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Abstract

The tuneable band gap properties of ZnO (II-VI semiconductor) make it an excellent host lattice phosphor
for photonic and electroluminescent device applications. Here we report a simple and low-temperature chem-

ical precipitation method (70 °C) to tune both morphology and optical emission of ZnO nanostructures using

polyvinylpyrrolidone (PVP) and Mn doping. The effect of PVP addition on the structure of chemically syn-
thesized hexagonal ZnO and Mn doped ZnO nanostructures was investigated. The morphology of the samples

highlights the formation of nanorods in the pure ZnO while needle-like structure was obtained in the sample

containing 22.8 wt.% of PVP. The optical and emission properties of the synthesized ZnO-based samples were
also determined. The samples show semiconducting nature with a dual photoluminescence (PL) emission with

distinct peaks observed at 411 and 563 nm. The morphology and PL emission showed tremendous change with
the addition of 22.8 wt.% of PVP. Furthermore, the effect of Mn doping to the PVP modified ZnO samples was

investigated. The blue PL emission at 437 nm in the Mn doped ZnO samples is due to both Mn doping and defects.

The observed yellow emission at 564–573 nm region is attributed to the existence of defects such as singly ionised
oxygen vacancies. This observed dual-emission behaviour with semiconducting bandgap holds great promise for

various optoelectronic applications. Due to their distinct morphology, these unique needle-like structures can

have significant potential applications.
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I. Introduction

The size confined semiconductors, due to their sig-
nificant optical and electrical capabilities, are valuable
for developing multifunctional nano-scale devices in
optoelectronics and electronics areas [1–3]. Being a
unique semiconductor material, zinc oxide (ZnO) is
widely used in electrical and photonic applications. Its
wurtzite n-type crystal structure exhibits a substantial
direct band gap of 3.37 eV at room temperature and
a high room temperature exciton binding energy of
60 meV [4,5]. This property allows for excitonic tran-
sitions even at room temperature, having low threshold
voltage for laser applications and high efficiency in ra-
diative recombination for spontaneous emission. Addi-
tionally, ZnO wurtzite structure possesses strong pyro-
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electric and piezoelectric capabilities, making it suitable
for applications in mechanical actuators and piezoelec-
tric sensors [6,7]. The wide properties of ZnO make it
applications in the short wavelength range (UV, blue and
green) sensors and also in information storage and opto-
electronics [8]. Potential uses of ZnO nanoparticles in-
clude nano generators, solar cells, biosensors, photocat-
alysts, gas sensors, resistors and photodetectors [9,10].
Diverse properties of ZnO allow for a wide range of
structural configurations and various techniques have
been used to produce ZnO materials with different par-
ticle shapes, sizes and crystal structures. These nano-
materials have versatile applications in transistors, solar
cells, biosensors and light emitting diodes due to their
difference in shape, size and reactivity [11–13]. Zinc ox-
ide is a commonly used metal oxide material with differ-
ent applications like solar cells, varistors, lasers, LEDs,
antireflection coatings, acoustic wave devices, cosmet-
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ics etc. [8,11]. The morphology and the aspect ratio
play important role in manipulating their properties and
hence their applications. It has been reported that ZnO
with a hexagonal disc shape shows high photocatalytic
activity [14,15]. The ZnO with flower-like morphology
has shown much higher bio-activity and good adsorp-
tion properties [16,17]. Moreover, reports show that in
the development of new functional materials, ZnO is
having crucial role [18]. In this context tuning the mor-
phology of ZnO is an important topic in the ZnO re-
search.

Over the past years researchers have put effort in tun-
ing the morphology of ZnO resulting in ZnO nanorods
[17], plates, spheres, rings, flowers, dumbbell, nan-
otubes etc. [19]. Researchers developed several solu-
tion and vapour phase synthesis approaches like sol-
gel process, solvothermal synthesis, flame spray pyrol-
ysis, chemical vapour deposition, sonochemical tech-
nique, hydrothermal method, etc. for the fabrication
of ZnO structures. In addition to these, several struc-
ture directing agents are used to control particle size
as well as morphology of the materials. Several tech-
niques have been developed to produce ZnO nanopow-
ders, including organic precursors thermal decompo-
sition, chemical vapour deposition, micro-emulsion,
sol-gel, spray pyrolysis, electrodeposition, ultrasonic,
microwave-assisted techniques, hydrothermal and pre-
cipitation methods [19–21]. Due to its simplicity and
affordability among these methods, in the present study
we used simple chemical precipitation method with the
help of surfactant PVP (polyvinylpyrrolidone) for the
synthesis of ZnO and Mn doped ZnO samples.

