Refluxing synthesis of Mn-doped ZnO nanoparticles and their applications in
dielectric ceramics

Ye Zhao, Fan Tong, Rong Yang, Xiao Qu, Mao-Hua Wang ™

School of Petrochemical Engineering, Changzhou University, Changzhou 213164, People’s Republic of China
= E-mail: 627907188@qq.com

Published in Micro & Nano Letters; Received on 19th March 2018; Revised on 20th July 2018; Accepted on 12th October 2018

Pure and manganese (Mn)-doped zinc oxide (ZnO) (0, 1, 2 and 4 wt%) nanoparticles are synthesised by refluxing method. The as-synthesised
nanoparticles are characterised by X-ray powder diffraction, Fourier transform infrared spectroscopy, transmission electron microscopy and
energy-dispersive X-ray spectroscopy (EDS). The results show that pure and Mn-doped ZnO nanoparticles have a hexagonal wurtzite
structure and the (101) diffraction peaks position of Mn-doped ZnO shift toward the smaller value of diffraction angle compared with pure
ZnO powders, confirming that the Mn** were well incorporated into ZnO crystal lattice. Moreover, Mn doping also restrained the growth
of particles and the size decreased from 14.9244 to 13.1196 nm with the increase in doping concentration from 0 to 4 wt%. The EDS
analysis for 2 wt% Mn-doped ZnO confirms the presence of Mn in ZnO nanocrystal. The dielectric measurements show that Mn-doped
ZnO ceramics exhibit higher dielectric constant, while dielectric constant and dielectric loss increased continuously with the temperature
increased. In addition, 2 wt% Mn-doped ZnO ceramics showed the high dielectric constant (23 x 10%) and low dielectric loss (0.95) at

125°C after sintering at 1000°C for 2 h.

1. Introduction: Semiconductor nanomaterials have generated
great interest in the past years due to quantum size effects and
their unique properties and among these semiconductor nanomater-
ials, zinc oxide (ZnO) is gaining more interest because it is abun-
dant, inexpensive and non-toxic. ZnO is an n-type semiconductor
oxide with wurtzite structure, a wide direct bandgap of 3.37 eV at
room temperature and a large exciton binding energy of about
60 meV [1]. Therefore, ZnO nanoparticles are used in the fabrica-
tion of solar cells [2], gas sensors [3, 4], luminescent materials
[5], varistors [6], field-emission transistors [7], photocatalysis [8]
and DNA sequence detectors [9]. In summary, among all the semi-
conducting nanomaterial ZnO has attracted the scientific commu-
nity as a multifunctional semiconducting material [10—13].

The dielectric properties of materials that are of interest in most
applications can be defined in terms of their relative permittivity.
Permittivity is a complex quantity generally used to describe the
dielectric properties that influence reflection of electromagnetic
waves at interfaces and the attenuation of the wave energy within
materials [14]. Material with high dielectric constant and low loss
are always very essential to be used in microwave telecommunica-
tions, multilayer capacitor, dynamic random access memory and
microwave integrated circuits [15, 16]. In recent years, ZnO nano-
materials have been studied as conductive fillers in polymers with
high dielectric constant and they have received much more attention
for their promising application in high charge-storage capacitors
[17, 18]. It is well known that the various properties of semicon-
ductor materials can be enhanced and/or modified by doping. The
dielectric properties can be improved by doping the conductive ma-
terial with an impurity element [19]. The effects of the dielectric
properties of transition and non-transition metal elements (nickel,
chromium, lithium)-doped ZnO have been investigated, but the
results for dielectric behaviour of ZnO have not been conclusively
given out [20-22]. Furthermore, we have found that manganese
(Mn)-doped ZnO nanostructures have been studied. The incorpor-
ation of Mn into ZnO nanostructures improved optical properties
[23], AC-electrical response [24] as well as magnetic properties
[25]; however, dielectric properties of Mn-doped ZnO nanoparticles
were not studied. ZnO nanostructures with different morphologies
and dopants were obtained using different techniques such as
precipitation, sol-gel, hydrothermal and reflux method [26-30].
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The last direct reflux method has attracted a lot of attention due
to its simplicity and cost-effectiveness. In this work, well-dispersed
Mn-doped ZnO nanoparticles with small crystal sizes were prepared
by reflux method and their dielectric properties were studied as a
function of temperature.

2. Experimental results

2.1. Materials used: Zinc acetate dihydrate (ZnAc,-2H,0) and
manganous chloride (MnCl,) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Ethylene glycol was supplied by
Shanghai Lingfeng Chemical Reagent Co., Ltd. All reagents used
were analytic grade and used without further purification.

