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a b s t r a c t
Fe-doped ZnO nanostructures with various concentrations of Fe dopant (from 0 to 5 at.%) were syn-
thesized by using a simple one-stage hydrothermal method. The structural characterization of the 
samples shows that Fe2+ is substituted in the cationic sites of ZnO wurtzite lattice structure. The optical 
band gap of the samples was a little decreased by increasing the concentration of Fe dopant (from 
3.21 eV for bare ZnO to 2.92 eV for 5 at.% Fe-doped ZnO). This observation implies the formation of 
shallow levels within optical band gap and is confirmed by relative extinction of photoluminescence 
peaks with increasing the Fe content. On the other hand, the regular in shape nanoflowers seem to 
be the best choice for good light harvesting. Concerning the aforesaid affecting parameters, one can 
conclude that there must be an optimal concentration of Fe for having the maximum photocatalytic 
performance which was obtained to be 2 at.% Fe by photocatalytic tests.
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1. Introduction

Studies on doped nanostructures have been preceded in 
photo-assisted applications because of having an important 
advantage known as tunable electronic band structure. Thus, 
various works on manipulating the optical band structure 
have been reported which are generally focused on either 
photogenerated electron/hole recombination inhibition or 
enhancing the density of carriers by incorporation of dopants 
[1–4]. Specifically, as a wide band gap semiconductor, ZnO 
has attracted a great deal of attentions to be utilized as an 
optical device in various fields such as photocatalyst material 
[5], ultraviolet (UV) detector [6], solar cell material [7], and 
light emitting diode [8].

Among them, photocatalysts, as eco-friendly materials, 
are important for environment-related applications because 
they can easily convert toxic chemicals (organic pollut-
ants) into the water and nonharmful constituents by solar 
irradiation [9]. To more explain, the freed electron and 
holes (by photo-irradiation) react with water molecules and 
produce OH– and O2

– radicals [10]. These radical can convert 
toxic molecules to nontoxic ones.

Nevertheless, it is noteworthy that ZnO has no sensi-
tivity against visible light and also, suffers from nearly fast 
recombination of photogenerated electron–hole pairs, which 
hinders its industrial application. Therefore, the density 
of recombination survived electron/hole pairs should be 
increased by adding shallow levels by various methods like 
adding structural defects [11] and/or dopants such as Co2+ 
[12], Mn2+ [13], Ni2+ [14], and Fe2+ [15,16].
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Concerning this aim, doping of Fe ions has been applied 
by many groups [15–18]. Huang et al. [17] indicated 
that Fe ions can effectively inhibit the electron–hole pair 
recombination by trapping the photogenerated electrons 
in added sublevels. Xiao et al. [18] observed the construc-
tive effects of Fe dopant on the photocatalytic performance 
of ZnO nanorods in an optimum concentration of 1.0 at.%. 
In another work, Ba-Abbad et al. [19] extended the photo-
catalytic activity of ZnO to the visible range of light via Fe 
dopant. More recently, we observed that the presence of Fe 
dopant in the outer layer of ZnO nanorod (shell layer) can 
effectively improve both sensitivity and time of response of 
a ZnO-based UV detector [20,21]. These findings all imply 
that how Fe dopant can effectively inhibit electron/hole 
recombination [22].

On the other hand, Fe dopant in hydrothermal method 
may have some adverse effects especially on changing the 
porous microstructure to irregular one as it was observed by 
Hui et al. [23]. Hassanpour et al. [24] evaluated the incorpora-
tion of various cationic dopant and observed same results on 
variable morphology of ZnO nanostructure and attributed 
this observation to the variation of self-assembly parameters 
during hydrothermal equilibrium growth. Therefore, one 
can conclude that an optimum point between morphology 
and optical characteristics must be existed.

In fact, as it is clear, chemical synthesis method in the 
presence of cationic dopant can directly influence the char-
acteristics of nanoparticles. Concerning this, it can be seen 
that various works are focused to find the best morphol-
ogy of ZnO nanostructures [15–25] with optimized photo-
related applications have been published. Thus, as we have 
seen interesting results of ZnO nanoflower in various fields 
[25,26], we tried to do a complementary work on optimizing 
this morphology by incorporation of Fe dopant. Concerning 
the advantages of nanoflower morphology, Jiang et al. [27] 
observed that nanoflowers, due to an amazing surface area, 
shows better proficiency for dyes loading and light harvest-
ing even than nanorods in photo-assisted applications. Thus, 
one can see that Fe-doped ZnO nanoflowers may provide an 
optimized condition to be applied in practical photo-assisted 
applications and that’s the objective of this study.

