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ABSTRACT  

Undoped and Mn-doped ZnO nanoparticles were successfully prepared by the hydrothermal method with different annealing 
temperature conditions. Structural, chemical and optical properties of the samples were studied by X-ray diffraction (XRD), 
field emission scanning electron microscopy (FE-SEM), UV-Vis spectrophotometry and Fourier transform infrared (FT-IR) 
spectroscopy. The phase purity was confirmed by X-ray powder diffraction (XRD) indicating hexagonal wurtzite structure for 
all samples and less crystallinity with increasing annealing temperature. In addition, the average particle size was found to be 
15-30 nm from SEM and XRD. It is seen that the optical band gap increases when the ZnO is doped with manganese and 
decreases when annealing temperature increases. The photocatalytic activity of undoped and Mn-doped ZnO nanoparticles was 
tested by the degradation of methyl orang (MO) under UV light and indicated that Mn-doped ZnO has higher photocatalytic 
activity relative to ZnO nanoparticles and photocatalytic activity decreases when annealing temperature increases. 
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1. Introduction 

The fast moving developments in the field of 
nanoscience have stimulated considerable research 
efforts on the synthesis and manufacturing of novel 
devices for various high-technological potential 
applications. It has been observed that the various 
properties of materials such as, electrical, chemical, 
optical, mechanical properties, etc at nano-level are 
totally different from their bulk counter parts [1]. The 
semiconductor nanostructures exhibit themselves as 
one of the important class, because of the variety of 
applications such as electronics, optoelectronics 
sensors and actuators and even in biological systems. 
Recently, among the metal-oxide photocatalysts, ZnO 
semiconductor nanostructure have become a focus of 
attention due to their possible application in 
electronics, optics, photonics, sensors, transducers, 
catalyst and to degradation of environmental organic 
pollutants [2-5]. 
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The major advantages of ZnO are a low price, good 
gas sensing properties, photocatalytic activity, 
antibacterial activity, possibility to prepare structures 
with interesting optical properties like photonic 
crystals, catalytic materials, etc. However, ZnO has 
almost the same band gap (3.2 ev) as TiO2, but it is 
more efficient catalyst because it has more numbers of 
active sites with high surface reactivity and then 
generates H2O2 more efficiently [6] that resulting 
higher reaction and mineralization rates than TiO2 
[7,8].  
ZnO have been doped whit transitional metal ions such 
as Co, Sb, Ni, Mn and Fe [9-12] due to that, doping of 
metal oxide with metal and/or transition metals 
increases the surface defects [13], which improve the 
photocatalytic activity. Defects in crystals create 
energy states within the band gap which act as 
intermediate steps for electrons in their transitions 
between the valence and conduction bands as a result 
of photo excitation [12,14]. However, it is still 
challenging to major problem is that the defects are 
interacting with many other factors and the 

135



Bordbar/ Iranian Journal of Catalysis 5(2), 2015, 135-141 

photocatalytic activity is dominated by the balance 
among all these factors [15]. It should be mentioned 
that that defects exist in most ZnO samples except 
perfect single crystals, and the degree of defects may 
differ a lot in different samples.  
Impurification of ZnO with transitional metal ions as 
Mn2+ is one of the efforts has been improved the 
photocatalytic activity of ZnO [16-20]. Many factors 
such as precursor concentration, reaction and 
temperature time, annealing temperature etc. can be 
affected crystalline phase and size, electronic structure 
and crystal defects and then can be affected 
photocatalytic activity. However, the change of 
structural characteristics of ZnO nanoparticles under 
annealing is very complex. It seems that the properties 
of ZnO nanoparticles could not be ascribed to the size 
effect or surface chemical compositions singly. The 
effect of annealing on the properties of ZnO should 
include the interaction role of different kinds of 
structural characteristics. Wang et al. reported effect of 
annealing temperature on the microstructures and 
photocatalytic property of colloidal ZnO nanoparticles 
[21]. However, the study of annealing temperature 
effect on the structural and photocatalytic property of 
Mn-doped ZnO has not been systematically 
investigated yet. Herein, we report a simple 
hydrothermal procedure for the successful fabrication 
of Mn-doped ZnO nanoparticles with different 
synthesis annealing temperatures as well as structural 
and photocatalytic property of Mn-doped ZnO. The 
work is to study the effects of annealing temperature 
on the structural and photocatalytic properties of Mn-
doped ZnO.  

