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Abstract Iron nanoparticles were incorporated into zinc

oxide powders by an in situ dispersion method. The products

were fully characterized by X-ray diffractometry, diffuse

reflectance, FTIR spectrophotometry and complex impe-

dance spectroscopy. The XRD patterns agreed with that of

the ZnO typical wurtzite structure, the sharp diffraction

peaks indicating good crystallinity of ZnO and ZnO-Fe

nanoparticles. The average particle size determined by the

Scherrer equation showed an increase from 20 to 25 nm for

ZnO and ZnO-Fe respectively. The UV peak positions of the

modified samples shifted to a longer wavelength compared

to pure ZnO, providing evidence of changes in the acceptor

level induced by iron nanoparticles. The optical band gap of

the sampleswas found to be 3.14 eV for ZnO and 3.04 eV for

ZnO-Fe. The electrical properties were investigated between

273 and 413 K, at several frequencies. Besides, a detailed

analysis of the impedance spectrum showed an appreciable

improvement of the conductivity due to the addition of iron

nanoparticles. The incorporation of Fe-NPs appears to be

responsible for conductance variations, charge transfer and

capacitance improvement. The above properties make these

materials to be regarded as very promising electrode mate-

rials for high-efficiency energy storage.

1 Introduction

Semiconductor metal oxides have drawn much attention

during the last decades due to their important features for

many optoelectronic and gas sensor applications [1]. In such

devices, semiconducting materials are supposed to act as

charge transfer medium. The light-sensitive and charge

transfer areas are usually separated. Transparent conducting

zinc oxide (ZnO), which is a wide band gap semiconductor

[2] has attracted growing interest due to the improvement in

mechanical, thermal and gas barrier properties [3–6]. In fact,

ZnO is attracted intensive importance not only because of its

electrical and optical properties but also because of its var-

ious morphologies and energy conversion efficiency of solar

cells based on ZnO [7, 8].

Efforts were devoted to improve the properties of ZnO

nanoparticles by chemical modification of the molecular

structure [9, 10]. In this regard, the size and morphology of

ZnOare important parameters in determining the physical and

chemical properties [11].ZnO is a semi-conductorwith a large

gap bandof3,3 eV, and appears as an interesting alternative as

a wide band gap material that can be easily synthesized in

various nano-structured forms [12–15]. Hence, as a typical

photoanodematerial, ZnO is environmentally friendly and has

strong photogenerated hole oxidation ability, resulting in

improved electron transfer efficiency and reduction of elec-

tron–hole recombination [16].
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A variety of preparation routes have been devoted for

the synthesis of metal oxide nanoparticles, such as mag-

netron sputtering, metal-organic chemical vapor deposi-

tion, pulsed-laser deposition, hydrothermal, molecular

beam epitaxy and sol–gel process [17–19]. Among these

methods, the sol–gel method has some advantages to pre-

pare large area ZnO nanoparticles at low cost and easy

technology [20, 21].

Compared to other methods, the sol–gel process is one

of the most promising wet chemistry synthesis approaches.

This method provides a favorable microenvironment for

controlling the chemical reaction and it is possible to

obtain a narrow nanoparticles size distribution, isotropic,

and thermodynamically stable. In this study, ZnO

nanoparticles were synthesized and modified by loading

iron nanoparticles (Fe-NPs) into the lattice using an in situ

dispersion method. The structural, optical and electrical

properties of the resulting product ZnO-Fe were investi-

gated by a combination of X-ray diffraction (XRD), diffuse

reflectance spectroscopy (DRS), FT-IR spectrophotometery

and complex impedance spectroscopy (CIS). Detailed

studies on the electric, charge transfer and conduction

mechanism were discussed at several temperatures and

frequencies.

2 Experimental

2.1 Material synthesis

The synthesis of zinc oxide nanostructures was carried out

using zinc acetate dehydrate and sodium acetate hydroxide

as precursors. An aqueous solution of zinc acetate (0.2 M)

was prepared, the colloidal solution was left stirring for

2 h, and then white precipitate was separated by centrifu-

gation at room temperature. Several extractions, washings

with water and ethanol were performed after every cen-

trifugation to remove sodium acetate. The resulting powder

was dried at 80 �C overnight and calcined at 600 �C. Fe0-
NPs dispersion in ZnO powders was achieved using (Fe

(NO3)3, 9H2O) as precursor in toluene (99.5 %,

d = 0.865 g mL-1) in the presence of hydrazine as the

reducing agent. The resulting mixture turned black, indi-

cating the formation of iron nanoparticles within ZnO. The

latter product ZnO-Fe was dried at 35 �C for 6 h and then

stored in sealed enclosure containing dry and oxygen-free

nitrogen (Scheme 1).

