APPENDIX A

JOINT COMMITTEE ON POWDER DIFFRACTION STANDARDS

1)

Zn, JCPDS file number 04-0831

Crystal system

Space group

Space group number

a

b

3

Alpha

Beta

Gamma

Calculated density (g/cm®)
Measured density (g/cm?®)
Volume of cell (10% pm?)
Z

Hexagonal
P63/mmc
194
2.6650
2.6650
4.9470
90.0000
90.0000
120.0000
7.13

1:05
30.43
2.00
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Peak list

No. h k | d[A] 2Theta[deg] | [%]
I 0 0 2 247300 36.297 53.0
2 1 0 0 230800 38.993 40.0
3 1 0 1 2.09100 43.233 100.0
4 1 0 2 1.68700 54.337 28.0
5 1 0 3 1.34200 70.058 25.0
6 1 1 0 1.33200 70.663 21.0
7 0 0 4 1.23700 77.030 2.0
8 1 1 2 1.17290 82.105 23.0
9 2 0 0 1.15380 83.767 5.0
10 2 0 1 1.12360 86.560 17.0
11 1 0 4 1.09010 89.923 3.0
12 2 0 2 1.04560 94.903 5.0
13 2 0 3 0.94540 109.133 8.0
14 1 0 5 0.90930 115.803 6.0
15 1 1 4 090640 116.390 11.0
16 2 1 0 0.87220 124.054 5.0
17 2 1 1 0.85890 127.493 9.0
18 2 0 4 0.84370 131.847 2.0
19 0 0 6 0.82450 138.219 1.0

20 2 1 2 0.82250 138.955 9.0
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2)

Zn0O, JCPDS file number 36-1451

Crystal system Hexagonal
Space group P63mc
Space group number 186
A 3.2498
B 3.2498
C 5.2066
Alpha 90.0000
Beta 90.0000
Gamma 120.0000
Volume of cell (10° pm®) 47.62
Z 2.00
Peak list
No. h k | d[A] 2Theta[deg] | [%]
1 1 0 0 281430 31.770 57.0
2 0 0 2 260332 34.422 44.0
3 1 0 1 247592 36.253 100.0
4 1 0 2 1091114 47.539 23.0
5 1 1 0 1.62472 56.603 32.0
6 1 0 3 147712 62.864 29.0
7 2 0 0 1.40715 66.380 4.0
8 1 1 2 1.37818 67.963 23.0
9 2 0 1 135825 69.100 11.0
10 0 0 4 130174 72.562 2.0
11 2 0 2 1.23801 76.955 4.0
128 & 0 & § W.18162 81.370 1.0
13 2 0 3 1.09312 89.607 7.0
14 2 1 0 1.06384 92.784 3.0
15 2 1 1 1.04226 95.304 6.0
16 1 1 4 1.01595 98.613 4.0
17 2 1 2 098464 102.946 2.0
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3)

Cu, JCPDS file number 02-1225

Crystal system Cubic
Space group Fm3m
Space group number 225

A 3.6070

B 3.6070

C 3.6070
Alpha 90.0000
Beta 90.0000
Gamma 90.0000
Measured density (g/cm®) 8.95
Volume of cell (10° pm®) 46.93

4 4.00

Peak list

No. h k | d[A] 2Theta[deg] | [%]
1 I 1 1 2.08000 43.473 100.0
2 2 0 0 1.81000 50.375 80.0
3 2 2 0 1.28000 ¥3.097 80.0
4 3 1 1 1.09000 89.934 80.0
5 2 2 2 1.04000 95.578 50.0
6 4 0 0 0.90000 117.716 20.0
7 3 3 1 0.83000 136.273 40.0
8 4 2 0 0.81000 143.974 40.0
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4)

CuO, JCPDS file number 41-0254

Crystal system Monoclinic

Space group C2/c

Space group number 15

a 4.6850

b 3.4230

c 5.1320

Alpha 90.0000

Beta 99.5200

Gamma 90.0000

Calculated density (g/cm?) 6.51

Measured density (g/cm®) 6.45

Volume of cell (10° pm?) 81.17

Z 4.00

Peak list

No. h k I d[A] 2Theta[deg] | [%]
I 1 1 0 275200 32.509 8.0
2 0 0 2 253100 35.438 60.0
3 -1 1 1 252400 35.539 100.0
4 1 1 1 232300 38.731 100.0
5 '8N0 0* 23100 38.941 100.0
6 -1 1 2 1.96080 46.264 3.0
7 -2 0 2 1.86670 48.743 25.0
8 0 2 0 1.71240 53.466 7.0
‘Te R B 2 ¥ 20 58.312 12.0
10 -1 1 3 1.50550 61.549 16.0
11 0 2 2 141770 65.823 12.0
12 -3 1 1 1.40910 66.276 14.0
13 1 1 3 1.37870 67.934 9.0
14 2 2 0 1.37490 68.147 14.0
15 3 1 1 1.30370 72.436 6.0
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Abstract

Hexagonal prism Znl} nanorods were suocessfully grown on £n substrates by the 120 °C and 24 h hydrothermal reaction of the
solutions with pH of 9-12. Results from XRD, SEM, TEM, SAED and HRTEM showed that the assynthesized products were wurtzite
Zny with the shape of hexagonal prism nanorods grown along the [000 1] direction with smooth prismatic side planes. The PL spactra
showed strong emission band at 543 nm in the green-yellow region due to the recombination of electrons trapped in singly ionized
oxygen vacancies and photoexcited hoks. This facile, reproducible and effective low-cost approach is promising for the future large-
scale synthesis of wurtzite Zn) nanostructures for different applications in nanotechnology.

& 2012 Elsevier Ltd and Techna CGroup Sr.. All rights reserved.

Eeypwords: B. Eleciron micmacopy; B, X-ray methods; [ Zn0); E. Functional apphcations

1. Introduwction

One dimensional (1D} nanostructured materials are
usualy synthesized by bottom-up directional growth procsss
and are able to be apphed in different areas such as
transistors, UV light emitiers, light emitting diodes, solar
cells and gas sensors. Thar properties are sensiively influ-
enced by both shape and size, and are of fundamental and
technological interests. Thus the development of synthetic
method and understianding their formaton mechanism are
important in nancscience and nanotechnology [1.2].

Zinc oxide (Zn0) is one of the important semiconduc-
tors with 3.37 eV direct band gap at room temperature and
large 60 meV exciton binding energy. It i a promising
material for efficient emission by low excitation energy at
room temperanire. Thus Zn0 has been recognized as
a valuable photonic material in the TTV-blue region [1-3].

"Comesponding author, Tel: +66 53 %3344; fax +60 53 02277,
"Corresponding author. Tel: +66 74 288374,
fax: +66 74 288395,
Email addrecses: Upthonglemiiyahoo.com (T, Thomglem),
phuruangratii hotmail som (A, Phunsangal).

It is a bio-safe and biocompatible matenal, and is able to
be directly used as a biomedical material with no further
coatings [3].

Varous methods have been used to synthesize 1D Zn0O
nancatruciures: chemical bath depositon [4]), chemical
solution [5], sol-gel [6] and chemical vapor deposition
({CVD) [7]. However, most of them generally involve two
sleps: depositing or spin coating of Zn0 nanoparticles on
substrates to form films of Zn0 crystal seeds, and followed
by growing of Zn0 nanorod arrays on the seed coated
substrate in an agueous solution containing zinc ions [8].
In the present research, hexagonal prism Zn0 nanorods
were suocessfully grown on Zn substrates by low tempera-
mire hydrothermal reaction. The effect of pH on the
formation of hexagonal prism Zn0 nanorods on Zn
substrates and a possible growth mechanism were pro-
posed and discussed in detail.

