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Abstract In this study, the ZnO nanopowders were syn-

thesized by mechanochemical processing with a successive

thermal decomposition reaction. The initial reactants mix-

ture of zinc chloride and oxalic acid was milled from

30 min to 4 h and thermally treated for 1 h at 450 �C. The

influence of both, oxalic acid and the duration of milling,

on the crystal structure, average crystallite size, average

particle size, and the morphology of ZnO nanopowders

were investigated. The qualitative analysis was performed

using X-ray diffraction and Raman spectroscopy tech-

niques. While the XRD analysis shows perfect long-range

order and pure wurtzite structure of the synthesized ZnO

powders, Raman spectroscopy indicates a different middle-

range order; in addition, according to Raman spectra, it is

found that lattice defects and impurities introduced in ZnO

crystal structure depend on milling duration, in spite of

applied thermal treatment. The particle size distribution

was measured by laser diffraction, whereas the morphology

of the powders was determined by scanning electron

microscopy. Impurity contamination was studied using

inductively coupled plasma analysis. The obtained results

showed that the applied two-step method is appropriate for

the synthesis of high crystalline ZnO nanopowders, with

uniform spherical particles with diameter between 20 and

50 nm. Profound effect of aqueous solution of oxalic acid

to prevent agglomeration of final product is presented.

Introduction

Zinc oxide, ZnO, is an attractive material because of its

unique properties, such as optical transparency, electrical

conductivity, piezoelectricity, and near-UV emission [1–6].

In particular, nanosized ZnO has wide application in (UV)

lasers, solar cells, varistors, gas sensors, transparent UV

resistance coatings, photo-printing, sunscreen lotions, cos-

metics, and medical creams.

In recent years, many studies have been carried out to

develop methods for the synthesis of ZnO nanoparticles.

The morphology of ZnO nanoparticles strongly depends on

the presence of different types of surfactants in the reac-

tion system [7]. Commonly used methods to produce

ZnO nanopowder are: precipitation [8], sol–gel process

[9], ultrasound-assisted synthesis [10], hydrothermal/sol-

vothermal synthesis [11], and mechanochemical processing

[12]. Mechanical milling has been extensively used for

the synthesis of nanocrystalline materials because of its

simplicity, relatively low-cost equipment, the large scale

production, and applicability for variety of materials. Ball-

milling technique operates at room temperature, which

increases safety and reduces energy utilization. In general,

mechanochemical processing has been recognized as a

powerful technique for the synthesis of a wide range of

semiconducting nanomaterials [12, 13], magnetic materials

[14], carbon nanotubes [15], etc., which could otherwise be

difficult to prepare using conventional methods. It has been

reported that mechanical milling induces not only mor-

phological and structural changes of the particles but also

modify their optical [11] and electrical [16] properties.

Most of the investigated mechanochemical synthesis pro-

cedures were preformed using mixtures of the appropriate

metal salt or hydrated metal salt and an inert matrix (pro-

cess controlling agents, PCA), which function is to prevent
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b Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

a r t i c l e i n f o

Article history:
Received 31 January 2012
Received in revised form 23 April 2012
Accepted 28 May 2012
Available online 17 June 2012

Keywords:
Zinc oxide
Hydrothermal synthesis
Morphology
Optical properties

a b s t r a c t

In this paper, we investigate the effect of the particle size and morphology on the optical properties
of ZnO. A series of ZnO micro and nanocrystals were synthesized by the hydrothermal processing of
zinc acetate dihydrate and sodium hydroxide as the starting materials, and polyvinylpyrrolidone (PVP)
as the polymer surfactant. The particle size and morphology were tailored by adjusting the reactant
molar ratios [Zn2+]/[OH−], while the reaction temperature and the time remained unchanged. X-ray
diffraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction (SAED)
and high-resolution TEM (HRTEM) have shown that the micro and nanocrystals have a high crystalline
pure wurtzite-type hexagonal structure with nanosized crystallites. The size and morphology of the
ZnO micro and nanocrystals were investigated by field emission scanning electron microscopy (FE-
SEM), which showed a modification from micro-rods via hexagonal-faceted prismatic morphology to
nanospheres, caused by simple adjustment of the reactant molar ratio [Zn2+]/[OH−] from 1:1 to 1:5. The
optical properties of the ZnO micro and nanocrystals, as well as their dependence on the particle size
and morphology were investigated by Raman and ultraviolet–visible (UV–vis) diffuse reflectance spec-
troscopy (DRS). The UV–vis spectra showed that the modification of the particle size and morphology from
nanospheres to micro-rods resulted in increased absorption, and a slight red-shift of the absorption edge
(0.06 eV). Besides, the band gap energy of the synthesized ZnO micro and nanocrystals showed the red
shift (∼0.20 eV) compared to bulk ZnO. According to the results of a Raman spectroscopy, the enhanced
visible light absorption of the ZnO micro and nanocrystals is related to two phenomena: (1) the existence
of lattice defects (oxygen vacancies and zinc interstitials), and (2) the particle surface sensitization by
PVP.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is a versatile, multifunctional material fre-
quently used in high technology such as optoelectronic and
electroluminescent devices, UV lasers, solar cells, piezoelectric
transducers and gas sensors [1–5]. In addition, ZnO finds appli-
cation in the areas like rubber industry and plastic processing,
cosmetics and pharmacy; it is also used as an antimicrobial agent
[6–14]. In many cases, the application of ZnO is based on its direct
wide band gap (3.37 eV) and the large excitation binding energy
(60 meV) at room temperature [1]. However, an energy gap of
3.37 eV (368 nm) means that ZnO can only absorb UV light [15].
Since solar visible light is a source of clean and cheap energy, while
UV light makes no more than 3–5% of the total sunlight, ZnO-based
materials capable for visible light photocatalysts are highly desir-
able [16]. Several approaches have been applied with the aim of