2. Experimental 

2.1. Synthesis procedure 

The synthesis of undoped ZnO and Mn-doped ZnO 
nanoparticles was done by facile hydrothermal process. 
All the chemical reagents used in this work were of 
analytical grade and used as received without further 
purification including deionized water, ethanol, zinc 
acetate dihydrate (Zn(Ac)2.2H2O), hexamethylene 
tetramine (HMTA). The dopant source of manganese 
was manganese nitrate dihydrate (Mn(NO3)2.2H2O). 
The typical procedure for the preparation of undoped 
ZnO and Mn-doped ZnO nanoparticles was as follows: 
25 ml of 0.2 M Zn(Ac)2.2H2O aqueous solution with 25 
mL of 0.008 M Mn(NO3)2.2H2O (4% mol of 
Mn(NO3)2.2H2O) was mixed and stirred at room 
temperature for 5 min. Then 25 mL of 0.2 M HMTA 
aqueous solution was added in under stirring condition 
at room temperature. The mixed solution was 
magnetically stirred for 30 min and then transferred 
into Teflon-lined stainless steel autoclave, sealed and 
heated at 95°C for 20 h. The as-formed precipitates 
were filtrated and washed with deionized water and 

ethanol and dried at 60°C in air for further 
characterization. Finally, the powder was divided to 
three parts and each was annealed at air for 1h at 
300°C, 500°C and 600°C, respectively. 

2.2. Characterization 

The ZnO samples structure were characterized by X-
ray diffraction pattern recorded on a Philips model 
X'PertPro diffractometer employing Cu Kα radiation 
(λ=1.5418Å) while the general morphologies of the 
synthesized samples were investigated  by field 
emission scanning electron microscopy 
(FESEM;TESCAN-MIRA3) equipped with an Oxford 
Inca Energy Dispersive X-ray detector. Fourier 
transform infrared (FT-IR) spectra were obtained using 
the FT-IR (Jasco, 4200) with the KBr method. UV-Vis 
spectra were recorded by using a Shimadzu UV-2500 
spectrophotometer in the wavelength range 200-700 
nm. The photocatalytic property, i.e. Methyl Orange 
(MO) degradation was evaluated as follows: 10 mg of 
the samples was dispersed in 50 mL of 0.02 mM 
methyl orange solution. Before the illumination, the 
suspensions were magnetically stirred in the dark for 1 
h to ensure the establishment of absorption equilibrium 
of methyl orange on the sample surfaces. After that, 
suspension was irradiated under a 50 W low-pressure 
Hg lamp. UV–Vis absorption spectra were recorded at 
different time to calculation MO concentration. 

3. Results and discussion  

3.1. Structural properties 

The XRD patterns of ZnO and Mn-doped ZnO with 
annealing temperature at 300°C are shown in Fig. 1. 
The XRD patterns reveal that samples have a 
hexagonal structure compared to 79-0206 ASTM card. 
No diffraction peaks from impurity phases like Zn or 
MnO2 were detected, indicating that the resulting 
sample has only one hexagonal-wurtzite ZnO phase. 
XRD patterns of undoped ZnO and Mn-doped ZnO 
show narrow and sharp diffraction peaks, indicating 
good crystallinity of the synthesized samples. 
Compared to undoped ZnO, no obvious difference is 
observed for Mn-doped ZnO, except a slight shift of 
XRD peaks to a lower angle. Correspondingly, the 
crystal lattice constants of the nanorods arrays 
increased in Mn-doped ZnO relative to undoped ZnO, 
as shown in the Fig. 1b and Table 1. This may be 
because the radius of Mn2+ ions (0.80 Å) is larger than 
the Zn2+ ions (0.74 Å) and correspondingly the c-axis 
lattice constant increases. It can be seen that with the 
increasing of temperature annealing, locations of the 
measured diffraction peaks do not change significantly 
but the relatively intensity of diffraction peaks decrease 
obviously, which might be due to the increase in the 
lattice disorder and strain induced by Mn2+ substitution 
[22].  
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Fig. 1. (a) XRD spectrum of undoped ZnO and Mn-doped ZnO at 300, 500 and 600°C, (b) (100), (002) and (101) Peak 
position shifting. 

With the increase of annealing temperature, atoms 
obtain more energy to move, and more active 
incorporation of Mn atoms may do damage to the 
lattice structure of ZnO, and the enhancement of 
defects of ZnO in samples. 
The lattice constants for undoped ZnO and Mn-doped 
ZnO with different concentrations are found by using 
the following equation [18]. 

    (1) 

The calculated lattice constants are listed in Table 1. 
The calculated lattice constants of Mn-doped ZnO are 
different from them in ZnO, suggests the substitution 
of Mn for Zn in the lattice, also by interstitial zinc 
atoms or oxygen vacancies. When annealing 
temperature increases, the lattice constant also 
increases slightly, that supported with decreasing of 
intensities of peaks in XRD patterns.  