1. Experiment

All reagents of this experiment were analytical grade and
used without further purnfication. The hexagonal prism

0272-8842 % - e [romt matter & 2012 Ekevier Lid and Techna Group S, All nghts neserved.

ot el ebed oy 10,101 6 ceramint. A112.10.122
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Zn0 nanorods were grown on Fn substrates or foils in
gsequence as follows. Several of 15x 15x025mm Zn
substrates were carefully cleaned with deionized water
and absolute alcohol in an ultrasound bath, respectively.
They were put in NaOH agueous solutions with the pH of
9-12. Each of the solutions and zinc substrates was
transferred into Teflon-lined stainless steel autoclaves of
50 ml capacities. The autoclaves were tightly closed, heated
at 120 °C in a laboratory electric oven for 24 h, and
naturally cooled w room emperature. The zinc subsirates
were thoroughly washed by deionized water several times,
and dried at 70 °C by an electric oven for 12h for further
characterization.

3. Results and discussion

Fig. 1 shows XRD patterns of the as-grown Zn(
crystals on Zn substrates synthesized by hydrothermal
reaction at 120 °C for 24h in the solutions with different
pH values. Before hvdrothermal processing, all diffraction
peaks of the substrates could be indexed as pure hexaponal
Fn strucre of the JCPDS no 04-0831 [9]. Upon hydro-
thermal processing at 120 °C for 24 h, wurtzite structured
Zn( phase of the JCPDS no 36-1451 [9), and those marked
with hexagonal Zn of the JCPDS no (4-0831 [9] were
detected. It should be noted that the diffraction peaks of
the as-synthesized Zn0 were strong and sharp, specified as
well crystallized products. Preferential orientation of the
as-synthesized 1D nancstructured ZnQ was determined
from peak intensity of the assvnthesized producs by
comparing with that of the standard bulk. For the as-
synthesized Zn0 product, intensity of the (0 02) peak was
higher than that of the (1 01) peak. But for the standard

. « £n0
« Zn

| . -

Unit)
-
[ =]

L

L.

[

25 30 35 40 45 50 55 60
26 (degree)

Fig 1. XRD pattems of Zn0) synthedred in the solutions of diflerent pH
values by the 120°C and 24 h hydmthermal reaction.

bulk ZnQ, the (1 0 1) peak is the highest. This could be
related to the preferential orientation and alignment of the
as-syvnthesized FnO crystal on Zn substrate. It was believed
that the preferential orientation of Zn0O grew along the ¢
direction on the Zn substrate [10,11].

The extent of ¢ orientation of the as-synthesized Zn0
crystals was explaned by the relative exture coefficient
(RTC)[12]. For random cervstallographic orientation, RTC
of Zn0 is 0.5, In this research, RTC at (00 2) peak is 0.74,
which supported the preferential onentation of the as-
synthesized ZnQ crystals grew along the [00 1] direction
on the Zn substrate.

Morphologies of the as-synthesized ZnO products
grown on £n substrates were observed by SEM (Fig. 2).
It showed that the product morphologes gradually devel-
oped from nanoparticles o nanorods, controlled by the
pH of the solution. At pH 9, the surface of the #inc
substrate was uniformly covered with Zn0 nanoparticles.
Zn) nanoparticles began to grow as Zn0 nanorods at the
pH 10, Upon increasing the pH of the solution to 12, the
Zn substrate was densely covered with | pm long Zn0
nanorods  with  100-500 nm in diameters. The high-
magnification of SEM image (inserted in Fig 2d) revealed
that ZnO crysals were hexagonal prismatc columns of
well-resolved algss and comers with smooth faces. The
angles between the two adjacent faces of individual
hexagonal nanorods were 1207

More detail of the product morphologies was investi-
gated by TEM. The general TEM images, HRTEM image
and SAED pattern of the assynthesized Zn0 nanorods at
the pH 12 are shown in Fig. 3. TEM images show
hexagonal columnar ZnQ nanostructures with dizmeter
range of 2080 nm and lengths of several hundred nan-
ometers. The corresponding SAED pattern indicates that
each Zn0) nanocolumn was single cryvstal. It can be indexed
to be the hexagonal ZnQ phase, in accordance with the
above XRD analysis. The HRTEM image shows inter-
planar space of about 0.28 nm, corresponding to the fringe
of (1 00} Zn0 plane, specified as the single crystal with the
preferential growth in the [001] direcion. SAED and
HRTEM analysis confirmed that hexagonal prism ZnQ
single crystals grew along the [0 0 1] direction [3,6). The
formation of hexagonal Zn0 nanorods was attributed o
the difference in growth rate of the prominent crystalline
facets with low surface energies during the growth of
crystal. The surface energies of different hexagonal Zn0
facets of the (00 0 1), (10-11), (10-10) planes are —2.8102,
=2.1067 and —=2.0013 kJ/mol, respectively. Therefore, the
growth rates of the Zn0 crysials in different planes are in
sequence as follows: (000 1) = (10-11) = (10-10). Growth
rate of the (00 0 1) plane was the most rapid leading to the
sharp tips at the end of the nanorods. Growth rate of the
(1010} plane is at the slowest, and that of the (10-11)
plane in the middle; therefore, they remained to form the
hexagonal prism Zn0O nanorods [B,13,14].

In general, size and shape of the products are controlled
by the competition between crystalline nucleation and
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11 and 12 by the 120 °C and 24 h hydrothermal reaction.

Fig. 3. (2 b) TEM mages, (¢) SAED pattern, and (d) HRTEM image of hexagonal ZnO nanorods syntheswed in the solution with the pH 12 by the

120°C and 24 h hydrothermal reaction.

growth, determined by the inherent crystal structure and the
chemical potential of the precursor solution. For the
nuckaton rate of more than the growth rate, the crysials
are small and low aspect ratio, with a large number of

aystals. Contrarily, they are large, high aspect ratio and
small number. Although the oystal growth is mainly
determined by the intrinsic structure, it is affected by the
external conditions such as pH, saturation and emperature.
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Fig. 4. Schematic diagram of a possdble growth mechanian of hexagonal prism Znd nanorods om Zn subsirates.

In this work, pH of the solution was considered (o play
an important role in the formation of hexagonal prism
Zn() nanorods [15,16] Fig. 4 shows the schematic diagram
of a possible growth mechanism of hexagonal prism Zn0
nanorods grown on Zn substrate, simply explained in three
basic steps. First, Zn substrate was dissolved in hasic
solution and Fn® ions formed. Second, [En(OHL]~
complex ions formed to create multiple nucki on the zine
substrate. Third, homoepitaxial growth of nuclel proceedad
as hexagonal prism ZnQ nanorods by the 120 °C and 24h
hydrothermal reaction [8].

By continuously increasing the pH of the solution, a
large number of ions were produced. This led the system in
forming a supersaturated solution, which favored the
formation of hexagonal prism Zn0 nanorods. Hence, the
facile growth of hexagonal prism ZnO nanorods on Fn
substrates was attributed by the alkaline solution with very
high concentration of hydroxide anions [E].