Owing to the importance of optical properties of photo-
catalytic materials, we tailored the photocatalytic properties 
to room temperatures photoluminescence (PL) in details.

2. Experimental details

2.1. Synthesis of Fe-doped flower-like ZnO

ZnO and Fe-doped ZnO nanostructures were prepared 
by a simple and easy-going hydrothermal process by using 
analytical-graded precursors. Firstly, 20 mL of a 1.0 M urea 
aqueous solution (as precipitation agent) was dripped into 
25 mL of 0.1 M zinc nitrate aqueous solution under vigor-
ous stirring until all reagents were dissolved completely. 
For the synthesis of Fe-doped ZnO samples, three batches 
with different amount of ferric nitrate (the atomic ratio of 
Fe to Zn was adjusted to be 0, 0.5, 2, and 5 at.%) were added 
into as previously prepared solutions, under constant stir-
ring. The mixed solutions were all independently poured 
into a Teflon-lined stainless steel autoclave with 100 mL 

capacity and were held at the constant temperature of 120°C 
for 6 h. After the completion of the reactions, the resulting 
precipitates were centrifuged and then washed with abso-
lute ethanol and distilled water for several times. Finally, the 
obtained white products were dried at 60°C and heat-treated 
at 400°C for 2 h in air. To evaluate the optical, structural, and 
photocatalytic properties of the obtained ZnO nanoflowers, 
the commercial ZnO nanopowder (20–30 nm, Teconan) was 
used as benchmark.

2.2. Physical characterization

The crystal structure of the samples was determined by 
X-ray diffractometry (XRD) by using an Inel EQUNOX 3000 
system in the range of 20°–75° with the step size of 0.1°. The 
morphologies of the ZnO nanopowders were depicted by 
scanning electron microscopy (VEGA TESCAN II). The opti-
cal transmittance of the ZnO powders in 320–900 nm range 
of wavelengths was carried out by using a diffuse reflectance 
spectroscopy (DRS, MPC-2200). Room temperature PL spec-
tra were taken on a Perkin-Elmer LS55 system equipped with 
a 450 W Xe lamp as an excitation source. A double-beam UV 
spectrophotometer (Shimadzu UV-1700) was used for indi-
rect determination of P-nitrophenol (PNP) concentration in 
solution.

2.3. Photocatalytic analysis

In a typical process, the photocatalytic reaction was 
carried out by using a 50 mL of PNP (20 mg L–1) solution, 
which was admixed with 0.05 g of photocatalyst powder in 
a 100 mL beaker as the photoreactor. Before irradiation, the 
photoreactor was stirred in the dark for 120 min to achieve an 
equilibrium point of physical adsorption of PNP molecules 
and also, measure the active surface area of powders through 
dye adsorption values in dark [28]. Then, the dark-remained 
photoreactor was irradiated with a combinatory of a 400 W 
tungsten light (as the source of visible light) and a 400 W 
high-pressure mercury lamp (as the UV light source). For 
determination of PNP degradation, 3 mL of each photore-
acted solution was collected at specified periods, separated 
from the photocatalyst nanopowder by centrifugation and 
after that, its optical absorbance was taken. The photocata-
lytic performance of the samples was indirectly monitored 
by relating the amount of decolorizing to the degree of PNP 
degradation.

3. Results and discussion

The crystal structure of the synthesized samples is shown 
in Fig. 1. As can be seen, all of the samples are crystallized 
according to JCPDS no. 36-1451. Almost, no preferential ori-
entation is observable for these samples. Also, the lack of any 
peaks except of ZnO phase shows that the concentration of 
impurities and/or unwanted Fe-based crystals is negligible 
(lesser than 4 at.%).