2.2. Synthesis: In the typical experiment, 8.78 g ZnAc,-2H,0O and
corresponding amounts of MnCl, (0, 1, 2 and 4 wt%) were added
into 150 ml of ethylene glycol and stirred until the solution
became homogeneous. Then, the mixed solution was heated at
170°C under reflux for 2 h. The precipitate was washed with abso-
lute ethanol and deionised water and dried at 80°C.

2.3. Preparation of the ZnO discs for dielectric measurements:
These obtained powders were granulated and uniaxially pressed
into discs with a 1.2 mm thickness and an 11 mm diameter. The
discs were sintered at 1000°C for 2h in static air. The silver
paste was used to coat both sides of the sintered discs, followed
by firing at 55°C for 15 min to form electrodes in order to
measure dielectric properties.

2.4. Characterisation: Samples were characterised by X-ray powder
diffraction (XRD; Rigaku D/MAX-YA) using copper Ko radiation
(A=0.154 nm) at the scanning rate of 5°/min in a 26 range from 10°
to 80°. The morphology and structure of the samples were charac-
terised by transmission electron microscopy (TEM, JEM-2100,
Japan) operated at 200 kV. Dielectric properties were measured
using a Heinrich Lenz Capacitance Resistance (LCR) meter
(ATS821, China) controlled by a computer at 1 kHz.

3. Result and discussion
3.1. X-ray analysis: Fig. 1a shows XRD patterns of pure and doped
ZnO nanoparticles. All the diffraction peaks corresponding could
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Fig. 1 X-ray diffraction patterns of Mn-doped ZnO powder
a X-ray diffraction patterns of Mn-doped ZnO powder
b The expanded X-ray diffractogram of (101) peak

be attributed to the wurtzite structure (JCPD-36-1451) and no other
phases were found, suggesting that the Mn element may be doped
into ZnO [31]. Fig. 15 shows the magnified region of (101) peak,
clearly indicates a shift to lower 26 values with increasing concen-
tration of Mn. This shifting was due to the difference in ionic radii
of Mn*" (0.60 nm) and Zn** (0.66 nm) observed in similar samples.
Thus, the peak shift in various Mn-doped ZnO provides conclusive
evidence for the substitution of Mn?" into the ZnO lattice [32, 33].
In addition, the width of diffraction peaks increases with an increase
of Mn doping level, which means that the crystallite size decreases
with the increase of Mn content [34].

The lattice parameters (¢ and c¢) of prepared samples were
obtained from the equation below:

23 (M
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where A, k and 1 are Miller’s indices. The volume of the hexagonal
closely packed unit cell was calculated using the formula below:
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The crystallite size for all the samples was calculated using
Scherrer’s formula below:
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where A is the wavelength of X-ray radiation, j is the full width at
half maximum of the peaks at the diffracting angle 6 [35]. The
crystal size, lattice parameters and volume of all samples are
shown in Table 1. The data shows that the presence of Mn** in
ZnO prevented the growth of crystal grains. Fig. 2 shows the vari-
ation of crystallite size with the content of Mn doped into ZnO
nanostructure.

Table 1 Variation of crystallite size, lattice parameters and unit cell
volume with a doping concentration

Mn concentration, % Crystallite size, Lattice Unit
volume, A3 nm parameter cell
a, A c, A

14.9244 3.2530 5.2098 47.8073
14.1904 3.2552 5.2098 47.8830
12.4920 3.2564 5.2156 47.8958
13.1196 3.2569 5.2126 47.7427

Ao = O

Micro & Nano Letters, 2019, Vol. 14, Iss. 2, pp. 182-185
doi: 10.1049/mnl.2018.5397

15.0 4

14.5

, nm

14.0 4
13.5
13.0 /
12.5

T T T T T

4

crystallite size

1 2 . 3
Mn concentration, %

Fig. 2 Variation of crystallite size for Mn-doped ZnO samples

3.2. Fourier transform infrared spectroscopy (FTIR) analysis: Fig. 3
shows FTIR patterns of all the samples. The broad absorption peak
appeared at 3420 cm™" indicating O—H stretching vibrations. The
strong absorption band at 1624 cm™' was assigned to the
Brownsted acidity (C=0 band). The peaks at 1445 cm™' show
the presence of Lewis acidity (C=C bond) in the molecule and
the relatively broad bands at around 869 cm™" are assigned to the
vibrational frequencies due to the change in the microstructure
due to the Mn incorporation into ZnO lattice. The stretching of
the ZnO bond corresponds to the frequency at 445 cm™1 for pure
ZnO. This peak shifts to higher frequencies: 452 cm™" for 1 wt%
Mn, 454 cm™" for 2 wt% Mn and 465 cm™' for 4 wt% Mn. It is
worth noting that these results confirm a well-established theory
of vibrational modes in mixed and doped crystals, mainly, that
ion substitution should result in a downward shift of the transverse
optical phonon mode.