The room-temperature PL spectra of hexagonal Zn0
(Fig. 3) were measured using 215nm excitation wave-
length. They show the same emission broad band at 510-
f40nm with a strong band at 33 nm, corresponding to
the gresn-vellow emission due to the recombination of
electrons trapped at singly charged oxygen vacancies and
photogenerated holes [17,18]. The emission became wea-
kened by the desorption of OH ™ groups on the surfaces of
Zn0) nanorods.

In general, two emissions were detected on Zn0 nanor-
ods: UV range caused by the recombination of electrons in
conduction band and holes in valence band relating to
band gap, and visible range by surface defects of crysials.
Different rationalizations were caused by the change in PL
of 1D Zn0 nancstructures. The UV emission intensity is
the maximum, when the 1D Zn0O nanostructures have an
orientation along the c-axis, and increases as the crystallite
size increases. Meanwhile, surface defects, interstitial
defects, and the adsorption of impurities on the surfaces
of the nanorods can lead to different emissions in the
visihle range. Among the different defects are oxveen
VACANCY, FNC Vacancy, oxygen intersiitial, zinc interstitial
and antisite oxvgen. Oxvgen vacancy 15 al the most 1o be
mentioned. Tn general, visible emission is caused by the
recombination of electrons trapped in singly charpged

pH42
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]
]
2
]
E

o S —

450 475 500 525 550 575 600 625 B50

Wavelength (nm)

Fig. 5. PL spectra of Zn0) synthesired by the 120 °C and 24 b hyd ro-
thermal reaction.

oxvegen vacancies and photogenerated holes. Sometimes
the photopenerated holes are first rapped on the product
surface, diffused into the bulk, and subsequently combined
with electrons trapped at the singly charged oxveen
vacancies to form doubly charged oxvpen vacancies. The
recombination of holes at doubly charged oxygen vacan-
cies and electrons in conduction band leads o the emission
of visible spectrum. Considering the green emission, it is
known to be the recombination of photogenerated holes
with electrons occupving intrinsic defects, such as singly
charped oxvpen vacancies and antisite oxyvgen atoms. The
emission intensity is increased with the increase in the
concentration of defecs, including the band bending effect
due w the chemisorption of oxveen and the crvsal. The
yvellow emission is caused by the zinc interstiial atoms
[19.2

4. Cone s boms

The pood crystalline hexagonal prism Zn0 nanorods
with high density were svnthesized on Zn substrates by the
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120°C and 24 h hydrothermal reaction without the use of
any catalvsts or additives. Phases of the products were
investigated by XRID, specified as wurtzite hexagonal Zn0
structure on Zn substrates. SEM and TEM imapes revealed
the presence of the hexaponal prism Zn0 nanorods, pre-
ferentially grown along the [00 1] direction. Room empera-
ture PL spectra were sharp and strong with the green-vellow
emssion at 543 nm.
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ARTICLE INFO ABSTRACT

-"lrh'fft' history: Flower-like Zn0 crystals on zinc substrates were synthesized by a
Rﬂ-‘ﬂ!‘-"-"d 20 June 2012 o simple hydrothermal method in different solutions containing
Received in revised form 14 Ocober 2012 0.05, 0.10, 0.20, 0.30 and 0.40 g LiOH. X-ray diffraction ( XRD), Fou-

Accepted 15 October 2002

Available online 2 November 2012 rier transform infrared (FTIR) spectroscopy, scanning electron

microscopy (SEM), transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) showed that the products
00 Rower-like structire were wurtzite hexagonal Zn0O flowers, composed of single crystal-
Hexagonal prisms line hexagonal prisms grown along the [0001] direction with pla-
Hydrothermal method nar and hexagonal pyramid tips, including the Zn-0 stretching
vibration at 411.5 cm~'. Photoluminescence (PL), excited by a
215 nm wavelength at room temperature, exhibited strong green
emission at 543 nm.

Keywords:

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of carbon nanotubes by lijima in 1991, one dimensional (1D) nanomaterials,
such as nanowires, nanotubes, nanorods and nanoribbons are very attractive for a number of world-
wide researchers due to their unique physical, chemical and electron-transport properties, which are

*= Corresponding authors, Address: Department of Chemistry, Faculty of Sdence, Chiang Mai University, Chiang Mai 50200,
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Phuruangrat).
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different from those of their corresponding bulks. They have widely potential applications in devices
and interconnected integration in nanoelectronics and molecular electronics [1-4]. Zinc oxide with a
3.37 eV direct band gap and a 60 meV large exciton binding energy is an important semiconducting
and piezoelectric material, which has novel photoelectric and electronic properties as well as its
promising functionalities: catalytic, electric, optoelectronic and piezoelectric properties, solar cells, la-
sers and other nanodevices [2,5-8]. Thus considerable efforts have been directed towards the produc-
ton of well-aligned 1D nanostructured ZnO on substrates with specific optoelectronic and field-
emission characteristics. These 1D nanorods were densely populated marerials, and promoted rapid
and effective diffusion of electrons through them for lasers and solar cells [9].

Physical and chemical methods such as vapor-phase approaches including pulsed laser deposition
(PLD) [10], thermal evaporation [11-13] and chemical vapor deposition (CVD) [14,15] were used to
synthesize the 1D metal oxide nanostructures deposited on substrates. These methods require high
temperature and low pressure which are generally complex and expensive. Recently, hydrothermal
route has been developed o synthesize ordered metal oxide nanostructures on substrates: ZnO
[2,58], TiD; [16,17], Fes04[18], Cu0 [19,20] and SnO; [21,22], by low temperature processing for con-
trolling morphologies and phases and for scaling up production for commercial possibilities.

In this research, flower-like clusters of ZnO hexagonal prisms with planar and hexagonal pyramid
tips were synthesized on zinc substrates by a hydrothermal method. The room temperature photolu-
minescence (PL) spectra of the flower-like ZnD nanostructures exhibited the sharp strong green emis-
sions, which supports high potential optical applications.

2. Experimental procedure

All chemicals for this research were analytical grade and used without further purification. The Zn0O
hexagonal prisms with planar and hexagonal pyramid tps were fabricated on Zn substrates by a
hydrothermal process at relatively low temperature. Test coupons of 15 = 15 = 0.25 mm Zn foils as
Zn source and substrates were carefully cleaned in an ultrasound bath containing deionized water
and alcohol. The test coupons in the 20 ml aqueous solutions containing 0.05, 0.10, 0.20, 0.30 and
0.40 g LiOH as OH source were hydrothermally processed in 30 ml Teflon-lined stainless steel auto-
claves at 120 *C for 1-24 hin an electric oven and cooled them down to room temperature. In the end,
the coupons were thoroughly rinsed by deionized water several times and ethanol, dried in an electric
oven at 70 *C under its atmospheric chamber for further characterization.

Crystalline phases and degree of the as-synthesized nanostructured samples were analyzed by X-
ray diffractometer (XRD, Philips X'Pert MPD) operating at 20 kV 15 mA and using Cu K« line in 26 of
20-60¢° The morphology investigation was carried out by field emission scanning electron microscope
(FE-SEM, JEOL JSM-6335F) operating at 35 kV, including transmission electron microscope (TEM, JEOL
JEM-2010) and selected area electron diffractometer (SAED) operating at 200 kV. Fourier ransform
infrared (FTIR, Bruker Tensor 27) spectrometer was carried out in the range of 400-1200 cm ™' at room
temperature. The ZnO pellets with 1 cm in diameter for FTIR testing were prepared by 40 dmes dilu-
tion with KBr and pressed by 10 Torr pressure. Their optical properties were studied by a spectropho-
tometer (LS50B Perkin Elmer) using 215 nm excitation wavelength at room temperature.