The mean crystallite size was calculated using the 
Scherrer formula [23]: 

D = kλ/βcosθ     (2) 

Where  is the wavelength of X-ray radiation, K is 
usually 0.89 is the Scherrer constant, λ = 1.54056 Å is 
the wavelength of the X-ray radiation, β is the peak full 
width at half maximum in radians and θ is the Bragg 
diffraction angle. The estimated values of grain size are 
in 20-30 nm range. The results are summarizes in 
Table 1.  

Fig. 2. displays the SEM images of the synthesized 
undoped and Mn-doped ZnO at 300°C. This image 
reveals that the samples have size of 30-50 nm.  The 
energy Dispersive X-ray spectroscopy (EDAX) 
analysis (Fig. 3) manifests that the sample are 
composed of Zn, Mn and O. 
Fig. 4 shows the FT-IR spectrums of the undoped and 
Mn-doped ZnO (Mn-ZnO). The strong peaks at 450-
500 cm-1 corresponds to Zn-O stretching vibration. The 
broad absorption band observed at ~3428 cm-1 
corresponds to the O-H stretching vibrations of water 
present in ZnO. The band at ~1645 cm-1 can be 
associated with the bending vibrations of H2O 
molecules. The absorption bands at ~1579 cm-1 and 
~1425 cm-1 in the samples are due to  the the C=O  and  

Table 1. Peak position, grain sizes and lattice constants of undoped and Mn-doped ZnO. 

ZnO Mn-ZnO 

 300°C 300°C 500°C 600°C 

(101) Peak position (degree) 36.3918 36.3243 36.2902 36.2763 

Average grain size (nm) 24.4 21.6 26.9 26.7 

a (100) 3.2345 3.2435 3.2481 3.2486 

c (002) 5.1842 5.1962 5.2038 5.2051 
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Fig. 2. FE-SEM images of (a) undoped ZnO and (b) Mn-doped ZnO at 300°C. 

C-O stretching band for the acetate groups which 
might remain adsorbed on the surface of ZnO [24]. 
Also the peak at 1725 cm-1 is assigned to asymmetric 
COO- stretching vibration modes of acetate group [25]. 

3.2. Optical properties 

The UV–Vis absorption spectra of syntesized undoped 
ZnO and Mn-doped Zn at different annealing 
temperature are shown in Fig. 5a. All absorption 
curves exhibit an intensive absorption in 200-380 nm 
wavelength range, with the absorption edge between 
300-370 nm, owing to the relatively large exciton 
binding energy. These findings are agree well with 
those obtained by Senthilkumaar et al. [26]. 

The band gap energy of nanostructures were calculated 
from (h)2 vs. h plot, where  is the optical 
absorption coefficient from the absorption data and h 

is the energy of incident photon. The band gap energy 
(Eg) was estimated by assuming a direct transition 
between valence and conduction bands from the 
following expression [27]: 

hv= K(hv−Eg)1/2 (2) 

Where, K is a constant. The intercepts of these plots 
afford an estimate of the optical band gap energy of the 
corresponding samples as shown in Fig. 5b. The 
wavelengths of maximum absorbance and band gaps 
for each nanostructure sample are listed in Table 2.  
Band gap value of 3.00 eV is obtained for undoped 
ZnO nanostructure while the band gap of Mn-doped 
ZnO nanostructure sample was found to increases and 
decrease upon increasing annealing temperature as 
presented in Table 2. It can be observed, that the band 
gap (Eg) of ZnO can be tuned over a large energy range 
using the different annealing temperature. 

 

Fig. 3. EDAX analysis of Mn-doped ZnO at 300°C. 
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Fig. 4. FT-IR spectra of undoped ZnO and Mn-doped ZnO for 300, 500 and 600°C temperature annealing. 

The absorption edge shifts towards higher energy when 
the Mn is doped in ZnO structure due to Burstein-Moss 
effect and shifts to lower energy when annealing 
temperature increases. Although Mn doping is mostly 
reported to introduce defect states close to the 
conduction band, it may however narrow the band gap 
by introducing tail states close to the valence band of 
ZnO [13], but high Mn doping level (4%) may also 
increase the band gap of ZnO [28] due to the Burstein–
Moss effect [29]. According to the Burstein-Moss shift, 
at Mn doping, the Fermi level shifts into the 
conduction band. This results in the absorption 
transition from valence band to the Fermi level in the 

conduction band, instead of from the valence band to 
the bottom of the conduction band due to the donor 
electron filling of the conduction band [30]. 