2.2 Material characterization

ZnO and ZnO-Fe were fully characterized through powder

X-ray diffraction (XRD) (Siemens D5000 X-ray

diffractometer and a Cu-Ka radiation at k = 1.54056 Å) in

the 2h ranges of 30�–80�, Fourier transform IR were

recorded using a KBr cell Fourier transformed IR equip-

ment and infrared spectroscopy (NICOLET IR200), of

wave ranged from 4000 to 400 cm-1. The band gap was

assessed using UV–vis diffuse-reflectance spectrophotom-

etry (DRS) recorded on a Sinco S-4100 spectrometer.

Electrical measurements were performed using a two

electrode configuration. The sample was compacted into

pellets of 8 mm diameter and 1 mm thickness using 3 tons/

cm2 uniaxial press. Electrical impedances were assessed in

the frequency range [40 Hz–100 kHz] with a TEGAM

3550 ALF automatic bridge at room temperature. The

variation of both real (Z0) and imaginary (Z00) parts of the
complex impedance (Z* = Z0 - i Z00) was investigated

herein.

3 Results and discussions

3.1 Swelling properties of ZnO

Figure 1 shows typical X-ray diffraction patterns of ZnO

and ZnO-Fe, which were identified through their main

reflexion peaks appearing at 2h = 31.758, 34.608, 36.288,
47.308, 56.508, 61.968, 66.45, 67.908 and 69.808. These
reflexions were assigned to (100), (002), (101), (102),

(110), (103), (200), (112) and (201) plane families,

respectively, and are in agreement with those of a typical

würtzite structure ZnO (hexagonal phase, space group

P63mc, and JCPDS no. 36-1451) [22]. No other phase and

no diffraction peaks from any other impurities were

detected due to the low iron content of 0.3 wt%. The slight

shifts of all line towards lower angles suggest that iron

atoms are localized in the ZnO lattice.

The average grain size of zinc oxide was calculated by

the Scherrer formula (1):

D = 0:89k=bcoshð Þ ð1Þ

where D is the crystallite size, k is the wavelength

(1.5406 Å for Cu Ka), b is the full-width at half-maximum

of main intensity peak after subtraction of the equipment

broadening and h is the diffraction angle. The mean grain

size was found to be increased from 20 nm for ZnO to

25 nm for ZnO-Fe.

On the other hand, the lattice parameters was calculated

and the unit cell parameters ‘a’ and ‘c’ obtained from the

XRD data for all the samples are summarized in Table 1.

As a result, for ZnO-Fe the lattice parameters ‘a’ and ‘c’

were found to undergo small changes, presumably due to

slight distorsion of ZnO lattice. These results can be

explained by the electrostatic interactions between terminal
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hydroxyl groups in the center of ZnO caused by the

incorporation of iron nanoparticles.

3.2 FT-IR analysis

Figure 2 depicted the typical FT-IR spectrum of pure and

modified ZnO. The characteristic peaks showed few well-

defined bands appearing at 530, 1629 and 3426 cm-1. The

broad absorption peaks between 3420 and 1640 cm-1 were

associated to free OH stretching vibration. The occurrence

of a band at 525 cm-1 is due to stretching vibration of

metal–oxygen bond. Indeed, another sharp peak around

1375 cm-1 was associated to H–O–H bending vibration

due to the presence of moisture in the samples [23]. The

other two short peaks observed between 2330 and

2420 cm-1 appear to be caused by the existence of CO2

molecule in air. The presence of iron nanoparticles can be

tested by the lower peaks registered in the region varied

between 1040 and 970 cm-1.

On the other hand, slight shifts towards higher

wavenumbers of all bands were registered for ZnO-Fe.

This provides evidence of an additional contribution of the

Zn–OH stabilization effect. Here, these shifts are attributed

to the interaction occurring between the lattice oxygen

atoms with the iron nanoparticles.

Scheme 1 Synthesis method of the ZnO-Fe nanoparticles

Fig. 1 Powder X-ray diffraction patterns of ZnO a) and ZnO-Fe b)

Table 1 Lattice parameters and crystallite size of pure and modified

ZnO

Samples Crystallite size (nm) Lattice parameter

a(Å) c(Å)

ZnO 20 3.139 4.979

ZnO-Fe 25 3.148 4.985

Fig. 2 FTIR spectra of ZnO a) and ZnO-Fe b)
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3.3 Optical properties

In order to study the optical switching behavior of ZnO and

ZnO-Fe, the transmission spectra were measured in the

range of 300–800 nm. Fig. 3 shows lower transmittance for

ZnO-Fe as compared to ZnO in the wavelength range

400-800 nm. This decrease in the transmittance value

accounts for shifts in the band gap towards lower energy

after ZnO modification, and can be explained in terms of

increase in the electron density around Fe-NPs.

