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1 Introduction

Zinc oxide (ZnO) is an optically transparent II–VI semi-
conductor and well-known piezoelectric and electro-optic 
material having hexagonal wurtzite structure with  C4

6v 
(P63mc) space group, wide direct band gap  (Eg = 3.37 eV), 
exciton binding energy of 60 meV, and excellent mechani-
cal characteristics [1]. ZnO nanostructures have a wide 
range of high technology applications like surface acous-
tic wave filters [2], photonic crystals [3], photodetectors 
[4], light emitting diodes [5], photodiodes [6], gas sensors 
[7], optical modulator waveguides [8], solar cells [9] and 
varistors [10]. Different nanostructures of ZnO have been 
reported such as nanowires and nanorods [11], nanocombs 
[12], nanorings [13], nanoloops and nanohelices [14], 
nanobows [15], nanobelts [16] and nanocages [17]. The 
presence of defects due to large surface to volume ratio of 
nanocrystals allows tuning various properties which can 
not be observed in their bulk form [18]. Doping semicon-
ductor nanocrystals provide an additional means to con-
trol the optical, electrical and magnetic properties. For 
instance, band gap engineering is feasible [19] in transi-
tion metal ion-doped ZnO leading to different colors use-
ful for optical devices [18]. Doping of semiconductors with 
transition metal elements, such as Mn, Fe, Co, etc., offers 
a viable means of tuning the optical band gap [20–22] as 
well as the ferromagnetic behavior [23–26]. Metal-doped 
ZnO is generally investigated in the form of diluted mag-
netic semiconductor (DMS) materials and a photocatalyst, 
because it shows much higher Curie temperature than room 
temperature, along with strong stability in UV light [27, 
28]. In ZnO–Fe system general regularities are observed: 
with the growth of Fe dopant concentration the size of 
nanoparticles, crystallinity, and width of the bandgap zone 
decrease [29–34]. A visible - rays - active photocatalyst 
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parameter on the product size and morphology. The results 
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significant effect on the product size and morphology. Also, 
the TEM images confirmed the SEM results. The optical 
properties of the synthesized products were studied by UV–
Vis spectroscopy and the results showed that by doping 
 Fe3+ into the ZnO crystal lattice, the band gap is decreased 
and hence it can absorb more light than the bare ZnO. The 
photocatalytic activity of the product was examined by 
decomposition of methyl orange under ultraviolet radiation. 
The results showed that the product has high photocatalytic 
activity and it can decomposed dye structure by 62% that 
is mainly due to a decrease of the band gap of doped ZnO 
with respect to the bare ZnO one. The surface activity of 
the product was investigated by surface adsorption of the 
dye molecules on the nanostructure surface. The results 
showed due to high surface to volume ratio of the nano-
structures, they could adsorb more than 65% of the dye and 
remove them from the solution. Another surface activity 
of the product was examined by removing  Pb2+ from the 
water and the results were obtained by atomic absorption 
spectroscopy. The results showed that the product could 
remove  Pb2+ more than 44% from the water.
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is very important with respect to solar energy and interior 
lighting applications. For practical application, it has been 
reported that the enhancement of photocatalytic activity 
can be achieved by introducing foreign metal ions into ZnO 
or creating oxygen vacancies [35]. Until now, many scien-
tists have been studying the methods to introduce foreign 
metal ions, such as  W6+,  V5+, and  Fe3+, etc., into ZnO. In 
particular, the Fe-doped case has been widely examined 
[36]. In this work, we synthesized different morpholo-
gies of Fe–ZnO nanostructures via a simple hydrothermal 
method. Different parameters were studied on the products 
size and morphology. The optical properties of the synthe-
sized samples were investigated by UV–Vis spectroscopy. 
The photocatalytic activity of the product was investigated 
by decomposition of methyl orange as dye. Also, the sur-
face activity of the nanostructure was studied by surface 
adsorption of dye molecules and lead ions from the aque-
ous medium.

