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Abstract
We successfully synthesized of ZnO/Mn–TiO2 (Mn–Ti) nano-composite for different ZnO:Mn (Zn-M) concentrations. These 
composites with high photo-catalytic activity derived from  TiO2 and Zn-M nanoparticles elaborated by the sol–gel method. 
The SEM and TEM images indicated that samples reveals well-ordered and good size distribution of particles. In addition, 
the composite sample showed no aggregation in similitude with the anatase  TiO2 sample. The study of optical properties of 
nano-composites shows that Zn-M nanoparticles caused to increase the optical activity of Mn–Ti composites samples and 
it established by UV–Vis, photo-luminescence, and photo-catalytic tests. The XRD study exhibited that in ours composites 
samples with increasing the Zn-M concentration, the particle size increased from 10 to 27 nm. PL measurements suggest 
that co-emission of a strong luminescence, high yellow emission at 563 nm, at 640 nm and at 774 nm is observed from the 
Mn–Ti composites samples. The photo-catalytic activity of the prepared nano-composite was examined for the degradation 
of methyl-orange (MO) by the irradiation of UV light.
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1 Introduction

The composite nano-materials have befall very beautiful 
materials for industries and investigator because of their 
physicochemical properties such as electrical [1], optical 
and magnetic properties [2, 3], having diverse crystalline 
structure. Hence, owing to such exclusive properties of these 
composite new application areas is discovered in nanotech-
nology and industry [4]. Some common candidates, such 
as ZnS, ZnO, and  TiO2, have been employed as the pas-
sivation layer or shell to improve the stability of unstable 
photocatalyst in aqueous solution system, and their relative 
large band gap (3.1–3.9 eV) helps to suppress recombina-
tion of charge-carrier by constructing well-matched band 

structure [3, 5]. So far, scientists have studied dielectric and 
structural properties of various composite materials, includ-
ing anatase  TiO2 [6].

The semi-conductor materials, zinc oxide (ZnO) and 
 TiO2, are chemically stable with high ability to break down 
the bonds in the molecule [4, 6]. Also, these semi-conductor 
materials are not rare and expensive. Accordingly there are 
a lot of rapid and inexpensive various methods for preparing 
the nanoparticles of these nano-materials. The results of the 
recent research are shown that various contaminants can be 
destroyed by nanoparticles of ZnO and  TiO2 semi-conductor 
successfully [5]. Diverse researchers have elaborated com-
posite materials through various methods, including sol–gel 
methods, spray pyrolysis and thermal chemical vapor depo-
sition [6]. Xu et al. [7] elaborated ZnO/TiO2 multilayer thin 
films by electron beam evaporation, and they found that this 
composite film showed a strong UV and violet emissions at 
the same time. In this regard, the use of binary metal-oxide 
composite materials gives another way to reduce the influ-
ence of the wide band gap and provide the capability to oper-
ate in the UV–visible spectrum [8]. Among various metal-
oxide catalysts, as reported anatase  TiO2 supported Zn-M 
nanoparticles exhibit excellent photocatalytic performance 
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[9]. Shi et al. [10] fabricated ZnO/TiO2 thin films by E-beam 
evaporation, and they found that this composite film showed 
violet luminescence at 423 nm, rarely reported before. It 
is much stronger than similar luminescence reported at 
420 nm. It is attributed to the interface trap in the ZnO film 
grain boundaries. Askari et al. [11] synthesized of  TiO2-CdS 
composite material by two steps for supervising the size of 
nanoparticles, and they found that this composite showed 
the photoluminescence emission involves a wide band which 
maximum has at 556–567 and 560 nm.

