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Abstract
In the present contribution, the study of nanostuctured powders of Mn2?-doped ZnO with different doping concentration

(1, 2, 5 at%) was approached. The samples were synthesized by sol–gel method, and the influence of the Mn content on the

thermal behavior of the resulted gels was established by thermogravimetric and thermodifferential analysis. Based on the

results obtained by thermal analysis, the gels were isothermally treated at 500 �C, 1 h. The XRD powder measurements

revealed that all samples had hexagonal wurtzite structure and no other secondary phases were observed suggesting that the

Mn2? ions have substituted Zn sites. Moreover, the incorporation of Mn2? into ZnO lattice was also confirmed by Infrared

and Raman spectroscopy. Energy-dispersive X-ray analysis indicates the existence of Mn2? in all samples, even in that

with 1 at% Mn. The morphology of the samples depends on Mn2? concentrations. A decrease in the grain size with the

increase in Mn2? concentration was observed. Mn2?-doped ZnO nanopowders with desired structure and properties as

promising materials in potential piezoelectric applications, were obtained.
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Introduction

Zinc oxide (ZnO) is a wide band gap semiconductor

exhibiting n-type conductivity with wide energy band gap

(3.36 eV at room temperature). Furthermore, ZnO is

abundant in nature, nontoxic, chemically and mechanically

stable and has tunable band gap, high transparency and

piezoelectric behavior. Based on these properties, ZnO is a

promising candidate for applications like transparent

electrode for solar cell, flat panel devices, organic light

emitting diode, thin-film transistor–liquid crystal display

(TFT–LCD), gas sensors, piezoelectric nanogenerators

[1–5].

Depending on the required properties and applications,

the properties of ZnO can be improved by doping with

different ions. The dopant added into the ZnO nanostruc-

ture influences the band gap, as well as the electrical and

optical properties of ZnO [6–9]. Among all dopants, Mn2?

is one of the most encouraging because the first half of the

d-band is occupied, creating a stable fully polarized state,

and it has higher resistivity and the highest magnetic

moment [10]. As a consequence of similar radii of Zn2?

(0.074 nm) and Mn2? (0.080 nm), the manganese ion can

easily be incorporated into ZnO lattice without altering its

original structure [11]. The band gap values were found to

gradually decrease from 3.06 eV for ZnO to 2.83 eV for

ZnO doped with 7% Mn [8].

The Mn2?-doped ZnO system is studied because of its

advantages as high magnetic moments at room temperature

and high thermal solubility. ZnO and Mn2?-doped ZnO can

be prepared by different methods such as solid-state reac-

tion [12], high-temperature hydrolytic process [13], pulsed

laser deposition [14], ion implantation [15], RF magnetron

sputtering [16], molecular beam epitaxy [17], precipitation

[18, 19], spray pyrolysis [20] and sol–gel method [21–31].
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However, the existent experimental magnetism results of

Mn2?-doped ZnO are very controversial. Due to different

preparation conditions and post-synthetic treatment, vari-

ous magnetisms have been reported, such as ferromag-

netism [13, 32, 33] antiferromagnetism [15, 34, 35], spin

glass behavior [12, 36] and paramagnetism [16, 37].

In the present work, ZnO and Mn2?-doped ZnO-based

gels and nanostuctured powders with different manganese

con centration (1, 2, 5 at%) were studied.

The samples were synthesized by sol–gel method, and

the influence of the manganese content on the thermal

behavior of resulted gels was established by thermogravi-

metric and differential thermal analysis (TG/DTA).

Based on the results obtained, the adequate thermal

treatment of the gels was selected in order to obtain Mn2?-

doped ZnO nanopowders with desired structure and prop-

erties as promising materials in potential piezoelectric

applications.

It has to be mention that in the previous research papers

on Mn2?-doped ZnO prepared by sol–gel method [21–31],

different precursors were used and the thermal behavior

was not approached.

Experimental

Materials

Zinc acetate dihydrate—Zn(CH3COO)2 2H2O (Merck),

and anhydrous manganese acetate—Mn(CH3COO)2 (Mer-

ck), were used as source of zinc and manganese, respec-

tively, and absolute ethanol—C2H5OH (Emsure), and

methanol CH3OH (Merck), as solvents and tri-

ethanolamine—C6H15NO3 (TEA, Merck), as stabilizer. All

reagents used in the experiments were of analytical grade.

Methods

Samples preparation

Precursor solutions of 0.1 M ZnO and Mn2?-doped ZnO

were obtained through sol–gel method. Zinc acetate dihy-

drate was dissolved in ethanol and homogenized at 50 �C
for 1 h. During the homogenization, TEA was added drop

by drop. The molar ratio between zinc acetate and tri-

ethanolamine was 5:1.

In order to obtain 0.1 M precursor solution of Mn,

anhydrous manganese acetate was dissolved in methanol.