3. Results and discussion

Crystal structure and phase of the as-synthesized Zn0 grown on Zn substrates were characterized
by XRD, as shown by the XRD patterns of Fig. 1. The XRD patterns corresponded with the (100),(002),
{101),(102)and (110) planes at 28 = 31.77°, 34.45%, 36.30°, 47.53° and 56.06" for wurtzite hexagonal
Zn0 structure of the [CPDS no 36-1451, and the (100)({101) and (102) planes at 26 = 39.03°, 43.26*
and 54.33° for hexagonal Zn structure of the JCPDS no 04-0831 [23]. No other characteristic peaks of
impurities were detected in these samples. The spectra are very sharp, implying the high crystalline
degree of the as-synthesized Zn0O phase on Zn substrates. It should be noted that the relatively strong
intensity peaks reflected and diffracted from the (101) and {(002) crystallographic planes of wurtzite
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Fig L XRED patterns of the as-synthesized Zn0 phase on Zn substrates, hydrothermally synthesized in the solutions containing
different contents of LIOH for 24 h

hexagonal ZnO phase. Possibly, these ZnO unit cells preferentally grew along the [101] and [002]
directions, in accordance with the XRD pattern reported by Pei et al. [24)].

FTIR spectrum (Fig. 2) of the as-synthesized ZnO was recorded over the range of 400-1200 cm
The main absorbance appeared at 411.5 cm ™' corresponding to the Zn-0 stretching vibration of tet-
rahedral units [25], each of which was composed of four oxygen atoms with one zinc atom inside.

SEM images (Fig. 3) show the ZnO solid grown on Zn substrates by hydrothermal synthesis of the
solution containing 0.10 g LiOH at 120 °C for different lengths of time. For 1 h, Zn0 nanorod arrays
were synthesized and uniformly covered the entire surface of zinc substrate. When the ime was
lengthened to 6 h, the Zn0 solid was densely oriented hexagonal nanorods in large-scale uniform ar-
rays with 50 nm in diameter grown on the Zn surface. By prolonging the reaction time to 18 h and
24 h, flower-like clusters of hexagonal prisms grown out of ZnO flower cores were more obviously de-
tected. The Zn0 individual hexagonal prism has 100 nm in diameter and 1-2 pm in length. High mag-
nificadon SEM image (inserted in Fig. 3d) presents ZnO crystal shaped like a hexagonal prism with
angles between the two adjacent edges of 120°, Each of them has planar tip on top. Obviously, the
elongation of these crystals was the result of anisotropic growth of different crystal faces. The hexag-
onally prismatic shaped ZnO crystals originated by an axial growth of the hexagon normal to the
(0001) crysiallographic planes and directed along the c-axis of symmemry, including equatorial
growth normal to the {1010} family planes and radially pointed out of the c-axis [26,27]. Alter-
nately, the individual ZnO hexagonal prism is surrounded by six #10-10), #{1-100) and
+01-10) prism planes with the acceleration of typical growth along the [0001] direction, leading
to the formation of ZnO hexagonal prisms [26,28-30]. The solids appeared as high aspect ratio of hex-
agonal nanorods, identifying that the axial growth rate is faster than the equatorial growth rate [26].

Fig. 4 shows morphology development of the as-synthesized ZnD solids grown on Zn substrates by
the 120*C and 24 h hydrothermal reaction of the solutions containing different contents of LiOH.
Clearly, the substrate was densely covered with ZnO hexagonal prisms of nanorods in the solution
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Fig. 2. FTIR spectrum of ZnO hydrothermally synthesized in the solution containing 0.30 g LiOH for 24 h.

A
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Fig. 3. SEM images of ZnO hydrothermally synthesized in the solution containing 0.10 g LiOH at 120°C for (a-d) 1, 6, 18 and
24 h, respectively. High magnification images are shown as the insets.

containing 0.05 g LiOH. The ZnO nanorod arrays were about 1 pm long and 200 nm in diameters on
average. At the current stage, ZnO flower-like clusters of nanorods shaped of hexagonal prism grown
out of the ZnO cores were also detected on some areas of the substrate. Upon increasing the contents
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1 um ' | um

Fig 4 SEM images of ZnO hydrothermally synthesized in the solutions containing (a-d) 0.05, 0.20, 0.30 and 0.40 g LIOH at
120 °C for 24 h, respectively. High magnification images are shown as the insets.

of LiOH from 0.05 g to0 0.20 g and 0.30 g, the Zn substrates were fully covered with flower-like clusters
of ZnO prisms. The top-view of these images was enlarged. They (inserted in Fig. 4b and c) appeared as
ZnO hexagonal prisms of nanorods. These images indicated that an individual ZnO nanorod exhibits an
obvious hexagonal prism with hexagonal pyramid-like sharp tip of well-defined crystallographic
faces, pointing in different directions like a petal of flowers. In 0.40 g LiOH solution, the flower-like
clusters were no longer synthesized and the Zn substrate was covered with irregular shape of ZnO
agglomerates.

Further structural characterization of the ZnO flower-like hexagonal prism arrays with hexagonal
pyramid sharp tips grown on the zinc substrates was studied by TEM. Typical TEM images (Fig. 5a and
b) of ZnO hexagonal prisms with hexagonal pyramid sharp tips broken from a ZnO flower of hexagonal
prisms present the assembly of several well-aligned nanorods with sharp tips, with their approximate
lengths of 600 nm. Their diameters were 80 nm uniform along the entire lengths with very smooth
surfaces. SAED pattern (Fig. 5¢) of a single ZnO petal appeared as systematic bright spots, suggesting
that the nanorod was single crystal. The pattern was identified as the [-110] electron beam projection
on the ZnO petal [31]. The simulated pattern (Fig. 5d) [32] with a*, b* and c¢* lattice vectors in the
[100],[010]and [001]directions are in systematic arrays, and in good accordance with the result ob-
tained by current interpretation. Thus the product was really proved to be wurtzite ZnO, with the pref-
erential growth of the ZnO nanorod along the [0001] direction [26,28,29]. To understand the
characteristics of ZnO, it is necessary to study its growth mechanism. Wurtzite structured zinc oxide
belongs to the P63mc space group with highly anisotropic structure along the c-axis. The (000 1) plane
terminated with Zn and the (000 -1) plane with O. ZnO nanorods were easily synthesized by the
nucleation and growth processes of the alternative arrangement of Zn and O atoms along the most
favorable [0001] direction [26,33].