The optical band-gap (Eg) for these materials was

determined from the sharply increasing absorption region

according to Tauc and Menth’s method [24].

The plot (ahm)2 versus hm, where a is the constant

related to the material, h - the Plank’s constant, and m - the

photon frequency (Fig. 4). The experimentally estimated

band gaps value was found to decrease from 3.14 eV

(ZnO) to 3.04 eV after iron nanoparticles dispersion. This

provides clear evidence of the transparent properties of

ZnO-Fe, which suggests an improvement of the electrical

properties and semiconductor character.

3.4 Impedance analysis

The complex impedance spectra (Z00 vs Z0) of ZnO and

ZnO-Fe for several temperatures are shown in Figs. 5 and

6. From Fig. 5 a single semicircular response was noticed,

indicating that no grain boundaries or electrode effects are

involved in the patterns. The fact that the semicircular

centers are below the real axis indicates a non-Debye type

of relaxation [25].

However, Fe-NPs incorporation was found to induce

strong improvement of the electrical properties of ZnO, as

supported by the visible curve arrangement in a semicircle

at low Z0 values. This can be attributed to the film impe-

dance observed at low frequency, associated to a polar-

ization phenomenon. As a result, the radii of the

semicircles decreased with increasing temperature. Here,

these radius changes are a precise indicator of the thermal

activation of the conduction mechanism. Additionally, at

high frequency range, the newly appeared line corresponds

to a Warburg impedance, which is due to electron diffusion

at the pellet-electrodes [26].

3.5 Relaxation proprieties

Figure 7 shows the variation of the real (Z0) and imaginary

(Z00) parts of impedance of pure ZnO. At low frequencies,

both amplitudes of Z0 and Z00 were found to decrease with

the rise in temperature and then all curves merge at high-

Fig. 3 Transmission spectra of ZnO a) and ZnO-Fe b)

Fig. 4 Plot of (ahm)2 versus hm of ZnO and ZnO-Fe

Fig. 5 Cole-Cole plots of ZnO at various temperatures
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frequency region. This decrease can be explained by an

increased conductivity and the possible release of space

charges.

However, with decreasing frequencies, Z00 increased to

reach a peak (Z00 max) and then decreased as the fre-

quencies rise at different temperatures. Consequently, this

behavior lowers the barrier properties in the materials and

such a thorough modification of the ZnO surface properties

is often explained in terms of activated electron charge due

to the increase of temperature [27].

On the other hand, the changes of Z0 and Z00 parts of

impedance registered for ZnO-Fe show a decrease in Z0 at
various temperatures (Fig. 8). Here, high Z0 values were

noticed at low frequencies, presumably due to an accu-

mulation of free charges at the pellet-electrode interface.

Afterwards, all the curves were merged in high-frequency

region and Z0 becomes independent of frequencies. More-

over, the variation of Z00 with frequency revealed Z00

maximum values (Z00 max), which shifted to higher fre-

quencies with increasing temperature. The broadening of

these shifts towards higher frequency indicates the pres-

ence of electrical relaxation phenomenon, which appears to

decrease with increasing temperature [25]. This result

allows stating that most Fe-NPs are inserted within the

ZnO lattice, and their present on the external surface

should play only a minor role in the improvement of the

conduction phenomenon. In addition, Fe-NPs and Zn-O

deprotonation seems to be responsible of this effect.

However, in highly crystalline ZnO, protons are mainly

located at the structure edges, and this is why one strongly

believes that metal-lattice oxygen interactions should also

be taken into account. After this frequency threshold, both

curves merged, and tend towards zero at higher frequency.

In summary, the higher semicircle radius observed for

ZnO-Fe as compared to that of its pure counterpart sug-

gests an increased electron transfer resistance after Fe-NPs

incorporation.

3.6 Conductance change

ZnO is a well-known n-type semiconductor and the

dependence of conductivity on frequency and temperature

are very important to understand the electron transport

mechanism. The variation of conductance vs temperatures

of ZnO and ZnO-Fe at several frequencies is shown in

Figs. 9 and 10. At low temperatures, the conductance was

constant and started growing when T[ 293 K. For each

temperature, the crossover frequency was characterized by

a slope change at certain frequency values, known as

hopping frequencies [28]. Herein, the content of iron

nanoparticles was found to induce an increase in conduc-

tance with increasing temperature. This corresponds to a

semiconductor behavior.