For 1 at%, 2 at%, 5 at% Mn-doped ZnO, adequate quan-

tities were added in the Zn solution. The mixture was

stirred at 50 �C for 1 h to yield a clear and homogenous

solution. The solutions were left for gelling at room tem-

perature for 7 days, and opaque gels were obtained.

Based on the results obtained by thermal analysis, the

samples were thermally treated at 500 �C for 1 h, with a

heating rate of 5 �C min-1.

Methods of characterization

The thermal behavior of the synthetized gels was deter-

mined by differential thermal analysis and thermogravi-

metric analysis using Mettler Toledo TG/DTA 851e

equipment in Al2O3 crucibles and in flowing air atmo-

sphere. The maximum temperature was set at 1000 �C, and

the heating rate was of 5 �C min-1.

FTIR spectra for gels and powders were recorded with a

Nicolet 6700 apparatus in 400–4000 cm-1 domain. The

powders were immobilized in KBr pellets, and the spectra

were recorded in transmittance mode. The sensitivity of

measurements was of 4 cm-1.

Sample morphology was characterized by scanning

electron microscopy (SEM) using a high-resolution

microscope, FEI Quanta3 DFEG model, at an accelerating

voltage of 5 kV, in high-vacuum mode with Everhart–

Thornley secondary electron (SE) detector coupled with

energy-dispersive X-ray (EDX) analysis. The apparatus

program was used for the grain size calculation.

X-ray diffraction experiments were performed by using

a Rigaku Ultima IV diffractometer in parallel beam

geometry equipped with CuKa radiation (wavelength

1.5406 Å) operating at 40 kV and 30 mA. The XRD pat-

terns were collected in 2h range between 10 and 80 with a

speed of 2� min-1 and a step size of 0.02�. PDXL software

from Rigaku, connected to ICDD database, was used for

phase identification and lattice parameters calculation

using whole-powder-pattern fitting method (WPPF). The

diffraction peak profiles were modeled by a split-pseudo-

Voigt function and B-spline background model. Crystallite

size along (101) direction has been calculated using

Scherer’s equation:

D ¼ k � k
ðFWHMÞ � cos h

ð1Þ

where D is crystallite size, k is wavelength of the Cu Ka
radiation (1.54056 Å), FWHM is full width at half maxi-

mum, h is Bragg’s diffraction angle and k is the shape

factor taken as 0.9.

Micro-Raman spectra were recorded by means of a

Jobin–Yvon–Horiba LabRam HR 800 spectrometer

equipped with a Nd:YAG (532 nm) laser line and a

x50LWD/0.55 NA air objective. Spot diameters of * 1.1

mm on the sample surface provided a spectral resolution

better than 2 cm-1. Local heating effect was avoided by

using a laser power up to 2 mW.
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Results and discussion

As-prepared samples

As mentioned above, in the experimental conditions used

in the present work, opaque quasi-crystalline gels were

obtained. Our previous papers regarding the preparation of

ZnO naopowders have shown that the corresponding gel

was a mixture of different Zn-based phases as hydrozincite

and zinc acetate dihydrate [38].

FTIR characterization of the samples

The spectrum of as-prepared ZnO-based sample presents

the bands in 3600–2500 cm-1 region characteristic to

vibration of C–H, NH and O–H bonds. The small bands at

2972, 2867 cm-1 are characteristic to vibrations of C–H

bond in CH3 groups. The bands are shifted from their

position in zinc acetate spectrum [38] probably due to

formation of zinc hydroxyacetate. The carboxyl bands

(asymmetric and symmetric stretching of C=O, respec-

tively) occur in the FTIR spectra in the 1400–1580 cm-1

range and m C–O at 1070 cm-1 [38]. The bands below

686 cm-1 are due to Zn–O vibration [38, 39].

The FTIR spectra of the Mn2?-doped ZnO samples

show the characteristic bands of the C–H and O–H bonds

in 3600–2500 cm-1 region, also. The bands of 1582 cm-1

and 1418 cm-1 are characteristic of the C=O bond in the

COO- group and those of 1077 cm-1 and 1045 cm-1 are

assigned to C–O bond [38]. In the wavelength range of

500–700 cm-1, the bands characteristic of the Zn–O bond

is present. The bands at 421 cm-1 and 408 cm-1 are

characteristic of the Mn–O bond as was reported in the

literature [40].

Based on observation of shifted positions of bands in the

FTIR spectra, we can assume that during the gelation

process a zinc hydroxyacetate gel similar to structure with

the one reported by Moezzi [41] was obtained (Fig. 1).