2  Experimental

All the chemicals reagents used in the experiments such as 
Zn(NO3)2.6H2O, Fe(NO3).9H2O, NaOH, CTAB, SDS and 
PEG were of analytical grade and used as received with-
out further purification. XRD patterns were recorded by a 
Rigaku D-max C III, X-ray diffractometer using Ni-filtered 
Cu  Kα radiation. Scanning electron microscopy (SEM) 
images were obtained on Philips XL-30ESEM equipped 
with an energy dispersive X-ray spectroscopy. UV–Vis 
spectra were recorded using a UV–Vis spectrophotometer 
(PerkinElmer). Transmission electron microscopy (TEM) 
images were obtained on zeiss transmission electron micro-
scope. Fourier transform infrared (FT-IR) spectra were 
recorded on Shimadzu Varian 4300 spectrophotometer in 

KBr pellets. In a typical experimental procedure, 0.3 g of 
Zn(NO3)2.6H2O was dissolved in a certain amount of the 
distilled water. Another solution was prepared by dissolv-
ing a certain amount of Fe(NO3)3.9H2O (based on Table 1) 
in the distilled water under vigorous stirring. After that, 
two solutions were mixed together under stirring and pH 
of the final solution was adjusted to 12 with a NaOH solu-
tion. Then the reaction vessel was transferred to the auto-
clave and exposed to heating at different temperatures for 
different times. The obtained precipitates were collected 
and washed several times with distilled water and absolute 
ethanol and dried at 80 °C for 12 h. The experimental con-
ditions are listed in Table 1.

3  Results and discussions

To study the crystallinity and crystallite size of the prod-
uct, XRD analysis was used. For doped materials, XRD 

Table 1  Sample preparation 
conditions

Sample no Zn(NO3)2.6H2O Fe(NO3).9H2O Surfactant Zn(acac)2 Tempera-
ture (oC)

Reaction 
time (h)

S1 0.3 g 0.03 g SDS – 180 24
S2 0.3 g 0.03 g CTAB – 180 24
S3 0.3 g 0.03 g PEG – 180 24
S4 0.3 g 0.03 g – – 140 24
S5 0.3 g 0.03 g – – 120 24
S6 0.3 g 0.03 g – – 180 18
S7 0.3 g 0.03 g – – 180 30
S8 – 0.03 g – 0.3 g 180 24
S9 0.3 g 0.03 g – – 180 24
S10 0.3 g 0.02 g – – 180 24
S11 0.3 g 0.05 g – – 180 24

Fig. 1  XRD pattern of S9
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can only show the formation of main phase and the pres-
ence of dopant must be investigated by EDS analysis. 
Figure 1 shows XRD pattern of the product. As shown in 
this figure the pattern is completely compatible with ZnO 
structure with hexagonal phase. It can be seen that the 
product is high pure and there are no peaks related to the 
other phases. The main peaks located at 32°, 35°, 36.5°, 
47.8°, 56.9°, 63°, 66.2°, 68.3°, 69.2°, 73° and 77.3° are 
belonged to (100), (002), (101), (102), (110), (103), 
(200), (112), (201), (004) and (202) miller indices, 
respectively with JCPDS = 01-079-0205. EDS analysis 
was used to confirm doping ZnO nanostructure with  Fe3+ 
(Fig.  2). It can be seen that the product is mainly com-
posed of Zn, Fe and O elements. From the XRD result 
and EDS analysis, it can be concluded that ZnO was 
doped with Fe element. Also, the results showed that 
 Fe3+ was inserted in the ZnO crystal lattice by 2.85 at.%. 
This doping amount can effect on the optical properties 
of the ZnO nanostructures. Figure 3 shows FT-IR spectra 
of the synthesized products. As shown in this figure all 
samples have similar spectra, which confirm that they 
have same structure. The peak at about 450 cm−1 is due 
to metal–oxygen bond. Also the peak at 1384  cm−1 is 
related to bending vibration of absorbed water molecules 
on the product surface. The broad peak located at 
3400  cm−1 is related to the O–H stretching mode from 
the water adsorbed on the nanostructures surfaces. In 
fact, due to high surface of nanostructures they adsorb 
water molecules in the medium easily. Figure  4 shows 
SEM images of sample No. 9. It can be seen that the 
product is mainly composed of very tiny and aggregated 
particles. Also, beside the particles there are some 

rod-like structures. In fact, in these conditions (180 °C 
and 24 h without surfactant), there are two different ways 
for nucleation and growth. Some nucleus created faster 
than the others create agglomeration structures. The oth-
ers growth in one-dimensional and create large rod struc-
tures. In other words, without surfactant, the nucleation 
and growth were done in different ways and different 
morphologies can be observed in one product. To 
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Fig. 2  EDS spectra of S9