Fig. 6 Cole-Cole plots of ZnO-Fe at various temperatures

Fig. 7 Angular frequency dependence of Z0 and Z00 for ZnO
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In addition, this common behavior of different classes of

materials was already pointed out by Jonscher, who refer-

red to it as universal dynamic response [29]:

G xð Þ ¼ Gdc þ Axs ð2Þ

where, Gdc is the conductivity at low frequencies, A - a

constant, x = 2p f and s is an exposing which fréquency

dependent. The resulting measurements of conductance at

several frequencies reveal that the conductance achieved

1.75 9 10-7 S for ZnO-Fe contrariwise 3 9 10-10 S

recorded for pure ZnO. By referring to these values, it can

be concluded that proton conduction is involved in such

materials, according to the Grotthuss mechanism . All these

facts contribute to the visible improvement of the con-

ductivity by the appreciable dispersion of Fe-NPs [30]. The

maximum value of ZnO-Fe conductance was obtained at

about 10-4 S loading content, which indicates the existence

of an active effect induced by Fe-NPs. However, the

minimum of the conductance value (10-6 S) was explained

by the blocking effect on the charge carrier transport pro-

cess resulting from ZnO-Fe particle aggregation. This

phenomenon is expected to reduce the conductivity of the

constant phase elements.

The above results allow concluding that the observed

shifts arise from a thermally activated process. Further-

more, the conductivity dependence on frequency indicates

the hopping conduction at higher frequencies between

localized states. Additionally, the high-frequency depen-

dence of the conductivity was often observed experimen-

tally in most polar semiconductor oxides, This must be to

the assumption of thermally activated hopping of charge

Fig. 8 Angular frequency dependence of Z0 and Z00 for ZnO-Fe

Fig. 9 Conductance as a function of temperatures for ZnO

Fig. 10 Conductance as a function of temperature for ZnO-Fe

Fig. 11 Capacitance versus temperature for ZnO
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carriers between localized sites over the potential barrier

that correlates its sites [31].

3.7 Capacitance measurements

In order to investigate the role of Fe-NPs incorporation on

the charge transfer phenomenon, the capacitance mea-

surements at several frequencies were plotted in Figs. 11

and 12). The capacitance of ZnO and ZnO-Fe decreased

with increasing frequency. The capacitance accumulation

decreased with fluctuation for ZnO. The capacitance of

ZnO-Fe was found to be almost proportional to the fre-

quency up to a maximum level. The high capacitance at

low frequencies can be explained by the charge ability to

follow the applied signal. However, the decrease in

capacitance at higher frequencies indicates that the charge

at the interface may not follow conductivity signal [32].

Consequently, it appears that the insertion of iron

nanoparticles enhances the charge transfer due to their high

electron density. Besides, the surface functional groups

also improved the electrical double layer capacitance

formed by charge separation on the interface between the

pellet and the electrode. Here, the effect of the amount of

functional groups on the capacitance still remains to be

elucidated.

However, research is still in progress in this regard,

assuming that the negative electron charge is balanced by

positive (hole) charges accumulated near the surface.

Increasing frequency ought to induce hole depletion. Here,

the capacitance change is expected to directly correlate

with the amount of dispersed Fe-NPs within the lattice of

ZnO. The results obtained herein allow concluding that

shifts towards higher frequency account for a depletion in

charge holes on the surface. Therefore, the capacitance

decay recorded for ZnO-Fe in the high frequencies region

indicates a charge carrier capacity of the pellet interface at

moderate frequency that follows the conductivity.

4 Conclusions

The present study demonstrated the Fe-NPs insertion effect

on the structural, optical and electrical properties of ZnO

lattice. Crystallite size and lattice parameters changes were

observed in the presence of Fe-NPs. UV–visible diffuse

reflectance revealed a shift of the band-gap energy, as a

first precise indicator of the genesis of electrical property.

It was clearly demonstrated that incorporation of small

amount of iron nanoparticles confers electrical properties

to ZnO. Besides, Z0 and Z00 measurements revealed a

semiconductor behavior and an occurrence of a relaxation

phenomenon at several temperatures. The Fe-loaded ZnO

material displayed conductivity due to the formation of

effective proton-conducting and the proton transfer

between Fe-NPs within the lattice. Additionally, it was

concluded that Fe-NPs contribute to the capacitance of

ZnO electrode, which enhances electron double layer

capacitance.
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