TG/DTA characterization of the samples

The TG/DTA curves of the ZnO sample are shown in

Fig. 2. As stated before [38], the first two endothermic

effects at 66 and 133 �C, respectively, are assigned to the

elimination of ethanol and water and the effect at 215 �C
could be related to the structural hydroxyl elimination. The

decomposition of the Zn hydroxyacetate takes place at

297 �C accompanied by the oxidation of resulted CO to

CO2. The overlapping of the endothermic effect assigned to

the gel decomposition with the exothermic one assigned to

oxidation of resulted CO to CO2 explains the small

exothermic peak at 313 �C. The exothermic process at

around 428 �C may be assigned to the combustion of

organic component and crystallization of ZnO from the

studied gel. After 500 �C, TG curve remains constant

suggesting that a thermal treatment at this temperature is

enough to obtain ZnO.

The mechanism of thermal decomposition of the ZnO-

based gel was previously presented and discussed [38].

In the case of Mn2?-doped ZnO samples, there is a

similar thermal behavior for all the studied compositions.

The first two endothermic effects on the thermal analysis

curve are assigned to the elimination of both ethanol and

water. The zinc and manganese complex hydroxyacetate is

decomposed at around 300 �C, similarly with the Zn

hydroxyacetate gel. The exothermic effect from above

420 �C is attributed to the oxidation of the organic residues

as well as to the crystallization of Mn2?-doped ZnO

(Fig. 3).

For the sample containing 5% Mn2?, the thermal effects

of the decomposition step at lower temperatures have lower

intensity, while the decomposition of the sample at 422 �C
is much more pronounced. This may be attributed to the

formation of more thermally stable complexes by the

reactions in the precursor solutions due to the presence of

Mn2? in a larger quantity.

The samples exhibited larger mass loss than the undoped

sample (pure ZnO based gel) which indicates a higher

amount of organics in the gel composition.

Due to similar thermal behavior of the undoped ZnO and

Mn2?-doped ZnO precursor gels, the same mechanism of

decomposition could be assigned.
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Thermally treated samples

Based on the results obtained by thermal analysis, the

samples were thermally treated at 500 �C for 1 h, with a

heating rate of 5 �C min-1. The structure and the mor-

phology of the resulted powders were investigated by SEM

and EDX, FTIR, XRD and Raman spectroscopy.

SEM characterization of the powders

Figure 4 shows the SEM images of the Mn2?-doped ZnO

samples. The images clearly indicate that similar mor-

phology of the powders was obtained, but the grain size

decreased with the Mn2? concentrations. The powders

consist in particles with hexagonal cross section, having a

variable length between 30 and 300 nm. EDX analysis

provides the composition of the samples and puts in evi-

dence the existence of Mn2? in all samples, even at those

with 1% Mn.

FTIR characterization of the powders

In the FTIR spectra of the powders treated at 500 �C, the

bands characteristic to organic species were not identified

due to the decomposition and oxidation of the organic part

during thermal treatment. The results are in good agree-

ment with TG/DTA data, in which there are no mass losses

and thermal effects after 500 �C. In Fig. 5, the spectra in

1600–400 cm-1 range are presented. In the spectrum of

ZnO, the bands characteristic to Zn–O–Zn vibrations were

identified at 433 and 505 cm-1 confirming the wurtzite

structure [38]. The FTIR spectra of Mn-doped ZnO sam-

ples exhibit a broadband in the 400–600 cm-1 range

assigned to formation of ZnO. In the literature, the vibra-

tion bands for Mn–O are reported at 431 cm-1, 418 cm-1

and 408 cm-1 [40]. The maximum of the band appears in

all doped samples at 421 cm-1 and can be assigned to

formation of Mn–O–Zn bonds. The intensity of this band

decreases from the ZnO with 5% Mn to ZnO with 2% Mn

and can be correlated with the crystallinity of doped

powders. Mihaiu et al. [38] reported bands with maximum

above 429 cm-1 when ZnO was doped with Li or co-doped

with Ni and Li.

XRD characterization of powders

Figure 6 shows the XRD patterns of pure ZnO and 1 at%,

2 at% and 5 at% Mn-doped ZnO powders. All the

diffraction peaks are indexed as hexagonal wurtzite struc-

ture (space group P63mc) ZnO with lattice parameters

a = b = 3.249 Å and c = 5.206 Å, in good agreement with

JCPDS card no. 36-1451.

In addition, the high intensity of the diffraction lines

suggests the high crystalline nature of the prepared sam-

ples. No signals arising from Mn oxides or any Mn-related

phases were detected on the XRD patterns indicating that

the Mn2? ions have probably substituted Zn sites. Previ-

ously, Hossin and Askan [42] have also reported that the

manganese ions have substituted the zinc ions without

changing the wurtzite structure of zinc oxide.

