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ABSTRACT

Photocatalyst degradation is one method to reduce industrial textile dye pollution in water. In this 
study, ZnO material was synthesized by codoping Al and Mn using the chemical coprecipitation 
method to determine the structural and optical properties of the material. This research found 
that the structure of ZnO after codoping Al and Mn did not change the hexagonal wurtzite phase 
but changed in other lattice parameters. The addition of Mn and Al codoping is reported to affect 
the intensity of XRD peaks, especially on the 101 lattice. The higher the scattering peak, the more 
angular the shift, indicating the magnitude of oxygen vacancies. The addition of Mn with 0% con-
centration shows the smallest lattice parameter among the other four samples. This indicates that 
the oxygen vacancy of the sample without Mn is more significant than that with codoping Mn. The 
reflectance measurement results show that the energy gap value of ZnO (Al+Mn), with a 0% Mn 
percentage, reaches an immense value, which is 3.290 eV. The smallest energy gap is ZnO (Al+Mn) 
with 4% codopping Mn which is 3.258 eV. With this consideration, ZnO (Al+Mn) with 0% Mn 
percentage is suitable to be applied as a Congo Red photodegradation agent, and ZnO (Al+Mn) 
with 4% codoping Mn is appropriate to be used as a Methylene Green photodegradation agent.

Cite this article as: Krisandi A, Harsono H, Yudasari N. Narrowing band gap of ZnO codop-
ing (Al+Mn) as a photocatalyst candidate for degraded textile dye wastewater. Environ Res 
Tec 2024;7(4)00–00.

INTRODUCTION

The textile industry is increasing in all countries [1]. This is 
based on the fact that textiles are the primary needs of the 
people. Besides the magnitude of the textile industry, the 
negative impact on the environment produced is also sig-
nificant. One of them is textile dye waste. Textile dye waste 
is an organic waste that is difficult to degrade. When this 
textile waste is disposed of in the river, it will cause water 
pollution [1–4]. Uncontrolled water pollution will affect the 
quality of water, the water ecosystem, and other problems. 
This problem needs to be solved in various ways. One uses 
photocatalysts to break down the bonds of textile dyes that 
have bonded with water molecules [3–5].

Textile dye waste that pollutes the environment will harm 
the environment and human health even in low concentra-
tions. This happens because of the high composition of toxic 
textile dyes. In terms of the environment, this dye waste will 
increase Biochemical (BOD) and Chemical (COD) Oxygen 
Demand. This will directly inhibit further photosynthesis so 
aquatic plants will be disturbed. In addition, aquatic animals 
will stay away from the area because the aquatic environ-
ment is no longer healthy. Potential negative impacts also 
occur in humans. Like Azure B type textile dye waste, this 
type of dye waste has the potential to trigger gene mutation. 
This waste if contaminating the human body will be able to 
intercalate with the helical structure of DNA and RNA du-
plex [1]. Another potentially mutagenic dye is Disperse red. 
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The behavior of this mutagen can increase the frequency 
of micronuclei which is key for cancer characterization. 
Disperse Orange also shows a similar pattern. The behavior 
of mutagens that induce DNA damage can cause base shifts 
that alter the reading of the genetic code [3].

Removing dye sewage is an action that must be taken be-
cause of its serious effects on the sustainability of living 
things. Various ways are done to overcome this including 
Adsorption, coagulation, and filtering. However, these 
methods are costly and inefficient. One of the other meth-
ods offered is the photocatalyst method. This method in-
volves semiconductor materials such as ZnO [4, 5]. ZnO 
semiconductor material is one of the photocatalysts that is 
being intensively developed. It has the advantages of being 
cheap, widely available, non-toxic, and easily modified [6–
9]. These advantages are considered suitable to answer the 
problems of the textile industry, especially as a dye pollu-
tion degradation agent. ZnO reacted with dye waste liquid 
will respond if it gets energy from outside. The energy used 
is photon energy. This mechanism is referred to as a pho-
tocatalyst [10, 11]. Photons exposed to the ZnO solution 
with textile dyes will stimulate electrons to excite from the 
valence band to the conduction band. This mechanism will 
form reactive oxygen species that are useful as photodegra-
dation agents [12–14].