II. Experimental

For the preparation of pure ZnO sample, 8.78 g of
zinc(II)-acetate dehydrate (98%, Spectrochem, India)
was dissolved in 50 ml of deionized water and stirred for
5 min. Simultaneously 3.20 g of NaOH pellets was dis-
solved in 50 ml of deionized water and stirred for 5 min.
After that, the two solutions were mixed drop-wise and
stirred for 2 h 30 min at a temperature of 70 °C. The ob-
tained suspension was filtered and washed several times
with water and ethanol. The obtained precipitate was
dried at 70 °C in a hot air oven for 2 h. The precipitate
was ground to produce fine powder and used for ana-
lysis.

For the synthesis of the PVP capped ZnO, different
amounts of polyvinylpyrrolidone (PVP) were added to
zinc acetate (i.e. 1, 2 and 3 g, corresponding to 11.4,
22.8 and 34.2 wt.%) and the above procedure was repea-
ted for all three powders. The obtained samples were de-
noted as: ZnO+PVP-1, ZnO+PVP-2 and ZnO+PVP-3.

In addition, the Mn doped PVP capped ZnO sam-
ples were prepared by adding different amounts of
manganese(II)-acetate (98.5%, Loba Chemie, India)
to the ZnO+PVP-2 mixture. To obtain Mn doped
samples (denoted as ZnO+PVP-2+Mn-1 ZnO+PVP-
2+Mn-3 and ZnO+PVP-2+Mn-5), 1, 3 and 5 wt.%
of Mn(CH3COO)2 relative to the total mass of
Zn(CH3COO)2 (corresponding to ∼1.1, ∼3.2 and
∼5.3 at.% of Mn) was mixed with the ZnO+PVP-2 sam-
ple and the above synthesis procedure was repeated.

The obtained ZnO powders were analysed using X-
ray diffraction (XRD), diffuse reflectance spectroscopy

Figure 1. X-ray diffraction (XRD) patterns of the pure ZnO, PVP assisted ZnO and PVP assisted Mn doped ZnO samples
synthesized at a temperatures of 70 °C via simple chemical precipitation method
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Table 1. Lattice parameters and crystallite sizes of the pure ZnO, PVP assisted ZnO and PVP assisted Mn doped ZnO samples
synthesized at 70 °C via simple chemical precipitation method

Samples
Lattice parameter Crystallite size

a [Å] c [Å] [nm]

Pure ZnO 3.21 5.18 17.7

ZnO+PVP-1 3.20 5.21 16.2

ZnO+PVP-2 3.19 5.16 11.5

ZnO+PVP-3 3.21 5.23 13.1

ZnO+PVP-2+Mn-1 3.20 5.18 19.46

ZnO+PVP-2+Mn-3 3.22 5.13 18.73

ZnO+PVP-2+Mn-5 3.17 5.18 17.12

(DRS), Fourier-transform infrared spectroscopy (FTIR)
and field emission scanning electron microscopy (FE-
SEM). The morphology of the samples was examined
with a Carl Zeiss Sigma FESEM. XRD patterns of the
synthesized ZnO-based powders were recorded using a
Rigaku tabletop X-ray diffractometer with CuKα radia-
tion (λ = 1.5418 Å) within the 2θ range of 10–90°. The
diffused reflectance spectra (DRS) were measured using
a JASCO V-570 spectrometer and the FTIR measure-
ments were conducted using a Shimadzu FTIR spec-
trometer with the KBr pellet method.