The results also compare the mechanism of ZnO doped 
and  TiO2 nano-materials and show that photo-catalytic 
characterization has been greatly enhanced by using nano-
particles. In this research nanoparticle of Zn-M and  TiO2 
nanoparticles were prepared by the sol–gel method and in 
second step this Zn-M nanoparticles have been incorporated 
into  TiO2 composite. Although this synthesis was probably 
in one step, but these composites were elaborated in two 
steps to control the size of nanoparticles. The photo-catalytic 
activities of the synthesized Mn–Ti composite materials 
were investigated for decolorization of MO degradation in 
aqueous solution under UV light irradiation in a batch reac-
tor. The effect of Zn-M concentrations on the photo-catalytic 
behaviour of Mn–Ti composite was studied in detail.

2  Experimental Procedure

The preparation of Mn–Ti nano-composite samples have 
been done in two steps. In the first one, Zn-M and  TiO2 
nanoparticles samples elaboration process has been detailed 
in our previous works [12–14]. In the second step, Mn–Ti 
nano-composite sample with different percentages of Zn-M 
content 0%, 20%, 30% and 50% was prepared by solid-state 
reaction [14]. Finally, Mn–Ti nano-composite was obtained 
after annealing composite at 400 °C for 2 h under air. The 
crystalline phases of the samples were identified by X-ray 
diffraction (XRD) data of the as-produced powder samples 
was collected on an XRD, Model: PW-3710, diffractometer 
in the 2θ range from 20 to 80° with a step size of 0.02° 
using Cu Kα radiation with wavelength of 0.15406 nm. A 
LEO EVO 40xVP scanning electron microscope operated 
at 20 kV and equipped was used to observe the morphology 
of the as-manufactured samples. To study the sample mor-
phology was analysed by transmission electron microscope 
(TEM) operated at 200 kV (TEMModel CM200, SUPER-
TWIN). The optical propriety of the samples was deter-
mined using Schimadzu UV-3101 PC spectrophotometer 
and the 450-W Xenon lamp was used as an excitation source.

The photocatalytic activities of Mn–O–Ti nano-compos-
ite were evaluated using MO degradation by UV light irra-
diation (600 W, main wave crest at 365 nm). For comparison 

of efficiency a commercially  TiO2 (Degussa P25) was tested 
in this study.

3  Results and Discussions

3.1  Structural and Morphological Investigation

Figure 1 shows the X-ray diffraction (XRD) pattern of 
Mn–Ti nano-composite samples with different Zn-M nan-
oparticles concentrations (0, 20, 30 and 50 at%). In the 
XRD patterns of ours samples the diffraction peaks situ-
ated at 2-theta 25.3°, 37.8°, 48°, 53.9°, 55°, 62.56°, 68.7°, 
70.15° and 75° are indexed to the following crystal plane: 
(101), (104), (200), (105),(211), (204), (116), (220) and 
(215) [15–19]. The diffraction peaks (101) and (200) of 
Mn00%–Ti composites can be indexed to  TiO2-anatase 
(tetragonal) phase (JCPDS No. 04-0477), and very good 
agreement with the result reported by Homann et al. [17]. 
Furthermore, the anatase  TiO2 it crystallizes in a tetragonal 
unit cell (Fig. 2), with the lattice constants a = 3.78 Å and 
c = 9.51 Å. The results indicate that the sample is there is 
a large corresponds in the peaks of  TiO2 and ZnO in this 
spectrum. The XRD pattern indicates the formation of hex-
agonal wurtzite phase of ZnO [14, 18], were matched well 
with space group P63mc (No. 186) (JCPDS No. 36-1451), 
with formed of  TiO2. It can be seen that for the Mn–Ti nano-
composite sample diffraction peaks correspond to the hex-
agonal ZnO materials (JCPDS No. 79–0205) (Fig. 3), the 
indexed to the following crystal plane: (100), (002), (101), 
(102), (110), (103), (200), (112) and (201), which can be 
assigned to diffraction from 32.6°, 34.7°, 36.5°, 47.8°, 56.8°, 
63.1°, 66.6°, 68.0° and 69.3° planes respectively [19–21]. 
The peaks  TiO2 remained original reflections of anatase 