Pure ZnO has a reasonably wide energy gap value of 3.37 
eV and an excitonic binding energy of 60 meV [6, 15–17]. 
In this condition, the UV spectrum is needed to regenerate 
electron-hole recombination. ZnO structure modification 
is one way to narrow the energy gap value. However, the 
limitations of ZnO are limited conductivity and low charge 
concentration carrier ability. This causes the low-efficiency 
value of ZnO material. Therefore, it is necessary to modify 
the two factors mentioned. One strategy that can be done is 
to make structural modifications that can improve electron 
transport capabilities. Researchers have intensively added 
doping with metal ions. Some use group III metal dopping 
such as Al, In, Ga, etc [18]. Of the many types of group III 
metals, aluminum (Al) is the most widely used for dopping. 
Al is a dopant used to obtain n-type ZnO with high con-
ductivity, crystal quality, and optical properties. Adding Al 
in ZnO can reduce the energy gap from 3.37 eV to 3.28 eV. 
This is essential information for synthesizing ZnO as a pho-
tocatalyst agent [16].

Modifying ZnO by adding Al doping has not significantly 
changed optical properties. The high doping concentration of 
up to 5% wt did not decrease the energy gap significantly [13, 
15, 19–22]. This happens because the Oxygen Vacancy that 
occurs is still not optimal. Therefore, codoping methods are 
necessary. The candidates for the second element are transi-
tion metals such as (V, Fe, Co, Ni, Mn, etc) [9, 18, 23]. Ac-
cording to some research, Mn is one of the transition metals 
that can increase oxygen vacancy and absorb photon energy 
from the UV and visible ranges. However, dopping Mn with 
low concentrations <3% wt can reduce the energy gap value. 
Mn with concentrations >3% wt will increase the energy gap 
value with the presence of the second Mn phase [24–26].

Several methods for synthesizing ZnO with dopping in-
clude Coprecipitation, Sol-Gel, Hydrothermal, Chemical 
Vapor Deposition, Microemulsion Technique, Laser ab-
lation, and Ball milling [27]. Each synthesis method has 
advantages and disadvantages. The physical technique can 
give maximum results, but the equipment setup is expen-
sive; the chemical technique is more superficial and not so 
costly but has problems with reproducibility [28–30]. In 
this study, the synthesis technique used is co-precipitation, 
which is a bottom-up technique with a relatively simple and 
accessible tool setup. Codoping Al and Mn will synthesize 
ZnO material; Al concentration is fixed at 5% wt and Mn at 
0% to 4% wt, respectively.

EXPERIMENTAL PROCEDURE

Material Synthesis
Zinc acetate (99.9%, Merck), Aluminum Chloride (99.9% 
Merck), Manganese Acetate (99.9% Merck), NaOH (97% 
Merck). All materials were prepared based on the con-
centration ratio of Zn0.95-xAl0.05Mnx with x = 0 to 0.04. The 
single Al-doped sample is referred to as 0% Mn, and the 
codoped sample is referred to as 1% Mn to 4% Mn. Each 
sample with a concentration of 1M was dissolved in 200 mL 
of deionized water and stirred using a magnetic stirrer at 
room temperature for 30 minutes. After mixing, the sam-
ples were allowed to stand for 30 minutes. After that, the 
sample solution was stirred again using a magnetic stirrer at 
a constant speed while the titration process was carried out 
using 1M NaOH solution. This titration process is carried 
out under room temperature conditions and continues to 
be carried out until it reaches a solution condition with a 
pH of 10. The titration process while stirring lasts for 90 
minutes. After the solution has reached pH 10, the titration 
and stirring process is stopped. The beaker glass was closed 
using aluminum foil, and the sample was deposited over-
night in room conditions. The precipitate was filtered us-
ing Whatman paper size 42 to separate the precipitate and 
liquid. This process was carried out by washing the sample 
using DI water and ethanol in a ratio of 3:1. After that, the 
sample was moved to the crucible and dried using an oven 
at 90 oC for 12 hours. This process aims to remove water 
and ethanol present in the sample. A temperature of 90 oC 
was chosen so that Al and Mn ions would not diffuse before 
calcination. After the samples were dried, they were pul-
verized using a mortar and calcined using a high furnace at 
800 oC for 3 hours.