Fig. 6 shows a schematic diagram for a possible growth mechanism of ZnO hexagonal prisms with
planar and hexagonal pyramid tips on Zn substrates. In a typical alkaline solution of synthetic
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(002)

Fig. 5. (a, b) TEM images and (¢) SAED pattern of hexagonal pyramid ZnO nanorods hydrothermally synthesized in the solution
containing 0.30 g LiOH at 120 °C for 24 h, and (d) the simulation pattern of (¢}

approach, [Zn(OH);]*" served as basic growth units for the formation of ZnO nuclei. In the present
hydrothermal condition, Zn dissolved in the solution to form Zn?* ions, which were further reacted
with OH~ ions of LiOH to form [Zn(OH),]* . Subsequently, these [Zn(OH);}*~ ions decomposed. ZnO
molecular species were produced and nucleated as ZnO nuclei on Zn substrates. These ZnO nuclei
grew to form hexagonal nanorod seeds. The hexagonal wurtzite ZnO with polar structure is hexagonal
close packing of oxygen and zinc atoms in 3 m point group and P63mc space group with zinc atoms in
tetrahedral sites. Thus, the crystal characteristics of wurtzite ZnO exhibit well defined crystallographic
faces: (000 1) base and nonpolar low symmetry (10 -10) faces, with Gs, symmetry. In case of wurtzite
ZnO polar crystal, each Zn** ion lies inside a tetrahedron of four oxygen ions. The Zn and O atoms are
arranged alternatively along the c-axis such that the top face is the Zn-terminated (0001) plane and
the bottom one the O-terminated (000 —1) plane. The inherent asymmetry along the c-axis leads to
the anisotropic growth of 1D ZnO crystallites. The formation of hexagonal prisms in the present study
was attributed to the difference in growth rates of different crystal faces. The hydrothermal growth
rates of different planes are as follows: (0001)>(10-11)>(10-10). The more rapid of the plane
grows, the faster of its disappearance becomes. Therefore, the relative growth rate of these crystalline
faces was determined the aspect ratio and final shape of the ZnO nanorods. The (0001) plane
disappeared due to its most rapid growth rate leading to the sharp tip at the end of the c-axis. Growth
rate of the(10-10) plane was at the slowest, therefore, the solids remained to form hexagonal prisms
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Fig 6. Schematic diagram for a possible growth mechanism of Zn0 hexagonal prisms with planar and hexagonal pyramid tips
on Zn substrates,

with planar tips at lower pH (0.05 and 0.10 g LiOH), but the (10-11) plane remain to form hexagonal
pyramid-like tips. However, the polar (000 1) face is metastable and subjected to be etched at higher
pH (0.20 and 0.30 g LiOH). Possibly, Zn atoms of the {0001) metastable polar face reacted with the
OH" ions, forming hydroxide species. The side faces of hexagonal prisms on the six +[10-10],
+[1-100] and #01-10] symmetric directions were etched, remaining as hexagonal pyramid-like
tips. Thus the one-dimensional growth continued to form hexagonal pyramid tips on top of Zn0 nano-
rods [34,35].

The photoluminescence (PL) of ZnO was studied for is photonic applications. PL spectra (Fig. 7) of
Zn0 solids show the emission broad band at 505-625 nm in the visible range. They have the same
strong green emission centered at 543 nm relating to different intrinsic defects originated during
Zn0 synthesis, but the exact mechanism is still ambiguous. There have been different proposed mod-
els to explain the emission from defects in ZnO crystal. The green emission at 542 nm originated from
deep level assodated with oxygen vacancies on outside walls of the ZnO nanorods [36,37]. Contrarily,
the green emissions at 487 nm and 516 nm were believed to relate with oxygen vacancies, and the
green-yellow emission at 574 nm to relate with oxygen vacancies [38]. In general, oxygen anions
are so large that they are not able t reside in the interstidal sites of the ZnD solid synthesized by
the 120 “C and 24 h hydrothermal method. The yellow-green emission at 573 nm is also known
be the presence of OH  groups on the surface of ZnO nanorods, which were reduced by annealing
the Zn0 nanorods in oxygen atmosphere [39].

~ 030g
/a“ \ 020g

0109

intensity (Arbitrary Unit)

450 475 500 525 550 575 €00 625 630
Wavelength {(nm)

Fig. 7. PL spectra of Zn0 hydrothermally synthesized in the solutions containing 0,10, 020 and 0.30 g of LIOH for 24 h,
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4. Conclusions

Wourtzite Zn0O solids were successfully synthesized on zinc substrates by a simple hydrothermal
method at 120 °C for 24 h using 0.05-0.40 g LiOH. The phase, morphology and phomluminescence
were characterized by X-ray diffraction, electron microscopy and spectrophotometry. In this research,
the products were hexagonal wurtzite ZnO structure with the as-grown flower-like clusters composed
of hexagonal prisms with planar and hexagonal pyramid tips on Zn substrates grown along the [0001]
direction. Photoluminescence spectra exhibited strong green emission at 543 nm due to the presence
of oxygen vacancies in the solid.
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Menoclinic CuO thin films on Cu foils were successfully synthesized by a simple wet chemical method in
alkaline solution with the pH of 13 at room temperature for different lengths of time. The as-synthesized
thin films were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy.
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and selected area electron
diffraction (SAED). Formation mechanism of the phase and morphologies was also discussed according to
the experimental results. In thisresearch, assemblies of pure Cu0 nanospindles with different orientations
containing in the thin film synthesized for 2 weeks with 400 nm and 413 nm violet emissions showed
better antimicrobial activity against §. aureus than E. coli.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decade, large-scale self-assemblies of meso-,
micro- and nano-structured building components have received
much attention in the synthesis of materials and fabrication
of devices [1,2]. A number of self-assembly processes based
on different driving mechanisms have become available. Among
them, surface tension, capillary effect, and electric, magnetic and
hydrophobic interactions have been utilized in various organiza-
tion schemes [1]. Following the progress in assembly technigues,
one-, two- and three-dimensional (1D, 2D, 3D) architectures have
been achieved, leading to the possibility of applying a bottom-up
approach in nanoscience and nanotechnology. Therefore, the abil-
ity to control, improve and manipulate the physical and chemical
properties of nanostructures in the fabrication of efficient devices
is one of the challenging issues facing materials scientists and engi-
neers [1,3.4].

Different oxides of transition metals (iron, nickel, cobalt, zinc
and copper) have a number of important applications. One of these
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is cupric oxide (Cu0), a monoclinic crystal system which has been
extensively studied. It is a p-type semiconducting material with a
narrow band gap of 1.2 eV [5-8], and is a Mott insulator (3d transi-
tion metal monoxide) whose electronic structures cannot be simply
described by conventional band theory [6]. CuQ has been pre-
pared by different methods: hydrothermal [1,5], solvothermal [2,9],
thermal oxidation [6,10], sonochemical [11,12] and microwave
irradiation [13,14]. These methods require an oxygen atmosphere
to synthesize copper oxide, which can be oxidized with ease [15].
Furthermore, solution-phase synthesis at room temperature has
been directed toward the fabrication of nanestructured CuO in
the shapes of nanosheets [16], nanorods [17], nanoneedles and
nanoflowers [18]. The method is considered to be one of the most
promising synthetic processes, due to its high efficiency, low cost
and excellent potential for high-quality production [16].

Many bacteria have been demonstrated to be sensitive to the
antimicrobial properties of metals and metal oxides, carbon-based
nanomaterials and surfactant-based nanoemulsions, including Ag,
Al, Au, Cu, Zn, Cu®, TiO;, ZnO and Cgy nanoparticles [19]. Cu
nanoparticles have shown high affinity to amines and carboxyl
groups on the surface of Bacillus subtilis, and hence are considered
to have superior antibacterial activity. Copper oxide is cheaper than
silver, easily miscible with polymers and possesses good chemical
and physical stability [19]. These inorganic materials can be used
in different forms: powders, coatings on cellulose fibers, nanocom-
posite coatings and thin films [20,21]. Antimicrobial coatings are
of great interest for the protection of surfaces, since the survival
of microorganisms on surfaces in the environment can lead to the
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spread of diseases. In addition, coatings are expected to have bet-
ter safety and stability, while nanopowders may be hazardous to
human health due to the risk of inhalation [20]. The antibacterial
properties of metallic nanoparticles can be applied in a variety of
fields such as medical treatment and devices, water treatment and
food processing [15]. Therefore, the development of nanostructu-
red coatings with antimicrobial properties is of prime importance
[20].