Fig. 1  X-ray diffractograms of Mn–Ti nanocomposite for different 
Zn-M concentrations
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crystalline phase [22]. However, diffraction peak around 
2-theta = 25.20° (110) of Mn–O–Ti nano-composites sam-
ple became weaker with an increase of Zn-M nanoparticles 
concentrations (20, 30 and 50 at%) and similar trends could 
be determined for the  TiO2 anatase peaks [23, 24]. Similarly 
ZnO nanoparticles remained original reflections. But dif-
fraction peaks of Mn–Ti nano-composite sample became 
stronger, and the peaks of ZnO correspond (overlap) with 
peaks of Mn–Ti nano-composite. In other words, there is 
clearly no correspond (no overlap) between  TiO2 peaks 
with ZnO in Mn–Ti nano-composite sample and indicating 
the non-interference of  TiO2 nanoparticles in the crystal-
line structure of Zn-M nanoparticles [25]. But the effect of 

increased Mn concentration appears in the lack of diffraction 
X-ray intensity of ZnO. The XRD patterns show increase 
intensity of Mn–Ti samples, so we can say that increase con-
centrations of Zn-M nanoparticles increase size of Mn–Ti 
samples. The crystallite size of Mn–Ti nano-composite 
samples were calculated using Scherrer’s equation [26]. The 
average crystallite size of Mn00%–Ti particles in the range 
8.4–10.4 nm, and of Mn–Ti nano-composite is increasing 
from 14 to 27 nm (Table 1). Mean the anatase grain size of 
Mn00%–Ti sample has stayed same with the increase in the 
Zn-M nanoparticles concentration due to the formation of 
Mn–Ti composite bonds, was very good agreement with the 
result reported by Devi et al. [27].

The SEM morphologies of Mn–Ti nano-composite 
samples with different Zn-M nanoparticles concentrations 
(00, 20, 30 and 50 at%) are shown in Fig. 4. Note that a 
Mn00%–Ti particles with a granular morphology can be 
seen clearly and Mn–Ti nano-composite have crystalline 
spheres–hexagonal shape and obtained is granular and well 
dispersed. It is also observed that Mn00%–Ti particles are 
main components in the Mn–Ti nano-composite samples, 
and Zn-M nanoparticles were dispersed on the surfaces of 
the obtained  TiO2 in the Mn–Ti nano-composite samples, 
which would be beneficial to improve the catalytic activity 
composite photo-catalysts in essence. Obviously, Mn dop-
ing has a remarkable effect on the particle size of Mn–Ti 
nano-composite samples. Where the particle size of Mn–Ti 
nano-composite tends to increase with increasing of concen-
trations percentage of Mn doping.

Figure 5 shown the TEM image of pattern of Mn–Ti 
nano-composite samples with different Zn-M nanoparticles 
concentrations (00, 20, 30 and 50 at%). TEM results showed 
that particle size of pure  TiO2 sample is a spherical small 
crystalline nanoparticle less than 10.5 nm, while, the particle 
sizes of the Mn20%–Ti, Mn30%–Ti and Mn50%–Ti samples 
are 13.98, 15.22 and 26.81 nm respectively. It is clear that 
the incorporation of Zn-M nanoparticles in  TiO2 for formed 
the Mn–Ti nano-composite induced to increase the average 
grain size. The increase in particle size of the Mn–Ti nano-
composite system may be due to the ability of Mn ions to 
activate the crystal growth rate of ZnO. Substitution of Mn 
ions into ZnO lattice can produce some defects. Therefore, 
variation in defect concentration can cause a change in the 

Fig. 2  Schematic representation of the in  TiO2 anatase structure [18]

Fig. 3  Structures wurzite of a ZnO and b Zn-M [19]

Table 1  Particle dimension (D) 
of Mn–Ti nanocomposite for 
different Zn-M concentrations

Zn-M doping concen-
trations (at.%)

D (nm)

0.0 10.33
20 14.20
30 15.10
50 27
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Fig. 4  Typical typical SEM 
photograph showing (3, 10 
μm) the of a Mn00%–Ti, b 
Mn20%–Ti, c Mn30%–Ti, and d 
Mn50%–Ti nano-composite
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rate of crystal growth, this is evidenced by the increased 
darkness of granules.