∗ Corresponding author.
E-mail address: Smilja.Markovic@itn.sanu.ac.rs (S. Marković).

changing the optical absorption properties and improving the visi-
ble light photocatalysis; they include the incorporation of transition
metal ions into the crystal structure of a ZnO powder (since the
presence of various intrinsic defects can give rise to deep acceptors
or shallow donors and produce a red shift of the band gap [17]),
the treatment of ZnO powders by applying hydrogen plasma tech-
nology to create a new absorption band in the visible-light region
through the formation of oxygen vacancies, surface sensitization of
ZnO particles to extend the spectral response into the visible region,
etc.

Since the optical properties of materials are determined by
the phase purity, homogeneity, particle size, morphology, as
well as crystallinity, the possibility to control the synthesis
process is of utmost importance. Several techniques such as
precipitation [18], sol–gel process [19], spray pyrolysis [20], hydro-
thermal/solvothermal synthesis [21], mechanochemical [22], and
microwave-hydrothermal processing [23] are used for the prepa-
ration of ZnO materials with a controlled morphology. Among
them, hydrothermal synthesis is the most attractive especially due
to the fact that it allows perfect control of purity, crystallinity,

0921-5107/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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a  b  s  t  r  a  c  t

Metal  oxide  nanoparticles  represent  a  new  class  of  important  materials  that  are  increasingly  being
developed  for use  in  research  and  health-related  applications.  Although  the  antibacterial  activity  and
efficiency  of  bulk  zinc  oxide  were  investigated  in vitro, the  knowledge  about  the  antibacterial  activity  of
ZnO nanoparticles  remains  deficient.  In this  study,  we  have  synthesized  ZnO  particles  of  different  sizes
and  morphologies  with  the  assistance  of  different  types  of surface  stabilizing  agents  – polyvinyl pyrrol-
idone  (PVP),  polyvinyl  alcohol  (PVA)  and  poly  (�,�, l-glutamic  acid)  (PGA)  –  through  a  low-temperature
hydrothermal  procedure.  The  characterization  of  the  prepared  powders  was  preformed  using  X-ray
diffraction  (XRD)  method  and  field  emission  scanning  electron  microscopy  (FE  SEM),  as  well  as  Malvern’s
Mastersizer  instrument  for particle  size  distribution.  The  specific  surface  area  (SSA)  of the ZnO powders
was measured  by  standard  Brunauer–Emmett–Teller  (BET)  technique.

The antibacterial  behavior  of  the synthesized  ZnO  particles  was  tested  against  gram-negative  and
gram-positive  bacterial  cultures,  namely  Escherichia  coli (E.  coli)  and  Staphylococcus  aureus  (S.  aureus),
respectively.  We  compared  the  results  of the  antibacterial  properties  of the  synthesized  ZnO  samples
with  those  of the  commercial  ZnO  powder.  According  to  the obtained  results,  the  highest  microbial  cell
reduction  rate was  recorded  for  the  synthesized  ZnO  powder  consisting  of nanospherical  particles.  In  all
of the  examined  samples,  ZnO  particles  demonstrated  a  significant  bacteriostatic  activity.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanoscale materials, i.e. those with at least one dimension
smaller than 100 nm,  have unique mechanical, chemical, electrical
and thermal properties that make them very attractive for appli-
cation in biotechnology, medicine and environment-related areas.
Nanomaterials are already used as a very important component
of sun creams, toothpastes, sanitary-ware coatings, textile fiber
coatings, catalysts, fuel additives, water disinfectants and even food
products [1,2]. Potential use of inorganic antimicrobial agents is
of great interest because of their advantages over organic antimi-
crobial agents – namely, because of improved safety and stability
[3]. In this context, metal oxides such as TiO2, ZnO, MgO, and
CaO are particularly significant because their use is accompanied
with a high level of safety to humans. Some of the metal oxides
e.g., MgO  and CaO are essential minerals for human health [4,5].
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Other oxides, such as TiO2 and ZnO, are extensively used for per-
sonal care products [6],  as well as in biomedical materials like
dental composites [7] or prosthetic devices for hard tissue replace-
ment [8]. Zinc oxide (ZnO) is currently being investigated as an
antimicrobial agent in both microscale and nanoscale formula-
tions. The obtained results indicate that ZnO nanoparticles show
an apparently greater antibacterial activity [9–17] than ZnO micro-
particles [10]. The exact mechanism of the antibacterial action of
ZnO nanoparticles is not entirely clarified. The assumptions range
from the influence of reactive oxygen species (ROS) [10,11],  zinc
ion release [12], mechanical damage of the membrane cell wall
through adhesion on the cell membrane [12,13] to the influence
of the pH value of the reaction system. A higher concentration of
smaller particles with a larger surface area ensures a more effi-
cient antibacterial behavior [4,10,18] while the crystalline structure
and particle shape probably have less influence [19]. However, the
research of Yamamoto et al. [4] and Sawai et al. [13] has revealed
that metal cations released from the powder and the mechanical
destruction of the cell membrane have no effect on the antibacterial
activity of ceramic powders. Furthermore, the pH value of pow-
der dispersions in water or physiological saline was approximately
7.5, irrespective of the particle size of the powder. According to
Yamamoto et al., the generation of hydrogen peroxide H2O2, (ROS)
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