Characterization Procedure
The crystal structure of ZnO and its phase change were 
identified using X-ray diffraction (XRD) using a CuKα 
source (1.541862 Å). Crystal size was calculated using the 
Scherer equation

� (1)

d is crystallite size, Lambda (λ) is the X-ray wavelength, 
Betha (β) is the FWHM in radians, Theta (θ) is the Bragg 
Angle and K is the Scherer constant 0.9. 
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Optical properties were observed using Ocean Optic reflec-
tance spectroscopy with a wavelength range of 200–1110 
nm radiation. Reflectance testing of the material was car-
ried out to calculate the energy gap value of the material 
doped using Al and Mn. The optical band gap for codoping 
Al and Mn ZnO was measured using the following equation
(F(R)hυ)2=A(hυ–Eg)� (2)
F(R) is an absorption value, A is a constant, hυ is the photon 
energy, and Eg is the energy gap of the material. The energy gap 
can be calculated by plotting a graph of (F(R)hv)2 versus hυ. 
The extrapolation point of the linear part that meets the ab-
scissa point will be given as the energy gap value of a material.

RESULT AND DISCUSSION

Structural Properties
Figure 1 shows the spectra of ZnO codoping Al and Mn 
with different concentrations (0, 1, 2, 3, 4 %wt). All XRD 
results show the hexagonal wurtzite phase form as in Pure 
ZnO. This is confirmed by overlaying the spectra on JCPDS 
data No. 36-1451, which matches the space group P63mc. 
The spectra show that the structure of ZnO remains un-
changed in single dopping of Al and codoping of Al, Mn, 
both at low to highest percentages, and the observed phase 
remains a Wurtzite structure. Figure 1, which shows the 

XRD pattern, shows no additional peaks. This means that 
the incorporation of Al3+ and Mn2+ ions substitute into in-
terstitial sites or replace the presence of Zn2+ ions in the lat-
tice without changing the wurtzite ZnO structure. In pure 
ZnO, Zn2+ ions have an ion radius of 0.74Å, smaller than 
Mn2+ ions of 0.80 Å, and larger than Al2+ ions of 0.53Å.

From the XRD pattern in Figure 1, grating 101 has the 
highest intensity of all gratings in all samples. Peak 101 is 
enlarged to see changes in the pattern of each sample. Fig-
ure 2 is a magnification of peak 101. There is a 1% to 4% 
peak shift pattern rather than 0% samples. This shift occurs 
because Mn2+ ions, which have a larger ion radius, replace 
Zn2+ ions in the crystal lattice. The presence of Al3+ ions 
also determines the peak height. The 1% Mn peak shows 
the highest position, which indicates that Al3+ ions are in-
serted more in place of Zn2+ than Mn2+. This event occurs 
because the percentage of dopping in the sample is indeed 
more excellent Al with a ratio of Al % to Mn of 5%: 1%. 
However, as the percentage of Zn decreases and the rate of 
Mn increases, the peak also decreases until the Mn 4% con-
dition changes to a non-linear pattern. This is indicated due 
to changes in the lattice parameters.

The lattice parameter values calculated using the equation 
written in Ravi Kant's [30] part of the data are presented 
in Table 1. The lattice value c looks smaller than the pure 

Figure 1. XRD spectra. Figure 2. 101 peak shifting.