3.2  Optical Properties

3.2.1  Optical Property of Mn–Ti Composite

Optical reflectance spectra of Mn–Ti nano-composite sam-
ples for different Zn-M concentrations in the wavelength 
range 200–1600 nm is shown in Fig. 6. The samples showed 

reflectance solely in the visible domain, while for Mn–Ti 
composites not only present strong reflectance in the visible 
region [28]. But also the reflectance was displaced to visible 
region, especially as the amount of Zn-M increased, being 
the Mn50%–Ti composite with the higher absorption for 
such samples in UV region [29]. Meanwhile, the enhance-
ment of absorption in the ultraviolet region of Mn–Ti nano-
composite samples were obtained by increasing Zn-M 
concentrations. It can be seen that all samples were strong 
reflectance in the UV region [30]. The reflectance edge of 
Mn–Ti composites moved to longer wavelength in compari-
son with pure  TiO2 indicating the band gap was decreased 
by the incorporation Zn-M concentrations. The significant 
increase of red shift in reflectance edge is resulting from the 
narrow band gap by the incorporation Zn-M in  TiO2 band 
energy [11, 31]. For small amount of Zn-M concentrations 
in  TiO2, the absorption in visible region.

UV–Vis spectrums of Mn–Ti nano-composite samples 
for different Zn-M concentrations in the wavelength range 
200–1600 nm is shown in Fig. 7. Nano-composite samples 
have a few absorbance in the UV–Vis region, which it will 
be increased by adding Zn-M and  TiO2 then has expanded 
to shorter wavelengths. The Mn50%–Ti composite showed 
the higher absorbance; this may be due to a good interac-
tion between Zn-M and  TiO2 generating more stable hollow-
electron pairs [32–35]. The absorption edge of Mn-Ti nano-
composite samples at a wavelength of around 378 nm. It is 
also observed that the positions of the fundamental absorp-
tion edge and the cutoff wavelength shift towards red as the 

Fig. 5  Typical TEM photo-
graph showing the general 
morphology of a Mn00%–Ti, b 
Mn20%–Ti, c Mn30%–Ti, and d 
Mn50%–Ti nanocomposite

Fig. 6  Reflectance spectra of Mn–Ti nanocomposite for different 
Zn-M concentrations
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content of Zn-M increases. It appears that a part of Zn-M 
concentrations is responsible for the increase in the con-
centration of non-bridging oxygen due to which this shift is 
obtained [12, 14].

The optical band gap for Mn–Ti nano-composite sam-
ples for different Zn-M concentrations was evaluated using 
(�h�)2 = A

(

h� − Eg

)

 , where A is a constant, hν the pho-
ton energy and  Eg is the energy band gap [14]. A Tauc plot 
can be drawn of (αhν)2 versus hν. The band gap of anatase 
 TiO2 nanoparticles is 3.32 eV, whereas band-gap of Mn–Ti 
nano-composite is increased to 3.30 eV (Fig. 8). The nano-
composite prepared by sol–gel method has a high optical 
band gap with the value of 3.30 eV, which is comparable to 
the value reported for the composite material elaborated by 
sputtering [36].

The Table 2 summarizes the deduced values of the band 
gap of the different evaluated nano-composite samples; 
corroborating a low energy bandwidth for Mn00%–Ti and 
Mn50%–Ti composites. Thus, it would be expected that 
materials samples with a band-gap round 2.8 eV would 

Fig. 7  UV–Vis-IR absorption spectra of Mn–Ti nanocomposite for 
different Zn-M concentrations

Fig. 8  The Eg spectra of of of a Mn00%–Ti, b Mn20%–Ti, c Mn30%–Ti, and d Mn50%–Ti nanocomposite
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have improved catalytic performance in the visible domain. 
It is clear that the band-gap decreases with increasing Zn-M 
contents in  TiO2 materials, which reflects the change in the 
electronic structure of the anatase  TiO2 [37]. This decrease 
is due to the interactions between Zn-M nanoparticles and 
anatase  TiO2 materials. In addition, this reduction in band-
gap can be related to the increasing in the density of defect 
states [15]. The widening or increase in band-gap is attrib-
uted to the well-known Burstein-Moss band filling effect 
[26–30]. The Zn-M materials showed a large responsibil-
ity on the absorbance and energy gap of the Mn–Ti nano-
composites samples.