In the present research, a simple and easy method was devel-
oped for the synthesis of nanostructured Cu0O thin films on Cu foils
by a wet chemical method at room temperature without using any
templates or seeds on top. The physiochemical, photoluminescent
and antibacterial properties of the resulting Cu0 thin films were
investigated.

2. Experimental procedure
2.1. Synthesis of solid films

All reagents in this experiment were of analytical grade and
were used without further purification. CuO thin films were grown
on Cu foils by the following sequence. A large piece of Cu foil
with 0.25mm thick was cut into several 15mm x 15mm test
coupons, which were carefully cleaned with deionized water and
absolute alcohol in an ultrasonic bath to remove surface impu-
rities and oxide layers. Concurrently, an alkaline solution was
prepared by adding of 10M NaOH to deionized water until pH
of the solution was 13. Then each of the Cu foils was separately
immersed in the 10ml alkaline solution at room temperature for
3-21 days to form copper oxide films on top. During immersion,
color of the solutions changed from clear to light blue, which was
attributed to dissolution of the copper foils. At the end of the
process, the copper foils were thoroughly washed several times
with deionized water and dried at 70°C in an electric oven for
12h.

2.2. Characterization

Crystallinity and phases of the products were characterized
by an X-ray diffractometer (XRD, Philips X'Pert MPD) using a Cu
Ko radiation at 45kV and 35 mA in the range of 30-70°, surface
morphologies by a field emission scanning electron microscope
(FE-SEM, JEOL JSM-6335F) operating at 35kV and a transmis-
sion electron microscope (TEM, JEOL JEM-2010) equipped with a
selected area electron diffractometer (SAED) operating at 200 kv,
atomic vibrations by a Fourier transform infrared spectrometer
(FTIR, PerkinElmer RX Spectrophotometer) operating in the range
of 400-2000cm ™" at room temperature with a CuO tablet diluted
with KBr for 40 times, and emission wavelengths by photolu-
minescence (PL, LS 50B PerkinElmer) using 330nm excitation
wavelength at room temperature.

2.3. Antibacterial testing

In this research, two kinds of bacteria - Gram-positive (Staphy-
lococcus aureus) and Gram-negative (Escherichia coli) - were used to
study the antibacterial activity of CuO thin films by an inhibition
zone method. Both strains were transferred intoe flasks containing
nutrient broth (NB) with an initial optical density (OD) of 0.1 at
a 660nm orange wavelength; and the bacteria were cultured at
37°C in aerated conditions until reaching an 0D of 0.3. Agar was
then added to the flasks. Modified agar diffusion assays (testing
disks) were used to determine the antibacterial activity of CuO thin
films after 24 h incubation at 37 °C by the formation of clear zones
around the copper foils.
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& [ Cu;0 05-0667

113)®
(022)®
(311)e

020)®

(202)®
(-

(220)®
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Fig. 1. XRD patterns of Cul thin films grown on Cu foils by wet chemical method
at room temperature for 1, 2 and 3 weeks.

3. Results and discussion
3.1. XRD

XRD patterns of CuD films grown on copper foils for different
lengths of time are shown in Fig. 1. All of the diffraction peaks were
indexed and specified as mopoc]inic CuD_(]CPDS No. 41 —0254) with
lattice constants a=- 4.6850A, b-3.4230A and c-5.1320A, and Cu
(JCPDS No. 02-1225) [22] after 1 and 2 weeks immersion of copper
foils in the alkaline solution. It should be noted that the diffrac-
tion peaks of the as-synthesized CuO were strong and sharp, being
specified as well-crystallized products. No other impurities were
detected. The film became thickened with the increase in the length
of time. Upon extending the reaction time to 3 weeks, Cu,0 (JCPDS
Mo.05-0667 ) [22] was also detected. This finding is attributed to the
formation of Cu, 0 on the foil, caused by an incomplete reaction at
the film-foil interface. Thus the thickest pure CuO film synthesized
for two weeks was used for further study. The thinner pure Cu0
and the mixed CuD-Cu,0 films on Cu foils were not appropriate
for studying their antimicrobial properties.

3.2. FIR

The FTIR transmittance spectrum (Fig. 2) of the CuO film on
Cu foil synthesized for 2 weeks was recorded at room temper-
ature. According to group theory calculation, Cu® with the Cgh
space group and two molecules per primitive cell contribute the
zone center normal modes: I” - 4A, + 5By, + A + 2B, corresponding
to six 3A, +3By IR active modes; three A, +2B, acoustic modes;
and three A; + 2B, Raman active modes [16]. The three character-
istic IR peaks at 420, 508 and 609cm~' [4.16] are assigned as the
A, mode for the first, and 2B, modes for the second and third [16].
The high-frequency modes at 609 cm—! and 508 cm~! correspond
to Cu—O stretching along the [-101] and [101] directions, respec-
tively [16]. No vibrations at 615-621 cm~! of Cu; O impurities were
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Fig. 2. FTIR spectrum of CuO thin film grown on Cu foil by wet chemical method at
room temperature for 2 weeks,

detected [16,23]. This FTIR analysis confirmed that the solid film
synthesized for 2 weeks was pure CuD phase.

3.3 SEM

Morphologies and particle sizes of the films grown on Cu foils
at room temperature were characterized by scanning electron
microscopy. SEM images (Fig. 3) show the gradual development
of their morphologies and particle sizes, controlled by different
lengths of reaction time and concentrations of hydroxyl ions. After
3,5,7 and 9 days synthesis (Fig. 3a-d), the copper foils were covered
with films consisting of a number of particles with facets and angles.
Particle size and film thickness were increased by prolonging the
synthesis time. Particles as large as 1-1.5 pm were obtained after
9 days of synthesis. The films (Fig. 3e-i) were covered with assem-
blies of nanospindles with different orientations after synthesis for
12 daysorlonger. The sudden change of external surface morpholo-
gies from faceted and angled particles (Fig. 3a-d) to assemblies of
nanospindles (Fig. 3e-i)was influenced by a decrease in the concen-
tration of hydroxyl ions in the solutions ( alkalinity effect), allowing
nanospindles to form on top of the precursor particles. After 3
weeks synthesis, the external surface was covered with 1 jum wide
and 2-3 pm long assemblies of nanospindles.

34. TEM and SAED

To further study the morphology and crystalline structure of
CuO thin film, an assembly of nanospindles was characterized by
TEM. Fig. 4a shows an assembly of nanospindles synthesized at
room temperature for 2 weeks. The SAED pattern (Fig. 4b) indi-
cated pure monoclinic CuD single crystal [22] with [00—1] as the
zone axis, which was in good accordance with the above XRD analy-
sis. The simulated pattern [24] (Fig. 4c) with a*, b* and ¢* reciprocal
lattice vectors in the [100], [010] and [001] directions was in a
systematic array, and in good accordance with that obtained by the
interpretation. The crystal structure of monoclinic CuQ phase was
simulated using the atomic positiens of Cu (0.25, 0.25, 0) and O
(0,0.5789, 0.25) [25], as shown in Fig. 4d. It belongs to the mono-
clinic crystal system, with C2/c space group. The copper atom is

coordinated by 4 oxygen atoms in an approximately square planar
configuration [25].