It is seen that the sharpness of peaks is a little decreased 
by adding Fe dopant into the ZnO lattice. Also, the lattice 
parameters were calculated and summarized in Table 1. As 
can be seen, the lattice parameters and also calculated volume 
of hexagonal unit-cell are slightly varied (a little increased 
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up to 5 at.% incorporation). This observation, indirectly, sug-
gested us that probably Zn2+ (0.74 Å) is substituted by Fe2+ 

(0.76 Å) cationic sites [29].
The average grain size of the samples was calculated 

using standard Scherer’s equation. The average grain size 
of the samples was considered as the average between three 
main peaks of (100), (002), and (101) and were obtained to 
be 32, 31, 30, and 30 for the samples containing 0.1, 0.5, 2.0, 
and 5.0 at.% Fe, respectively. The fair decrement of grain 
size can be explained by the very small difference between 
radii of Fe2+ and Zn2+ [23]. Accordingly, the lattice size of ZnO 
is almost unchanged by adding up the concentration of Fe 
atoms.

The morphology of as-synthesized pure and Fe-doped 
ZnO nanostructures is indicated in Figs. 2(a–e). Fig. 2(a) 
shows a flower-like morphology containing concentric scaled 
features. The SEM images shown in Fig. 2(a) suggest that 
nitrate anions in the presence of urea cause a spontaneous 
growth of crystallographic planes in more than one direction 
and so lead to the formation of regular-in-shape nanoflakes, 
which are bonded to each other to form a flower-like nano-
structure [30]. The SEM pictures of the ZnO samples with 0.1, 
0.5, 2, and 5 at.% Fe-doping are also shown in Figs. 2(b–e), 
respectively. There is a notable difference in morphology and 
size between the bare and 0.1 at.% Fe-doped ZnO with other 

samples as seen in Fig. 2. When the atomic percentage of Fe 
increases to 0.5 at.%, it can be clearly seen that the original 
nanoflowers are spoiled. Correspondingly, Han et al. [31] 
suggested that with increasing of the Fe content, the sheets 
are somewhat deteriorated, which is attributed to the incor-
poration of Fe ions [32].

The UV–Vis diffuse reflectance spectra (DRS) of the 
samples are exhibited in Fig. 3. As it is obvious the spectra 
reveal a characteristic absorption edge at the wavelength 
of ~380 nm corresponding to its band-to-band transition of 
ZnO. The optical band gap of the samples can be calculated 
from absorption plot by Tauc’s relation (αhυ)n = A(hυ – Eg) 
where α is the absorption coefficient, Eg is the optical band 
gap, A is a constant related to the effective mass, hυ is the 
photon energy, and n is the power depending upon the type 
of optical transition (n = 0.5 for indirect transition and 2 for 
direct one). Then, optical band gap (Eg) can be calculated 
through plotting the graph of (αhυ)2 versus hυ. The band gap 
energy of 0.1 at.% Fe-doped ZnO is found to be 3.21 eV and 
decreases very slightly with increasing the Fe content (sum-
marized in Table 1).

The above results indicated that optical absorbance of the 
samples extends to visible light slightly by incorporation of 
Fe ions. The extended optical absorbance over the UV range 
can be exploited by the formation of new shallow levels due 
to sp-d exchange interactions in Fe-doped ZnO structure [33].

Figs. 4(a–e) show the PL spectra of the samples. ZnO by 
itself generates some constant emissions such as UV emis-
sion (~380 nm), green emission (~540 nm), and red emission 
(~630 nm) [34]. The 380 nm emission is generally assigned 
to free exciton recombination through an exciton–exciton 
collision process called near band edge emission [35] and 
underwent to a transition near 3.2 eV (optical band gap of 
ZnO). The low energy emissions at wavelengths between 500 
and 650 nm are generally assigned to relaxation of electrons 
from various deep bands to valence band and generally come 
from the oxygen vacancies and incorporated dopants [36,37]. 
Therefore, the stronger the intensity of visible emission, the 
more defective the material is [38]. To have better judgments 
on data extracted from PL, the broad peak of each sample 
was deconvoluted by Lorentzian function to seven differ-
ent subpeaks. As can be seen in Fig. 4, with an increment in 
Fe concentration, both of the exciton and defects originated 
peaks are attenuated and also, the UV emission peak is a lit-
tle red-shifted. This means that Fe dopant narrows the opti-
cal band gap of ZnO which confirms the results of optical 
absorption spectra (see Fig. 3 and Table 1). Besides, the peaks 
intensity ratio of Igreen/Iultraviolet is obtained to be 0.058 for bare 

Fig. 1. XRD patterns of bare and Fe-doped ZnO nanostructures.