3.3. Photocatalytic experiments 

Methyl orang (Scheme 1) is a dye having azo group 
and sulphonate (SO3

-) showing an absorption peak at 
460 nm. Photodegradation experiments were carried 
out under UV light and in aqueous solution in the 
presence of different synthesized samples. The changes 
in the UV-Vis spectra of MO (0.02 mM) under UV 
irradiation in the presence of Mn-doped ZnO (0.2 g/L) 
are shown in Fig. 6(a).  

 

Fig 5. (a) UV-Vis spectrum of undoped and Mn-doped ZnO and for different annealing temperature  
(300, 500 and 600°C); (b) corresponding (αhv)2 vs hv plots. 
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Table 2. Band gap energy and the excitation, Maximum wavelength data and photo-degradation rate constant of samples. 

 ZnO  Mn-ZnO 

 300°C  300°C 500°C 600°C 

Wavelength (nm) 367.5  364.0 374.0 376.5 

Band gap (eV) 3.00  3.16 2.96 2.70 

k (min-1) 0.0059  0.0075 0.0043 0.0039 

 
As it is presented in Fig. 6(a), the bands relating to 
different molecular parts in this dye are decreased with 
respect to time. The disappearance of the 460 nm 
absorption band, suggests that the chromophore part of 
molecular structure is breaking down. A part from the 
degradation of the colored group, the decrease of the 
absorbance values at the UV region, is ascribed to the 
•OH radical attack and breaking of the aromatic rings 
in the dye molecule. 

Results of the photocatalytic tests of synthesized 
sample, given in Fig. 7(b) and Table 2, show that the 
degradation followed first order kinetics as per Eq. (3).  

	     (3) 

Where C0 represents the initial MO concentration, C 
stands for its concentration at any time t of the photo-
irradiation, and k is the apparent degradation rate 
constant. It can been seen that the degradation rate 
constant (k = 0.0075 min-1) of synthesised Mn-doped 
ZnO catalysts at 300°C annealing temperature is higher 
than the others. Actually, the photocatalytic activity 
increases from undoped ZnO to Mn-doped ZnO at 
300°C and decreases when annealing temperature 
increases. These data support the results found for band 
gap energies that are higher for Mn-doped ZnO at 

300°C comparison with others, because of UV output 
irradiation of the Hg lamp. 
As the UV light falls on the ZnO, the valence band 
electron of ZnO jumps to the conduction band leaving 
behind a void or positively charged hole [11]. It is well 
known that three factors contribute to the enhancement 
of the photocatalytic activity: increasing the surface 
active sites, modifying the band of the semiconductor, 
and hindering the recombination of photogenerated 
electrons and holes [31]. The lattice defects such as 
oxygen vacancy could serve as favorable trap sites of 
the electrons or holes to reduce their recombination 
and consequently increase the photocatalytic activities 
[32].  
As it listed in Table 2, the synthesized Mn-doped ZnO 
(300°C) catalysts has the highest photocatalytic 
degradation percentage compare with the other 
samples, because of any or both of the two obvious 
reasons.  

 

Scheme 1. Methyl Orange Structure. 

Fig 6. (a) Photodegradation of methyl orange (MO) using the Mn-doped ZnO at 300°C (b) the relationship between C/C0 and 
reaction time. 
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One is the comparatively large surface area and more 
active sites which is related to the smaller crystal of the 
photocatalyst sample (Table 1). Therefore, much more 
space is available for the absorption of methyl orange, 
and the improvement of photocatalytic degradation 
percentage is inevitable; the other is the increased band 
gap and increasing absorption the ultraviolet light 
irradiation of high pressure mercury lamp. We can 
conclude that annealing temperature has high effect on 
the photocatalytic activity of Mn-doped ZnO. The 
development of such photocatalysts for remediation of 
water polluted investigates of effect of annealing 
temperature, as a synthesis parameter could be useful. 

4. Conclusions 

Zinc oxide nanoparticles doped with manganese were 
synthesized by a hydrothermal method and were used 
as a catalyst in the process of photodegradation of 
methyl orange as a dye model. Doping of ZnO with 
manganese results in an enhanced photodegradation 
efficiency. Based on the experimental results obtained 
in this study, the photodegradation efficiency was 
influenced by different reaction parameters such as the 
existence of dopant and annealing temperature. The 
absorption edge shifts to longer wavelengths with the 
increase of annealing temperature. The maximum 
photodegradation efficiency for methyl orange was 
obtained with a catalyst Mn-ZnO with annealing 
temperature at 300°C. The enhanced 
photocatalytic activity of Mn-doped ZnO might be 
ascribed to the increase of surface-to-volume ratio, 
mean grain size, oxygen defects density and increase 
band gap relative to undoped ZnO. 
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