3.5. Formation mechanism

During initial stage of the synthesis, clean and fresh copper foils
were separately immersed in 10 ml NaOH solutions (pH 13) at room
temperature. Cu foils (copper sources) dissolved in the solutions as
Cu?* ions with electrons left behind. The oxidation rate was very
fast, and the Cu?* ions were continuously released into the solu-
tions [18]. The released ions combined with hydroxyl ions to form
Cu(OH); precipitates (ppt) on top of the copper foils, which were
transformed inte CuO (solid films) after 12 h dehydration at 70°C,
in accordance with the most stable oxidation states of Cu?* and
0?~. At high OH™ concentration, [Cu(OH)s]*~ complex ions could
also form, which precipitated as Cu(OH}; and decomposed into Cu0
(solid films) by the dehydration process. Possibly, dissolved O3 in
the alkaline solution directly accepted the electrons, forming Cu0
(ppt). At this stage, the concentration of OH™ ions influences the
nucleation and growth processes, such as the content of nuclei and
growth units [7] and growth rate of different crystalline faces, thus
leading to the formation of anisotropic particles [5].

Cu?— Cu*t +2e

Cu®* +20H — Cu(OH); (ppt)

Cu(0OH); + 20H™ — [Cul0H)4]*~ (complexions)
2[Cu(OH)4]*~ — 2Cu(OH), (ppt) + 2H,0 + 05 + 4e~
Cu(OH)z — CuQ(solidfilms) + H20

0; (dissolvingoxygeninsolution) + 4e~ — 20%~

cut + 0% — CuDippt)

Afterasufficient length of time, the oxidation rate slowed down;
this was controlled by the diffusion rate of oxygen ions through the
CufOH); solid films coated on the copper foils. Ultimately, dissolv-
ing oxygen ions in the solutions diffused through Cu{OH); films to
the film-foil interfaces due to the concentration gradient. However,
there was a deficiency of oxygen ions at the film-foil interfaces.
Thus, the incomplete reaction process (due to deficient oxygen and
rich copper) resulted in the formation of Cuz0 (solid) coating on
the copper foils, in accordance with the oxidation states of 1+ for
copper and 2— for oxygen.

tu?— cu't +e-

2Cu't + 0% — Cuz0(solid)

The formation of solid films on copper foils is schematically
shown in Fig. 5.

3.6. Photoluminescence

Photoluminescence (PL) spectroscopy was used to study the
emission properties (Fig. 6) of the products. The electronic tran-
sition between the higher sub-levels of the conduction band and
the Cu d-orbital of the valence band [23] led to three PL emissions
after different lengths of reaction time. Emissions from CuO thin
films synthesized for 1 and 2 weeks, respectively, appeared as vio-
let luminescent bands at 400 nm (3.10eV) and 413 nm (3.00eV)
with broad tails in the green spectral region [26]. Upon increas-
ing the reaction time from 1 week to 2 weeks, the PL intensity
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Fig. 3. SEM images of thin films grown on Cu foils by wet chemical method at room temperature for (a-i) 3,5.7, 9, 12, 14, 16, 19 and 21 days, respectively.
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Fig. 4. (a) TEM image and (b) SAED pattern of an assembly of nanospindles grown on copper foil by wet chemical method at room temperature for 2 weeks. (c, d) The
simulated pattern and unit cell of a spindle.
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Fig. 6. PL spectra of thin films grown on Cu foils by wet chemical reactions at room
temperature for 1, 2 and 3 weeks.

was strengthened. For 3 weeks synthesis, PL intensity was the low-
est. The mixed phases of CuO and Cu;0 were likely to form some
undesired defects inside, leading to the broadened and lowered
peak. In this research, CuO thin film synthesized for 2 weeks was
determined to be optimal for studying antimicrobial activity.

3.7. Antimicrobial activities

CuO thin film demonstrated antimicrobial activities against
Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria strains.
The antimicrobial activities of CuO thin films were studied using
the modified Kirby-Bauer method by observing an inhibition zone
around the thin film [27]. In these tests, CuO thin films on Cu foils
partially covered the NB agar disk. Bacteria with 0.3 OD were then
sprayed on top. Before incubation (Fig. 7a and c), the CuO thin films
did not show any significant antimicrobrial effects against S. aureus
and E. coli. After 24 h incubation at 37 °C, bacterial growth in the NB
agar was visualized (Fig. 7b and d); average diameters of the inhibi-
tion zones around the CuO thin films were measured as 25.17 mm
for S. aureus and 22.50 mm for E. coli. Their different sensitivities
appear to be related to the nature of their cell wall struc-
tures. S. aureus is composed of multiple layers of peptidoglycan

Fig.7. Antibacterial activity of CuO thin films for (a, b) S. aureus, and (c, d) E. colf. (a, c) Before and (b, d) after 24 h incubation at 37 °C.
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with numerous pores that were more susceptible to the intracel-
lular transduction caused by the CuO thin film, leading to cell wall
disruption. In contrast, the cell walls of E. coli are relatively thin,
mainly consisting of peptidoglycan and outer layers of lipopolysac-
charide, lipoprotein and phospholipids, which would be less prone
to be attacked by the CuO thin film [28]. In summary, CuO thin film
has higher antibacterial activity against 5. aureus than E. coli.

Copper is a structural constituent of enzymes in many living
microorganisms. Furthermore, free Cu?* ions at high concentra-
tions are able to produce hazardous effects by generating reactive
oxygen species (ROS) such as *0;~, *HOz, *OH and Hz 03 [3], which
cause serious disruptions to amino acid synthesis and DNA [19].
The production of ROS by CuO in the environment of modified
agar diffusion assays was achieved by the following sequence.
During antimicrobial testing, bottom sides of the CuO films were
in contacted with the NB agar disk. Thus the excitation process
was dominantly influenced by ultraviolet radiation, especially by
320-400 nm wavelengths of UVA. In this research, 0; molecules
were reduced by excited electrons to form *0;~ superoxide anion
radicals [3]. At the same time, H;0 molecules were decomposed
into H* and OH- by UVA-generated holes [29]. The *0;~ super-
oxide anion radicals reacted with H* to generate *HO; radicals,
which collided with electrons to produce HO;~ hydrogen per-
oxide anions. The HOz~ hydrogen peroxide anions reacted with
hydrogen ions to produce Hz 03 molecules [29]. *OH radicals could
be synthesized by the collision of UVA-generated holes and Ha0
molecules [30]. In the end, the generated ROS initially interacted
with outer cell walls and further generated free radicals. The radi-
cals penetrated the inner cell membranes which led to serious
disruption of their internal contents; the cells became deformed
and disorganized, causing leakage [3]. When the combination pro-
cesses was not possible, electron-hole pairs could be recombined
together to generate heat inside the CuD thin film. In summary,
Cu0 thin film demonstrated excellent antibacterial performance,
killing the bacteria by generating ROS to disrupt them. It should
be noted that the cytotoxic activities of the Ti-Cu intermetallic
thin films on TiGAI4V alloy against S. epidermidis and S. aureus
were influenced by copper releasing from the films. Titanium
was used to increase hardness of the films and to improve adhe-
sion of the films to the TiGAl4V substrates [31]. Both Ti-Cu and
CuO films can play the role in antimicrobial activities against
bacteria. In case of Ti-Cu thin films, the antimicrobial activities
were controlled by copper releasing from the films. But for the
case of CuO thin films, they were controlled by the formation of
ROS.