III. Results and discussion

3.1. XRD studies

XRD patterns of the pure ZnO, PVP modified ZnO
and Mn doped PVP-ZnO samples synthesized at 70 °C
via simple chemical precipitation method were shown
in Fig. 1. The observed peaks in all the samples can
be indexed to ICDD card No. 36-1451 which shows
the growth of the hexagonal structure of ZnO while no
peaks of a secondary phase were observed. Mn2+ ions

are incorporated in ZnO structure, since there is sim-
ilarity between ionic radii of Mn2+ (0.80 Å) and Zn2+

(0.74 Å). The lattice parameters and crystalline sizes
calculated from XRD data, shown in Table 1, are in
good agreement with the reported values in the litera-
ture [5]. The crystallite sizes show a slight decrease with
the addition of PVP, while the increase with Mn doping
suggests that Mn controls the crystal growth [22].

3.2. SEM studies

Figure 2a shows the pure ZnO sample having par-
ticles with nanorod shape. However, the samples with
PVP have characteristic needle-like structure. The ob-
served needle-like structured ZnO (Fig. 2c) consists of
needle particles having the lengths of 80–90 nm. The
powders ZnO+PVP-1 (Fig. 2b) and ZnO+PVP-3 (Fig.
2d) consist of nanosized particles which are agglomer-
ated. However, it seems that the addition of 2 g PVP to
the growth medium leads to the sample (ZnO+PVP-2)
being less agglomerated (Fig 2c). It is reported that PVP
provides efficient stabilization at an optimal concentra-
tion, which enhances the surface morphology without

Figure 2. FESEM image of pure ZnO (a), ZnO+PVP-1(b), ZnO+PVP-2 (c) and ZnO+PVP-3 (d) synthesized at
70 °C via simple chemical precipitation method
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Figure 3. SEM images of ZnO+PVP-2+Mn-1 (a), ZnO+PVP-2+Mn-3 (b) and ZnO+PVP-2+Mn-5 (c) grown at 70 °C via
simple chemical precipitation method

overly restricting the crystallite growth [23]. This is con-
firmed by the presented results and the fact that the op-
timal concentration is 2 g of PVP used in the sample
ZnO+PVP-2.

The surface morphologies of the Mn doped PVP-ZnO
samples are shown in Fig. 3. The reduced agglomera-
tion in the Mn doped ZnO samples can be seen together
with inhibited formation of needle-like particles (Fig.
2c) [24].

3.3. FTIR analysis

The FTIR analysis (Fig. 4) further supports the
structural characterization of the prepared ZnO-based
samples. The absorption bands observed at 706 and
836 cm−1 are attributed to Zn–O vibrational modes.
The peaks observed around 2400 cm−1 are assigned to
the presence of atmospheric CO2 [25]. For the PVP-
modified samples, peaks at 1040–1498 cm−1 correspond
to the C–N stretching bond of PVP. The Mn doped sam-

Figure 4. FTIR spectra of the pure ZnO, PVP assisted ZnO and PVP assisted Mn doped ZnO samples synthesized at 70 °C via
simple chemical precipitation method

Figure 5. The absorbance (a) and reflectance (b) spectra of the pure ZnO, PVP assisted ZnO and PVP assisted Mn doped ZnO
samples synthesized at 70 °C via simple chemical precipitation method
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Figure 6. The Tauc plot of the pure ZnO, PVP assisted ZnO and PVP assisted Mn doped ZnO samples synthesized at 70 °C via
simple chemical precipitation method

ples show small peaks at 662 and 836 cm−1 indicating
M–O stretching bond [25].

3.4. Optical properties

The optical properties of the synthesized sample are
depicted with the absorbance (Fig. 5a) and the re-
flectance spectra (Fig. 5b). All the samples show an ab-
sorption edge in the region 380–420 nm (Fig. 5a). The
slight variation between the absorption spectra of the
Mn doped ZnO samples is attributed to the formed de-
fects. The band gaps of the prepared samples were cal-
culated using the Kubelka-Munk relation from the re-
flectance spectra (Fig. 5b) and shown in Fig. 6 and Ta-
ble 2. The slight decrease in band gap with Mn addi-
tion can be related to the introduced defect levels within
the band gap. This effect is ascribed to the s-d and p-d

exchange interactions between the dopant and the host
material [26].