Fig. 3  a–k FT-IR spectra of the S1–S11, respectively
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investigation of the surfactant effect on the product size 
and morphology, three different surfactants were used 
namely SDS as anionic surfactant, CTAB as cationic sur-
factant and PEG as neutral one. Figure 5a, b shows SEM 
image of sample No. (1) As shown in this figure, when 
SDS was used as surfactant very tiny and uniform nano-
particles were achieved. In fact, the SDS surfactant 
capped the created nucleus and prevent from agglomera-
tion. SEM image of the product made from CTAB as sur-
factant is shown in Fig.  5c, d (sample No. 2). It can be 
observed that CTAB create the product with larger parti-
cles that is mainly due to higher steric hindrance of SDS 
respect to the CTAB. Another reason is related to net 
charge of the surfactant. ZnO has net positive charge 
under physiological conditions. Therefore, CTAB sur-
factant cant capped ZnO surface easily due to its positive 
charge and hence larger particles were obtained respect to 
the product created with negative SDS surfactant. Fig-
ure  5e, f shows SEM image of sample No. 3. It can be 

seen that the product is mainly composed of aggregated 
rod-like structures. In fact when PEG was used as neutral 
surfactant, it can only create steric hindrance around the 
nucleus surface and there are no any electrostatic repul-
sion among them. Therefore, the separation of nucleus 
from each other by PEG is weaker than SDS and CTAB 
and therefore the nucleus can join together and create 
some rod-like structures. Scheme  1 shows the effect of 
surfactant on the product size and morphology. To study 
the effect of reaction temperature on the product size and 
morphology, the reaction was done at three different tem-
peratures (120, 140 and 180 °C). When the reaction was 
done at 120 °C, the product was mainly composed of 
small and aggregated particles (Fig. 6a, b). In fact in this 
temperature, the produced energy by the reaction medium 
is low and hence the nucleus have not enough energy to 
growth in specified direction. When the temperature was 
increased to 140 °C, the energy was increased and the 
growth was done at one direction and aggregated small 

Fig. 4  a–d SEM images of S9
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rod-like structures were achieved (Fig. 6c, d). By further 
increase temperature (180 °C), the nucleus had enough 
energy to growth in specified direction and hence beside 
the small particles some rod-like structures were obtained 
(Fig. 4). So the temperature has significant effect on the 
product size and morphology and by increasing the tem-
perature, the prepared energy is increased and hence the 
product morphologies are changed. Figure  7a, b shows 

SEM image of the product made at 180 °C for 18 h. It can 
be seen that the product is composed of some irregular 
shapes created from small rod structures. In fact, the 
reaction medium cannot create enough energy for pro-
duce small nanoparticles in this time. By increasing the 
time to 24 h, the product is composed of tiny nanoparti-
cles and rod-like structures due to higher energy prepared 
in this time (Fig.  7c, d). By further increase of the 

Fig. 5  SEM images of a and b S1, c and d S2 and e and f S3, respectively
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Scheme 1  Schematic of chang-
ing particle size and morphol-
ogy by using different surfactant

Fig. 6  SEM images of a, b S5 and c, d S4, respectively



12676 J Mater Sci: Mater Electron (2017) 28:12670–12682

1 3

reaction time, the energy prepared by the reaction 
medium was increased and due to high surface of nano-
particles, they aggregated together and large irregular 
shapes were created (Fig. 4). It can be concluded that the 
time plays important role in product size and morphology 
and by increasing it, the energy of the reaction medium is 
increased. The effect of  Fe3+ percent in the ZnO structure 
on the product size and morphology was investigated by 
SEM image (Fig.  8). As shown in these figures, by 
increasing the  Fe3+ percent in the ZnO structure, the uni-
formity of nanoparticles is increased. It can be said that 
by increasing the  Fe3+ percent, the growth of ZnO 
nucleus is decreased and they have enough time to 
growth. Therefore, they can growth slowly and hence uni-
formity of the particles are increased. To investigate the 
steric effect on the product size and morphology, the 
ZnO–Fe nanostructures were synthesized via Zn(acac)2 
complex as precursor (Fig. 9). In fact, we used the com-
plex to increase the steric hindrance. The result showed 
that the zinc complex creates small rod-like structures 

that is mainly due to higher steric hindrance around of 
the  Zn2+ prepared with ligands. In other words, the 
ligands in the complex act like the surfactant and 
decrease the release rate of  Zn2+. Therefore, the nucleus 
have enough time to growth and hence smaller shapes are 
prepared. To further study about the product size and 
morphology, TEM analysis was used. Figure  10 shows 
TEM images of sample No. 9. As shown in these figures, 
the product is composed of nanorods and nanoparticle 
that is in agreement with SEM results. It can be seen that 
the product has uniform particles with about 60 nm diam-
eter and it has nanorods created from aggregation of very 
tiny particles. To study the optical properties of the prod-
ucts, they were characterized by UV–Vis spectra. The 
results are shown in Fig. 11. As shown in this figure, all 
the products show higher absorption value than the bare 
ZnO nanostructure that is due to doping  Fe3+ ions in the 
ZnO structure. In fact when  Fe3+ is doped into the ZnO 
lattice structure, it decrease ZnO band gap. As shown in 
this figure each samples has different optical properties 

