sation 

Wavenumber 

peak (cm−1) 

Characteri-

sation 

Wavenumber 

peak (cm−1) 

Characteri-

sation 

Wavenumber 

peak (cm−1) 

Characteri-

sation 

Wavenumber 

peak (cm−1) 

Characteri-

sation 

A 3071 
stretching ν 

O–H 
3438 

stretching ν 

O–H 
3438 

stretching ν 

O–H 
3438 

stretching ν 

O–H 
3493 

stretching ν 

O–H 

B -- -- 2924 

stretching 

aliphatic ν 

C–H 

2924 

stretching 

aliphatic ν 

C–H 

2924 

stretching 

aliphatic ν 

C–H 

-- -- 

C 2342 
stretching ν 

=C–H 
2360 

stretching ν 

−C≡C− 
2360 

stretching ν  

–C≡C– 
2360 

stretching ν  

–C≡C– 
2359 

stretching ν  

–C≡C– 

D 1593 

stretching 

aromatic ν 

C=C 

1627 

stretching 

carbonyl ν 

C=O 

1627 

stretching 

carbonyl ν 

C=O 

1627 
aromatic ν 

C=C 
1563 

stretching ν 

C–O 

E 1510 
aromatic ν 

C=C 
1478 

bending  

–CH2 group 
1478 

bending  

–CH2 group 
1478 

bending  

–CH2 group 
1458 -- 

F 1338 
bending  

–CH3 group 
1441 

bending  

–CH2 group 
1441 

bending  

–CH2 group 
1441 

bending  

–CH2 group 
-- -- 

G 1209 
stretching ν 

C–O 
-- -- -- -- -- -- -- -- 

H 1160 
stretching ν 

C–O–C 
-- -- -- -- -- -- -- -- 

I 1105 
stretching ν 

C–O 
1105 

stretching ν 

C–O–C 
1074 

bending  

–CH2 group 
1105 

bending  

–CH3 group 
1035 

stretching ν 

C–C 
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unconnected holes and free electrons with the lowest 

possible degree of energy. The determination of the optical 

bandgap using UV-VIS absorbance spectra was accom-

plished through the application of the Tauc relation as 

defined [33] 

𝛼 =
{ℎν − 𝐸g}

𝛾

ℎν
. (2) 

Here, 𝛾 refers to the density distribution of the state index, 

which takes different values depending on the moment of 

transition: direct (1/2 and 3/2 for allowed and forbidden, 

respectively) or indirect (2 and 3 for allowed and forbidden, 

respectively). The intercept of (𝛼ℎν)γ against (ℎν) with the 

x-axis is applied in this analysis to determine the energy 

gap values. The plots of (𝛼ℎν)γ  vs. (ℎν) were carried out for 

both direct and indirect transitions. As previously 

documented, the plot for direct transition shows a perfect 

fit, while the plot for indirect transition exhibits a less 

perfect fit in extrapolation [34]. This leads to the under-

standing that a direct bandgap transition would be more 

useful in photovoltaic systems. 

Figures 7(a), 7(b), 7(c), 7(d) present the Tauc plots for 

direct bandgap transition. Figure 7(a) presents the values of 

Eg for natural dye and cellulose. As expected, the Eg of pure 

dye is lower than that found in cellulose. As dye 

concentration increases, the values of the direct optical 

bandgap for the doped samples decrease. The electronic 

properties of the dye-doped polymer samples are also 

affected by the type of dye, the polymer matrix, and the 

processing conditions. The effect of dye-doped cellulose on 

the Urbach energy is illustrated in Fig. 8. It is well known 

that Urbach energy is a measure of the disorder in the 

electronic band structure of a material. Greater Urbach 

 

Fig. 6. The spectrum of UV-VIS (a) absorption and (b) reflection 

of pure dye, natural cellulose and different concentrations 

of dye-doped cellulose. Inset of Fig. 6(a) shows 

photographs of the pure dye, cellulose, and doped 

cellulose samples. 

 

Fig. 7. Energy bandgap of (a) pure dye, (b) PC 1%, (c) PC 3%, and (d) PC 5%.  

Inset of Fig. 7(a) shows energy bandgap of natural cellulose. 
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energy causes more disturbances because of inadequate 

crystalline or amorphous solid structures [35, 36]. The 

values of the direct energy gap and Urbach tail for each 

sample are outlined in Table 2. As can be seen from Fig. 8, 

the tail energy is influenced by doping with impurities. The 

energy-correlated defect bands has a minimum value as  

the dye concertation is increased. Typically, larger dye 

molecules occupy more volume compared to the polymer 

chains, leading to more restrictions in their movement. This 

leads to a more ordered arrangement of the polymer chains, 

reducing structural disorder. 