Table 1
The structural, optical, and photocatalytic properties of the bare and Fe-doped nanostructures

Sample Band gap (eV) Grain size 
(nm)

Photocatalytic 
constant (h–1)

Lattice parameters

a = b (nm) C (nm) V (nm3)

Bare ZnO – – 0.007 – – –
0.1 at.% Fe-doped ZnO 3.2 ± 0.096 33 ± 3.3 0.010 0.3241 0.5193 0.04723
0.5 at.% Fe-doped ZnO 3.1 ± 0.093 31 ± 3.1 0.019 0.3241 0.5193 0.04724
2 at.% Fe-doped ZnO 3.0 ± 0.09 30 ± 3.0 0.033 0.3241 0.5192 0.04723
5 at.% Fe-doped ZnO 2.9 ± 0.087 30 ± 3.0 0.019 0.3245 0.5199 0.0474
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Fig. 2. SEM images of morphological evolution of ZnO nanostructures containing: (a) 0, (b) 0.1, (c) 0.5, (d) 2, and (e) 5 at.% Fe. 
The insets correspond to lower magnification images to have a better assessment on nanoparticles’ distribution.
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ZnO nanoflowers and is decreased slowly by increasing the 
content of Fe dopant. Therefore, one expects a low oxygen 
vacancy (as well as Zn interstitial) concentration by incre-
ment of Fe dopant in ZnO lattice structure.

The rate of PNP degradation was calculated through 
PNP decolorization and is shown in Fig. 5. As can be seen, 
the power of photocatalysts has logarithmic behavior and 
the plot of ln /C C0( ) against irradiation time is well fit-
ted by a linear equation. The slope of this plot is generally 
considered as the photocatalytic constant. As can be seen, 
in our arranged condition, the sample containing 2 at.% of 
Fe dopant shows the strongest photocatalytic performance 
among the samples.

Generally, the photocatalytic property is a function of 
(1) physical properties of the sample like surface area and 
(2) intrinsic properties of material like optical band gap and 
effective life of electron/hole pairs. Herein, PL spectra show 
that incorporation of Fe dopant can effectively inhibit the 
electron/hole recombination (by the relative extinction of PL 
peak) and thus, is favorable to be incorporated in ZnO-based 
photocatalyst. This claim is in good relation with the incre-
ment of photocatalytic rate constant (within Fig. 5). On the 
other hand, the regular in-shape porous structure of ZnO is 

Fig. 3. The optical absorbance spectra of bare and Fe-doped 
ZnO nanostructures. The inset shows the calculated Tauc 
plot for determination of optical band gap of 0.1 at.% Fe-doped 
ZnO sample.

Fig. 4. Photoluminescence spectra of bare and Fe-doped ZnO nanostructures. The PL peaks are deconvoluted according to 
Lorentzian function.
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slowly out-fashioning by increment of Fe (especially at val-
ues ≥0.5 at.% according to SEM images in Fig. 2) until the 
formation of a completely irregular morphology (which suf-
fers from agglomeration) for 5 at.% Fe sample. Therefore, one 
should expect an optimum point for Fe percentage in ZnO 
lattice and here, is found to be 2 at.%.

4. Conclusions

The Fe-doped ZnO nanostructures were synthesized by 
a simple hydrothermal method. The lack of any XRD peaks 
shifting revealed that Fe2+ ionic state (with nearly close ionic 
radius with Zn2+) is probably substituted instead of Zn2+ in 
ZnO lattice structure. Nevertheless, Fe2+ dopant has substan-
tial effects on morphological and optical properties of ZnO. 
In fact, by an increment of Fe dopant, the morphology of bare 
ZnO is completely degraded from regular nanoflowers to 
agglomerated nanoparticles. Moreover, the addition of shal-
low levels due to the increment of Fe2+ within optical band gap 
caused a kind of decrement of band gap from 3.21 to 2.92 eV. 
Considering these data, it is logical that an optimum point 
for dopant content should exist. By comparing the data of 
photocatalytic degradation of PNP, it was shown that 2 at.% 
Fe-doped ZnO sample is the optimal point for photocatalytic 
performance and its photocatalytic constant rate is about five 
times greater than that of bare ZnO nanoflower sample.
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