The calculated lattice parameters are listed in Table 1,

together with the estimated standard deviation (in brack-

ets). The values of crystallite size and FWHM along (101)

direction of pure ZnO and Mn2?-doped ZnO samples are

also given in Table 1.
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The increase seen in the lattice parameters as well as the

volume of unit cell in the Mn2?-doped ZnO samples can be

attributed to the fact that substitution of Mn2? (ionic radius

0.8 Å) for Zn2? (ionic radius 0.74 Å) requires a local

expansion of the lattice to accommodate the Mn2? ion in

the ZnO structure [43].

A careful analysis of the XRD peak positions indicates a

minor shift of the main diffraction peak (101) of the doped

samples toward lower 2h values as the concentration of Mn

increased (see Table 1). This is proof of the successful

incorporation of Mn2? into the ZnO lattice. Moreover, an

increase in the d-spacing values corresponding to (101)

plane has been observed due to the shift in 2h for the Mn-

doped samples. The average crystallite size was about

236 Å for pure ZnO. A decrease in crystallite size with

Mn2? addition was observed. This behavior is in good

agreement with SEM analysis which showed a decrease in

the grain size with Mn2? addition. The increase in Mn2?

concentration reduces the concentration of zinc in the

system leading to a decrease in diffusion rate in ZnO that

could hinder the growth of the crystallite size in Mn2?-

doped ZnO samples. A decrease in crystallite size in some

Mn-doped ZnO systems was also reported in the literature

data [44, 45].

Raman spectroscopy

Raman spectrum of the ZnO doped with 2% Mn sample is

presented in Fig. 7. The peak at 435 cm-1 can be assigned

to the high-frequency branch of the E2 mode of ZnO, e.g.,

the main Raman mode in the wurtzite crystal structure.

This peak is sensitive to internal stress being related to

motion of the oxygen atoms [46, 47]. According to full

width at half maximum (FWHM) of 11 cm-1 for the E2
High

mode, good crystal quality of the 2% Mn2?-doped ZnO

powder is noticeable. Peaks within 546–564 cm-1 and

567–582 cm-1 ranges (see inset of Fig. 7) are assignable to

A1 (LO) and E1 (LO) modes, while the peak at about

571 cm-1 is sensitive to changes in the free carrier con-

centration [48]. The latter modes may be due to Zn-located

interstitial. The 330 cm-1 frequency is a second-order

vibration mode resulted from the E2
high - E2

low multiple

scattering processes. Hence, shifting of the E2
high and A1

(LO) modes toward lower frequency shows a larger tensile

stress in the crystal. This indicates an increased number of

defects such as vacancies and interstitials that arose from

Mn2? substituted for Zn2? in the ZnO matrix, which is

named as an indicator of the Mn2? incorporation into the

ZnO matrix [49, 50].

The results of morphological and structural characteri-

zation of the oxide samples obtained by thermal treatment

of the corresponding gels, at 500 �C, for 1 h, showed that

in all cases nanopowders with wurtzite structures were

obtained.

The presence of manganese in the Mn2?-doped ZnO

powders was put in evidence by EDX investigation, and in

the FTIR spectra the band that appears in all doped samples

at 421 cm-1 can also be assigned to formation of Mn–O–

Zn bonds.

The calculated d-spacing, crystallite size D, lattice

parameters (a, c), volume V of unit cell of pure ZnO and

Mn2?-doped ZnO powders from XRD measurements

indicate the substitution of Mn2? (ionic radius 0.8 Å) for

Zn2? (ionic radius 0.74 Å) in the ZnO structure. These

results were also confirmed by Raman measurements.

Table 1 The 2h and FWHM

values, d-spacing, crystallite

size D, lattice parameters (a, c),

volume V of unit cell of pure

ZnO and Mn-doped ZnO

powders thermally treated at

500 �C

Sample 2h (101) d/� FWHM101/� D/Å a = b/Å c/Å V/Å3

ZnO 36.2333 2.4772 0.3699 236 (1) 3.2496 (2) 5.2057 (3) 47.61

1% Mn 36.2140 2.4784 0.4156 210 (1) 3.2518 (3) 5.2080 (2) 47.69

2% Mn 36.2086 2.4788 0.4158 209 (1) 3.2522 (6) 5.2070 (14) 47.70

5% Mn 36.1966 2.4796 0.4273 204 (1) 3.2524 (6) 5.2086 (13) 47.72
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Conclusions

ZnO and Mn2?-doped ZnO-based gels and nanostructured

powders were prepared by sol–gel method.

Mn2?-doped ZnO gels show a very similar thermal

behavior with the undoped ZnO-based gel. Based on the

TG/DTA results, the gels were thermally treated at 500 �C
for 1 h, with a heating rate of 5 �C min-1.

The resulted powders have ZnO hexagonal wurtzite

structure, and in the case of Mn2?-doped ZnO samples,

manganese ions have substituted zinc sites.

The mentioned results were sustained by all the methods

of investigation used.

The structure and properties of the obtained powders

recommend them as promising materials in potential

piezoelectric applications.
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