Table 1. The lattice parameter of pure ZnO and codopping ZnO

Mn concentration	 2 Theta (degree) 101	 Crystalline size D (nm)	 dhkl	 Lattice parameter (Å)

				    a=b	 c

Pure ZnO ref [31]	 36.450	 46.200	 2.464	 3.260	 5.219

0%	 36.330	 39.767	 2.471	 2.853	 5.198

1%	 36.311	 41.549	 2.472	 2.855	 5.202

2%	 36.313	 37.736	 2.472	 2.854	 5.201

3%	 36.321	 36.980	 2.471	 2.853	 5.199

4%	 36.285	 40.955	 2.473	 2.856	 5.205
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ZnO standard of 5.219 Å. This indicates the presence of ox-
ygen vacancies in the material dropped by Al3+ and Mn2+ 
ions. The lattice parameter value does not show a value that 
continues to rise with the increase in Mn doping, but the 
lattice parameter value changes along with the doping ratio. 
For ZnO with a single Al dopping or Mn 0% sample, lattice 
parameters a and c values are the smallest compared to the 
other four samples. This may be due to the small dopant 
radius of Al3+ ions that replace Zn2+. This also has an impact 
on the small lattice parameter values. However, when the 
percentage of Mn2+ dopping increases to the highest ratio 
of 4% Mn. The lattice parameter value reaches its highest 
value compared to the other four samples. This is proba-
bly because Mn2+ ions dominate in the replacement of Zn2+ 
ions. The lattice parameter value becomes larger since Mn2+ 
ions are more significant than Zn2+. The size of the lattice 
parameter is substantial to discuss because it relates to the 
oxygen vacancy in the sample; the smaller the size of the 
lattice parameter, the more likely the presence of oxygen 
vacancy, which is helpful in the photodegradation process. 
ZnO (Al+Mn) with 0% Mn percentage shows the smallest 
lattice parameter. It indicates that this sample will produce 
more oxygen vacancy than others.

Optical Properties
Figure 3 represents the reflectance spectra of the Al and Mn 
codoping ZnO samples in the wavelength range of 300 to 
800 nm. Uv-Vis spectroscopy is used to study the reflec-
tance pattern of solid materials with a certain thickness. 
This helps scientists determine the energy gap value of the 
modified material, especially the effect of co-dopping ZnO 
(Al+Mn). Figure 4 shows the energy gap value of each of 
the characterized samples. The linear dependence between 
the value of (F(R)hv)2 versus hν indicates that Al and Mn 
codoped ZnO is a semiconductor with a direct band gap. 
The direct band gap is calculated using the Kulbecka-Munk 
method in Equation 2.

The calculated band gap change values and comparison 
with the reference band gap are shown directly in Figure 
4a. All band gap values of materials doped using Al and Mn 
are lower than that of pure ZnO. This decrease in band gap 
value, as shown in Figure 4b, is likely due to the incorpora-
tion of Al and Mn ions in the Zn lattice, which creates a new 
recombination pattern. This can be confirmed from the dis-
cussion of changes in the crystal structure of XRD results. 
As described by Gaurav Saxena [31], the decrease in energy 
gap value, along with the addition of Al and Mn doping, can 
be illustrated as a form of p-d spin exchange interaction be-
tween localized d electrons resulting from the substitution 
of Al3+ and Mn2+ ions. The sample with the largest percent-
age of Mn produces the most significant decrease in the en-
ergy gap. This is due to the solid p-d assimilation between 
O and Mn. So, adding Al and Mn co-dopping will reduce 
the energy gap value; this is in line with the initial purpose 
of the experiment, which is to reduce the energy gap of the 
material as a candidate for photocatalyst and pollutant re-
moval applications.

Photodegradation Mechanism and its Relationship with 
the Energy Gap of the Material
The mechanism of photodegradation can be seen visually 
in Figure 5. What is modified is the value of Eg. The small-
er the energy gap value, the easier for electrons to excite 
from VB (Valency Band) to CB (Conduction Band). The 

Figure 3. Reflectance graphic.

Figure 4. Band gap energy (a) Kubelcka Munk measurement (b) decreased energy gap value.