3.2.2  Photoluminescence Properties of Composite

PL measurements were conducted in order to study the 
mechanism of the charge carrier recombination and energy 
transfer processes in the Mn–Ti nano-composite samples 
compared with anatase  TiO2. Figure 9 shows the typical PL 
spectra of pure anatase  TiO2 and of Mn–Ti nano-composite 
for different Zn-M concentrations at 77 K, excited with the 
UV laser pulses at 325 nm. The PL spectrum shows a strong 
luminescence, high yellow emission at 563 nm, at 640 nm 
and at 774 nm are observed from the Mn–Ti nano-composite 
samples [26]. The PL peak at 563 nm is known to originate 

due to oxygen vacancies with one or two trapped electrons 
[38]. Room-temperature PL studies for nanostructured  TiO2 
were reported in several works. Serpone et al. [37] exam-
ined the PL of anatase  TiO2 colloidal particles with differ-
ent mean sizes, and found that observed PL occurs from 
the shallow trap levels located between 0.41 and 0.64 eV 
below the conduction band (CB). The intensity of Mn-Ti 
spectra are significantly increased as compared to that of 
the pristine anatase  TiO2 with increasing concentration of 
Zn-M. This result suggests that the incorporation of Zn-M 
sheets to the composite materials leads to improvement 
of its luminescence [7]. It can be seen that the increase 
in luminescence reaches ~ 80% of the initial emission of 
Mn00%–Ti composite, indicating that the dissociation of 
excitons occurs in Mn–Ti composites and increases with 
the Zn-M concentration [13]. This result obviously gives 
prominence to the interface between ZnO materials and  TiO2 
in the charge dissociation process. Another possible cause of 
this charge dissociation difference may be the consequence 
of the uniform dispersion of Zn-M materials on the surface 
of the composite sample [7]. The PL intensity of Mn00%-Ti 
composite are weaker than Mn–Ti composites. It is con-
firmed the improved separation of electron–hole pairs, and 
the prolonged lifetime of carriers, which is contributed to 
the improved photocatalytic activity.

3.3  Photo‑Catalytic Activities of Mn–O–Ti 
Nano‑composites

Figure 10 shows the photo-catalytic activities of Mn–Ti 
nano-composite for different Zn-M concentrations on the 
degradation of MO. These results obtained of the compos-
ite samples shows an effective photo-degradation process. 

Table 2  The optical band gap values of Mn–Ti nanocomposite for 
different Zn-M concentrations

Zn-M doping concentra-
tions (at.%)

0.0 20 30 50

Optical band gap (eV) 3.34 3.33 3.31 3.30
Crystallite size (nm) 10.33 14.20 15.10 27.00

Fig. 9  PL spectra of of Mn–Ti nanocomposite for different Zn-M 
concentrations at 77 K

Fig. 10  Photocatalytic activities of Mn–Ti nanocomposite for differ-
ent Zn-M concentrations on the degradation of MO under the irradia-
tion of UV light
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Thus, it is concluded that these composite materials are non-
active under visible light, and that degradation of Mn-Ti is 
mainly due to its sensitization in the presence of the Zn-M 
materials [39]. Thereby, the ejection of electrons from the 
excited ZnO to the conduction bands of the Mn-Ti composite 
leading to its further degradation. From these subsequent 
experiments, it is expected that Mn00%–Ti sample exhibit 
very low photo-catalytic activity UV irradiation. The  TiO2 is 
known to be active only under UV light because of its band 
gap, but the Mn50%–Ti composite with incorporation of the 
Zn-M in  TiO2 nano-materials could be an effective technique 
to progress the excitation, and its photo-catalytic activity, 
with UV irradiation [40]. In the case of Mn50%–Ti compos-
ite sample, the degradation percentage was increased as the 
amount of Zn-M materials was increased. The highest pho-
tocatalytic activity was obtained with Mn50%–Ti composite 
sample, these results may be associated to better absorbance 
obtained in the UV range due to the synergy between Zn-M 
and  TiO2, probably due to the overlap of their bands since 
they intimately interact [32].