4.3. Refractive index and extinction coefficient 

The refractive index (𝑛) and extinction coefficient (𝑘) 

of pure dye and dye-doped polymer are demonstrated, 

respectively, in Figs. 9(a) and 9(b). The factors 𝑛 and 𝑘 are 

expressed in terms of a complex relation, which can be 

written as 

𝑁(𝜆)  = 𝑛(𝜆) + 𝑖𝑘(𝜆). (3) 

The real part 𝑛 and imaginary part 𝑘 of the pure dye, 

cellulose, and PC (1%, 3%, and 5%) thin films were 

estimated using the two relations as follows [37]: 

𝑛 =
1 + 𝑅

1 − 𝑅
+ √

4𝑅

(1 − 𝑅)2
− 𝑘2, (4) 

𝑘 =
𝛼𝜆

4𝜋
 , (5) 

where 𝑅 is the reflectance spectra and 𝛼 the absorption 

coefficient. As the dopant concentration of the P. grandi-

flora increases, it leads to a rise in the refractive index of 

the dye-doped polymer [see Fig. 9(a)]. This is due to the 

light scattering by the dye molecules, resulting in more 

light being bent as it passes through the material. In 

Fig. 9(b), the presence of the dye in cellulose slows down 

the absorption process which leads to an increase in  

the extinction coefficient of the doped samples as the 

P. grandiflora concentration ratios increase. 

4.4. The complex dielectric constant and optical 

conductiviy 

An associated feature of a substance is its complex 

dielectric constant, expressed as 𝜀 = 𝜀r + 𝜀i, which gives 

additional insight into its optical properties. The real and 

imaginary parts of the dielectric function are calculated as 

[38]: 

𝜀r = 𝑛2 − 𝑘2 (6) 

𝜀i = 2𝑛𝑘. (7) 

The ability of a material to store electromagnetic waves 

is described, in portion, by the real part of the dielectric 

function, along with the imaginary part. The behaviour of 

the dielectric function 𝜀r and 𝜀i vs. the wavelength is 

demonstrated in Figs. 10(a) and 10(b), respectively. 

Figure 10(a) depicts that the doped thin films have a high 

refractive index at a wavelength of 510 nm compared to 

 

Fig. 9.  (a) Refractive index and (b) extinction coefficient vs. 

wavelength of pure dye, cellulose, and different 

concentrations of dye-doped cellulose. 

 

Fig. 8. Estimation of Urbach energy for pure dye, cellulose, and 

dye-doped cellulose in different ratios of concentrations 

using the graphical slope of photon energy vs. ln 𝛼. 

 

Table 2. 

The values of energy gaps with Urbach tails for the pure and 

doped samples. 

Sample Direct band gap (eV) Urbach tail (eV) 

Cellulose 2.90 0.685 

Pure dye 2.10 0.601 

PC 1% 2.00 0.429 

PC 3% 1.98 0.303 

PC 5% 1.95 0.303 
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that of cellulose. This finding is indicated by the high value 

of 𝜀r, as shown in Fig. 9(a). In the blue region, 𝜀r increases 

as the dye concentration increases, which means the 

substance becomes more polarized in response to an 

electric field. The imaginary part of the dielectric function 

also describes the absorption of light by a material. For the 

doped samples, there is considerable absorption in the blue 

region in contrast to the cellulose, which exhibits slight 

absorption in the UV region. As the dye concentration ratio 

increases, the value of i increases noticeably, indicating 

that the material has a high optical absorption [see 

Fig. 10(b)]. 

The fundamental property in various applications such 

as photovoltaics and photonics is complex optical 

conductivity. The latter can support designing a thin film 

of new material with desired optical and electrical 

properties. The optical conductivity was calculated using 

the following equations [38] 

𝜎r = 𝜔𝜀0𝜀i  (8) 

𝜎i =  𝜔𝜀0𝜀r. (9) 

The real part 𝜎r and imaginary part 𝜎i vs. wavelength 

are presented in Figs. 11(a) and 11(b), respectively. From 

Fig. 11(a), in the blue region, the real part 𝜎𝑟 becomes more 

effective with increasing dye concentration ratios with 

respect to that of cellulose. This means that the sample 

ability of a material to conduct electricity becomes greater. 

On the other hand, the imaginary part of optical 

conductivity in the blue region shows an increase in the 

material conductivity, as the dye concentration ratios 

increase [see Fig. 11(b)]. This increase is mainly due to 

light absorption, which appears in the behaviour of the 

extinction coefficient shown in Fig. 9(b). 

5. Conclusions 

Pigment extracted from P. grandiflora is utilized as a 

natural dye source for producing cellulose thin films doped 

with varying dye concentrations via the SPT. This latter 

technique allows for obtaining thin film samples with a 

coating layer of high uniformity and homogeneity. The 

UV-VIS and FTIR spectra demonstrate the effectiveness of 

using dye molecules as dopants to enhance the linear 

optical characteristics of cellulose films. The proportion of 

dopant concentration affects the refractive index and 

extinction coefficient of dye-doped polymer films. Once 

the dopant concentration reaches 5%, the material exhibits 

a direct energy gap of 1.95 eV. The study of the dielectric 

function and the optical conductivity indicates that the 

prepared samples exhibit significant responses to electric 

energy. The presence of natural dyes in the biopolymer 

(cellulose) enhances the ability of the doped samples to 

interact and absorb light, demonstrating them as cost-

effective and eco-friendly choices for dye-based 

photovoltaic applications. 

 

Fig. 10.  (a) Real and (b) imaginary parts of the dielectric 

function for pure dye, cellulose, and different 

concentrations of dye-doped cellulose. 

 

Fig. 11.  (a) Real and (b) imaginary parts of the optical 

conductivity for pure dye, cellulose and different 

concentrations of dye doped cellulose. 
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