Fig. 7  SEM images of a, b S6 and c, d S7, respectively
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that is mainly due to different particles size and morphol-
ogies of the prepared products. Indeed, by decreasing the 
particle size the band gap is increased and hence those 
products have larger particles show higher absorption 
values. Photocatalytic activity of the products were inves-
tigated by decomposition of methyl orange as dye. Fig-
ure  12 shows photocatalytic activity results. It can be 
seen that the photocatalytic activity of ZnO is increased 
by doping  Fe3+ that is mainly due to decreasing ZnO 
band gap by  Fe3+ doping. In fact, when  Fe3+ decreases 
the ZnO band gap, it absorb more light and consequently 
more electrons are created to decompose the dye struc-
ture. Another reason for dye decompose is high surface 
of the nanostructures that can adsorb more dye molecules 
on their surfaces and hence catalysis the degradation of 
dye molecules. The mechanism of dye decomposition is 
shown in Scheme 2. In fact when the nanostructures are 
exposed to UV radiation, electron–hole pairs are created 
and the produced electrons decompose dye structure via a 

radical reaction. The surface activity of the product for 
dye adsorption was investigated. For this purpose, we 
dispersed ZnO–Fe powder to the dye solution and stirred 
for different times. After that, the solution was centri-
fuged and characterized with UV–Vis spectroscopy. As 
shown in Fig. 13 the prepared ZnO–Fe nanostructure has 
significant surface activity and they can adsorb dye mole-
cules without any radiation. In fact, dye molecules can be 
adsorbed on the huge surface of the nanostructure and 
removed by a simple centrifuge process. Scheme 3 shows 
the schematic of surface dye adsorption. These results 
showed that the nanostructures could use as adsorbent to 
removing organic pollution from the water. To study the 
surface adsorption activity of the synthesized product, a 
solution of  Pb2+ with certain concentration was prepared. 
After that, 0.1 g of the product was poured into the solu-
tion and stirred for 24  h. Then the solution was centri-
fuged and the remained  Pb2+ was analyzed with atomic 
absorption spectroscopy (AAS). The results showed the 

Fig. 8  SEM images of a, b S10 and c, d S11, respectively
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ZnO–Fe nanostructures adsorbed  Pb2+ ions about 34% 
(Fig. 14). In fact, due to high surface to volume ratio of 
the synthesized nanostructures, they can adsorb  Pb2+ 
from the aqueous medium and hence they are good candi-
date for water treatments applications.

4  Conclusion

In this work, different morphologies of Fe–ZnO nanostruc-
tures were synthesized via a simple hydrothermal method. 
Different parameters such as surfactant, reaction time and 

temperature, Fe source amount and Zn source kind were 
investigated on the product size and morphology. The 
results showed that by using different surfactants, different 
morphologies were obtained that is mainly due to different 
hindrance effects prepared with the surfactants. Also by 
changing the reaction time and temperatures, due to change 
of nucleation and growth rate, different morphologies were 
achieved. Another parameter that had significant effect on 
the product size and morphology was the amount of  Fe3+ 
source. In fact, different  Fe3+ sources change nucleation 
and growth rate and subsequently, the products take dif-
ferent morphologies. In addition, by using Zn complex as 

Fig. 9  a–d SEM images of S8
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Fig. 10  a–d TEM images of S9

Fig. 11  UV–Vis spectra (left) and (ahv)2 versus hv graphs (right) of the synthesized samples
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precursor tiny structures were obtained that is due to steric 
hindrance prepared by the complex. The optical properties 
of the products were obtained by UV–Vis spectroscopy. 
The results showed each parameters has important effect 
on the optical properties and the band gaps of the products 
are changed in different orders. Investigation more about 
surface activity of the nanostructures was done by eliminat-
ing  Pb2+ from the water via surface adsorption. The results 
showed the product remove  Pb2+ from the water about 34% 
due to high surface to volume ratio of the product.

Fig. 12  a UV–Vis spectra of dye solution at different radiation times under S9 nanostructures presence and b % dye decomposition

Scheme 2  Decreasing the ZnO band gap by doping Fe and degrada-
tion of methyl orange by Fe–ZnO nanostructures

Fig. 13  a UV–Vis spectra of dye solution at different stirring times under S9 nanostructures presence and b % dye adsorption by the nanostruc-
tures
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