The photo-catalytic activity is related with the band-gap 
obtained previously in both composites (Mn00%–Ti and 
Mn50%–Ti, shown further), which allows greater photo-
catalytic activity under UV light compared to P25 (as a ref-
erence photo-catalyst) [27, 30]. Such results confirm that 
there is a synergistic interaction between ZnO doped and 
 TiO2, which depends on the morphology and the proportion 
of Zn-M in each Mn–Ti composite. The adequate percentage 
of  TiO2 materials at the nano-composites depend on the typi-
cal of ZnO materials, in this case the morphology and the 
size played an important role. Therefore, it was obligatory 
higher content of Zn-M materials. In the case of Mn50%–Ti 
composites; they have high size and low band-gap compared 
with anatase  TiO2, which led to obtain better photo-catalytic 
activity with high percentage of Zn-M [7, 41].

MO degradation efficiency achieved by the as-prepared 
catalysts is presented in Fig. 11. As can be seen, when no 
catalysts are added to the solution, MO degradation effi-
ciency was 6.19%; however, with the addition of the as-pre-
pared Zn-M based catalysts, the photo-catalytic efficiency 
after 150 min of irradiation was about 76, 88, and 96% for 
Mn00%–Ti, Mn30%–Ti and Mn50%–Ti, respectively. In 
fact, the highest photo-degradation of 96% of the MO by the 
Mn50%-Ti composite sample was achieved in 210 min [42].

For the Zn-M containing samples, Mn50%–Ti composite 
showed high activity efficiency from the beginning to the end 
of the evaluated irradiation times. In general, the Zn-M mate-
rials containing samples showed higher photo-catalytic activ-
ity in comparison with the anatase  TiO2 sample [43]. In this 
study, the results from photo-degradation experiments indicate 
that low concentration of nanoparticles (20% of Zn-M) can 
effectively enhance the photocatalytic activity of the anatase 
 TiO2 catalyst. Thus, these experimental findings of structural, 

optical and photo-catalytic property of Mn–Ti composites 
samples would be useful in their optoelectronics applications.

4  Conclusion

In this paper for controlling the Zn-M nanoparticles incorpo-
rated in  TiO2 composite, Mn–Ti nano-composite for different 
Zn-M concentrations were prepared in two steps. The com-
posites samples derived from  TiO2 and Zn-M nanoparticles 
elaborated by the sol–gel method. Moreover, XRD, SEM and 
TEM analysis established the success synthesize of nano-com-
posites. The absorption edge of Mn–Ti composite was found 
to be significantly shifted to longer wavelengths compared to 
anatase  TiO2 sample due to the reducing in the band-gap. The 
primary valuation band-gap decreases from 3.32 eV for pure 
anatase  TiO2 to 3.30 eV for Mn50%–Ti composite. Exami-
nation of the PL spectra excited by the UV laser pulses at 
325 nm revealed the characteristic emission peaks attributed to 
the yellow luminescence from the oxygen vacancies with one 
or two trapped electrons. The composite system Mn–Ti is very 
active under UV irradiation. This photo-catalytic activity var-
ies with the weight ratio of Zn-M concentration incorporated 
into  TiO2 composite. The Mn50%–Ti composite showed the 
highest photo-catalytic activity. Due to these characteristics, 
this allows our new composite to be a potential competitor as 
an UV filter for health and environment applications.
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