(a) (b)
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smaller the energy gap, the narrower the gap between the 
ribbons. The narrower the band gap, the easier for electrons 
to excite. If electrons are easily excited by small energy, the 
oxygen vacancies will get bigger. This will affect the forma-
tion of •O2- (Oxygen Free Radicals), determining the pho-
todegradation rate.

Various researchers have examined the photodegrada-
tion of textile dye effluents using ZnO materials. The 
photodegradation mechanism is that ZnO powder mod-
ified using codoping is dissolved in textile dye waste. 
Then, the mixture is irradiated using light in the UV-Vis 
range. However, UV irradiation is recommended for UV 
materials because it has a maximum energy value of 3–4 
eV to reach the ZnO energy gap. This increases the pos-
sibility of expanding the photodegradation ability of the 
five modified ZnO (Al+Mn) samples with the highest 
Mn concentration of 4% Mn and the smallest gap ener-
gy value of 3.258 eV. Using a 4% Mn doping sample and 
comparing it with related research shown in Table 2, this 
modified sample can be a candidate for degrading Meth-
ylene Green textile dyes, as done by A. Mahesha [15] 
using ZnO doped with Cr3+ ions. This modification de-
creased the energy gap to 3.27 eV. Sample ZnO (Al+Mn) 
with 0% Mn, which has the most significant gap energy 
value (3.29 eV), also needs to be considered for use as a 
photodegradation agent. This is based on the high possi-
bility of vacant oxygen due to the single doping of Al. The 
textile dye that this sample can degrade is Congo Red. 
According to Table 2, Congo Red requires a degradation 
agent with an energy gap of 3.3 eV, and this sample is 
suitable for degrading Congo Red.

CONCLUSION

ZnO material with fixed Al doping and Mn variation has 
been successfully made using a simple coprecipitation 
method. Various characterizations have ensured this new-
ly modified material is suitable as a textile dye degradation 
agent candidate. The parameters used as a benchmark are 
structural and energy gap changes. Crystal structure ob-
servation was done using X-ray diffraction. From the re-
ported discussion, it can be concluded that the single dop-
ing of ZnO with Al and codoping of ZnO with Al and Mn 

did not change the main crystal structure, which is still 
observed as Hexagonal Wurtzite. In diffraction peak 101, 
it is observed that the higher the percentage of dopping, 
the more the peak shifts towards the slight diffraction an-
gle. This indicates that the presence of oxygen vacancies 
is more significant. This structural pattern is confirmed 
by reflectance characterization, which calculates the en-
ergy gap value. The higher the doping of Mn, the smaller 
the energy gap. However, this energy gap change does not 
occur linearly because an atomic insertion behavior has 
not been fully revealed. Modification of ZnO (Al+Mn) 
with a 4% Mn percentage produces the smallest energy 
gap of 3.258 eV and the highest energy gap reached by 
ZnO (Al+Mn) with a 4% Mn which is 3.290 eV. The type 
of textile dye that can be degraded with this modification 
is Methylene Green for (Al+Mn) with 4% Mn and Congo 
Red for (Al+Mn) with 0% Mn.
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Figure 5. Photodegradation mechanism [33].

Table 2. Reference data ZnO dopping as a dye photodegradation

No	 Doppant	 Gap energy	 Dye 	 Ref 
	 %wt	 (eV)

1	 Cr3+ 9%	 3,27	 MG	 A Mahesha [15]

2	 Co2+ 2%	 3,06	 MG	 Al-Namshah [32]

3	 Fe2+ Pure	 2,97	 MB	 Sabrina [28]

4	 Cu2+ 3%	 3,19	 MB	 KV Karthik [33] 
			   IC

5	 Cu2+ 5%	 3,23	 RhB	 KV Karthik [33]

6	 Pure Zn2+ Nps	 3,30	 CR	 B C Nwaiwu [34]

MG: Methylene green; MB: Methylene blue; IC: Indigo carmine; RhB: 
Rhodamine B; CR: Congo red.
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