The photoluminescence (PL) spectra of the samples
with an excitation of 325 nm are shown in Fig. 7. The
samples show broad emission in the region 520–620 nm
centred at 563 nm with an excitation of 325 nm. The ob-

Table 2. Band gap of the pure ZnO, PVP assisted ZnO and
PVP assisted Mn doped ZnO samples synthesized at 70 °C

via simple chemical precipitation method

Samples Band gap [eV]
Pure ZnO 3.28

ZnO+PVP-1 3.26
ZnO+PVP-2 3.27
ZnO+PVP-3 3.26

ZnO+PVP-2+Mn-1 3.25
ZnO+PVP-2+Mn-3 3.24
ZnO+PVP-2+Mn-5 3.27

served yellow emission at 564–573 nm is attributed to
the existence of defects such as singly ionized oxygen
vacancies as reported in the literature [27]. The addi-
tion of PVP to ZnO nanoparticles enhanced their photo-
luminescence properties which are pronounced for the
ZnO+PVP-2 sample. This enhancement is attributed to
the passivization of surface defects by PVP, which then
reduced non-radiative recombination centres. This re-
duction, in turn, helps in radiative recombination, re-

Figure 7. The room temperature PL spectra of the pure ZnO, PVP assisted ZnO and PVP assisted Mn doped ZnO samples
synthesized at 70 °C via simple chemical precipitation method
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sulting in stronger photoluminescence emissions. [23].
Tachikawa et al. [27] reported that adding PVP to ZnO
nanoparticles solutions after synthesis resulted in a 27%
increase in the fluorescence intensity compared to sam-
ples without PVP addition. For the incorporation of
Mn2+ ion into the ZnO lattice, it is important to consider
their respective ionic radii. The ionic radius of Zn2+

is approximately 0.74 Å, while that of Mn2+ is about
0.80 Å [28–30]. A small difference in size (∼0.06 Å) al-
lows Mn2+ to substitute Zn2+ in the wurtzite ZnO struc-
ture without significantly distorting the lattice. This sub-
stitution is favourable and widely reported in the litera-
ture for Mn doping concentrations within a few atomic
percent [28–30]. Furthermore, it is reported that such
substitution may induce structural strain and facilitate
the formation of intrinsic defects, particularly oxygen
vacancies [28–30]. These defects are known to con-
tribute to the observed yellow photoluminescence in the
564–573 nm range, supporting the presence of singly
ionized oxygen vacancies as a dominant recombination
centre in Mn-doped ZnO samples [28–30]. In the PL
spectra of the Mn doped ZnO samples one can observe
dual emission with an excitation of 325 nm. The sample
shows blue emission at 437 nm due to both the Mn dop-
ing and defects in ZnO. The observed yellow emission
at 564–573 nm is attributed to the existence of defects
such as singly ionised oxygen vacancies as reported in
the literature [24,31]. There is a decrease in the inten-
sity of PL emission with increase in Mn concentration
which indicates the increase of nonradiative recombi-
nation process [24,31]. The structural defects or vacan-
cies or both of them are attributed with the emission of
different colours in the PL spectrum. In ZnO the struc-
tural defects are mainly due to the interstitial zinc and
interstitial oxygen [24,31]. The blue peak can be due
to the recombination of free exciton through an exciton-
exciton collision process or the transition of electron be-
tween the Zni donor level and top level of valence band
[24,31].

IV. Conclusions

In summary, we have successfully synthesized pure
ZnO, PVP modified ZnO and Mn doped ZnO-PVP
nanostructures using more cost-effective, simple low-
temperature chemical precipitation method at 70 °C. All
the samples show the hexagonal wurtzite structure as
confirmed by XRD. The surface morphology of the
ZnO-based samples shows the growth of needle like
structure with the addition of PVP. The addition of PVP
to the growth medium modified the morphology lead-
ing to the formation of needle-like structures, in contrast
to the more commonly observed nanorod structures in
the pure and Mn doped ZnO materials. The photolumi-
nescence has increased with the addition of PVP, show-
ing emission in the region 520–620 nm range centred
at 563 nm. The samples show PL dual emission in the
blue region around 411, 413, 435 nm and yellow region

at 563 and 570 nm. The observed yellow emission is at-
tributed to the existence of defects such as singly ion-
ized oxygen vacancies. All the samples show semicon-
ducting band gap nature and the yellow emission from
the samples along with the blue emission can be used
as potential material in the field of semiconductor de-
vices and photonic applications. We have optimized the
reaction condition to synthesize the ZnO nanorods and
needles which can be a good candidate for the photonic
applications.
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