3.3. TEM, field-emission SEM (FE-SEM) and energy-dispersive
X-ray spectroscopy (EDS) analysis: To further characterise the
morphological properties of Mn-doped ZnO nanoparticles and
their ceramics, Figs. 4a and b displayed the TEM images of the
0 and 2 wt% Mn-doped ZnO powders by refluxing method.
Fig. 4a shows pure ZnO nanocrystals (15-25 nm) that are spatially
connected to form a porous and spherical cluster. In addition, the
sizes of particles are not uniform. Fig. 4b shows more uniform
and well-dispersed spherical Mn-doped ZnO nanoparticles with a
particle size of about 10-20 nm. The composition of 2 wt%
Mn-doped ZnO nanoparticles is detected by EDS in Fig. 5. From
spectra, it can be seen that Zn and O appeared as the main compo-
nents with low levels of Mn which confirms the successful doping
of Mn in the ZnO host structure and substantiates the results
obtained by XRD analysis. The molar content of each element is
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Fig. 3 FTIR spectra of ZnO doped with different contents of Mn
a 0%
b 1%
c2%
d 4%
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Fig. 4 TEM images of

a Owt% Mn-doped ZnO nanoparticles
b 2 wt% Mn-doped ZnO nanoparticles
FE-SEM images of

¢ 0 wt% Mn-doped ZnO ceramics

d 2 wt% Mn-doped ZnO ceramics
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Fig. 5 EDS spectrum ZnO nanoparticles doped with 2% Mn

shown in the table. The values of the atomic percentages of
Mn/metal ion ratio was very close to their nominal stoichiometry
and were within the experimental error. FE-SEM image of
pure and 2 wt% Mn-doped ZnO ceramics was shown in Figs. 4¢
and d. As shown in Fig. 4c, the grain size in pure ZnO ceramic
was about 0.5-1.2 um, the grain boundary was not clear and
shows more pores. On further increase of doping amount from
0 to 2 wt%, the grain size was about 0.8-2 um. A dense micro-
structure with obvious grain and grain boundary structures are
observed in Fig. 4d. Such microstructures are extremely useful in
improving the dielectric properties of ZnO ceramics [36].

3.4. Dielectric constant: The dielectric constant (&) was determined
from the following equation [37]:

14.4Cd
D @)
where C is the capacitance, d and D are the thickness and diameter
of the ceramic disc. Dielectric loss (tan J) represents a dissipated
energy in a dielectric system.
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Fig. 6 Temperature dependences of
a Dielectric constant for different samples after sintering at 1000°C:
b Tan & for different samples after sintering at 1000°C

Fig. 6 presents the temperature dependence of the dielectric con-
stant and dielectric loss for different samples at a frequency of
1 kHz. From Fig. 64, it can be seen that the value of the dielectric
constant of pure ZnO was relatively lower than for Mn-doped ZnO.
The dielectric constant of doped samples continuously increased
with temperature from 20 to 125°C even though the rates of these
enhancements were not the same. It can be obviously seen that
2 wt% Mn-doped ZnO ceramic exhibited the highest dielectric
constant.

Dielectric loss (tan ) also increased with increasing temperature
in Fig. 6b. Doped ZnO showed lower dielectric loss compared with
pure ZnO. Nanoparticles doped with 2 wt% Mn showed the lowest
dielectric loss. Thus, ZnO ceramic doped with 2 wt% Mn sintered at
1000°C shows the highest dielectric constant (11.1942x 10°-
22.395 x 10%) and lowest dielectric loss (0.145-0.9568) in the tem-
perature range from 20 to 125°C.

4. Conclusions: In this Letter, we have successfully synthesised
Mn-doped ZnO nanoparticles with 0, 1, 2 and 4 wt% Mn by
using a reflux method. All the prepared nanoparticles exhibited hex-
agonal ZnO lattice structure and the width of diffraction peaks
increases with an increase of Mn doping level, whereas crystal
size decreased with the increase of dopant concentration. TEM
images of Mn-doped ZnO with different contents show that the par-
ticles consisted of a large amount of well-dispersed nanospheres.
The dielectric properties of Mn-doped ZnO ceramics are superior
to that of pure ZnO. The 2 wt% Mn-doped ZnO ceramic showed
the highest dielectric constant (23 x 103) and lowest dielectric
loss (0.95) at 125°C after sintering at 1000°C for 2 h. These prop-
erties are very valuable for the fabrication of ceramic capacitor
equipment in the near future.
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