4. Conclusions

CuO thin films on Cu foils were successfully synthesized by a
simple wet chemical method by emersion of the foils in the 10ml
alkaline {(10M NaOH) solution with the pH of 13 at room tem-
perature for different lengths of time. For two weeks long, the Cu
foil was covered with assemblies of nanospindles with different
orientations of pure CuQ on top. This film showed two strong vio-
let emission intensities at 400 nm (3.10eV) and 413 nm (3.00eV)
with broad tails in the green spectral region. Due to the UVA
radiation, assemblies of pure CuQ nanospindles film of the bot-
tom side showed antimicrobial activity against 5. aureus better
than E. coli by generating reactive oxygen species (ROS) to disrupt
them.
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Aligned hexagonal ZnO nanorods on pure Zn foils were hydrothermally synthesized in 30 mL solutions containing 0.05-0.50 g
KOH. The products were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and photoluminescence (PL) spectroscopy. In this research, wurtzite hexagonal ZnO nanorods grown along
the [002] direction with green light emission at 541 nm caused by singly ionized oxygen vacancies inside were detected.

1. Introduction

One-dimensional (1D) semiconducting materials are able to
be used for a number of potential applications in short wave-
length optical, nanoelectronic, and optoelectronic devices
due to their tunable electronic and optoelectronic properties
controlled by morphologies and dimensions [1-3]. Compared
to two-dimensional (2D), three-dimensional (3D), and zero-
dimensional (0D) nanostructures, the 1D nanostructure has
unique characteristic: large aspect ratio, single crystalline
structure, and oriented growth [3]. Zinc oxide is an impor-
tant low-cost II-VI basic semiconductor with 3.37 eV wide
band gap and strong exciton binding energy of 60 meV
at room temperature [4-7]. It possesses unique catalytic,
electrical, optoelectronic, and photochemical properties—
very interesting for a number of potential applications as
room-temperature UV lasers, sensors, light-emitting diodes,
optical switches, solar cells, and photocatalysis due to its low
dielectric constant, high chemical stability, good photoelec-
tric, and piezoelectric behaviors [4, 6, 8].

In the paper, hexagonal ZnO nanorods on Zn foils
were hydrothermally synthesized in solutions containing
0.05-0.50g KOH at 120°C. Their phase, morphology, and
photoluminescence were investigated and discussed in more
details.

2. Experimental Procedure

Reagents of the research were of analytical grade and used
without further purification. The hexagonal prism ZnO
nanorods were grown on Zn foils by the following. Several
10 x 10 mm square Zn foils with 0.25 mm thick were cleaned
with deionized water and absolute alcohol in an ultrasound
bath and put in 30 mL of 0.05, 0.10, 0.20, 0.30, 0.40,and 0.50 g
KOH aqueous solutions, containing 1, 2, 4, 6, 8, and 10 times
of KOH in sequence. All of the solutions and zinc foils were
transferred into 50 mL Teflon-lined stainless steel autoclaves,
which were tightly closed, heated at 120°C in a laboratory
electric oven for 24 h, and naturally cooled to room temper-
ature. In the end, the zinc foils were thoroughly rinsed by
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FiGuRe 1: (a) XRD patterns and (b) Raman spectra of the as-
synthesized ZnO in 30 mL solutions containing 1 (0.05 g), 6 (0.30 g)
and 10 times (0.50 g) of KOH.

deionized water several times and alcohol, and dried at 70°C
in an electric oven for 12h for further characterization.
X-ray diffraction (XRD) operated on Philips X'Pert MPD
X-ray diffractometer with Cu K, radiation in the 26 of
20-70deg with a scanning rate of 0.02deg per step and
Raman spectroscopy on T64000 HORIBA Jobin Yvon at
50mW Ar Laser with 514.5nm wavelength were used to
determine phase, crystalline degree, purity, and vibration
modes. Their morphologies were characterized by scanning
electron microscopy (SEM, JEOL JSM-6335F) with an accel-
erating voltage of 15 kV across the LaB, cathode. Their nanos-
tructures and growth direction were further investigated by
transmission electronic microscopy (TEM) and selected area
electronic diffraction (SAED) on a JEOL JEM-2010 TEM at
200kV with LaBg gun. At the end, optical properties of the
products were analyzed by a LS50B Perkin Elmer fluorescence
spectrometer in the wavelength range of 450-700 nm.

Journal of Nanomaterials

3. Results and Discussion

Figure 1(a) exhibits typical XRD patterns of the as-grown
ZnO on Zn foils, revealing that all diffraction peaks were
explicable in term of wurtzite ZnO structure witha = b =
3.251 A and ¢ = 5.208 A (JCPDS No. 36-1451) [9]. Sharp
diffraction peaks indicate good crystalline degree of the as-
synthesized crystals without other impurities detection.

Degree of ¢ orientation of the as-synthesized ZnO sam-
ples was explained by the relative texture coefficient (TC)
[10, 11] of the (002) peak calculated using the formula

(Imzﬂguz)

[Ta02/ T30z + Tioo/ Tiol

TCyp = (1

TC,y, is the relative texture coefficient of the (002) over (100)
diffraction peaks. Iy, and Iy are the measured diffraction
intensities of the (002) and (100) peaks, including the cor-
responding I, and I}, values of the randomly oriented
standard powder, respectively. For randomly crystallographic
orientation, the texture coefhcient of ZnO is 0.5. In the solu-
tion containing 0.50 g KOH, calculated TC,,;, was 0.86, which
supported the preferential orientation of the as-synthesized
ZnO nanorods grown along the [002] direction on the Zn foil.

Wurtzite ZnO structure belongs to Cép (P6;mc) space
group with two formula units per primitive cell, and all
atoms occupy the C*" sites. Group theory of wurtzite ZnO
structure predicts eight sets of phonon modes: A} + E; +
2E; (Raman active), 2B, (Raman silent), and A; + E; (IR
active). Moreover, the A; and E; symmetry are split into
longitudinal (L) and transverse (T) optical (O) components
due to the macroscopic electric fields associated with the
LO phonons. Figure 1(b) shows Raman spectra of the as-
synthesized ZnO nanorods. They show a dominant peak
of typical characteristic of the wurtzite ZnO structure at
439cm™, assigned to be the optical phonon Ej; mode.
The weak peak at 332 cm™" was assigned to be the second-
order Raman scattering arising from the zone/zero boundary
phonons E,;-E,, of multiphonon process, while the Raman
peak at 379cm™ is attributed to A, symmetry with the
TO mode. Furthermore, Raman spectra of ZnO samples at
567 cm! are a contribution of the E, (LO) mode which is
directly associated with oxygen vacancies. The stronger E,
(LO) mode indicates the presence of higher oxygen vacancies
inside [5, 12-14].

SEM images as shown in Figure 2 were investigated on
surfaces of Zn foils after hydrothermal treatment in 30 mL
solutions containing 1 (0.05 g), 2 (0.10 g), 4(0.20 g), 6 (0.30 g),
8 (0.40g), and 10 times (0.50g) of KOH. An interesting
feature of the nanostructures grown on the bottom surfaces
exhibited the presence of aligned nanorods of ZnO with
the diameter ranging from 400 nm to 700 nm without the
detection of other nanostructures. The lengths of the ZnO
nanorods are in the range of several micrometers to even
longer than 5-7 gm. These nanorods were enlarged and
lengthened in sequence with an increase in the degree of
basicity. The inset of Figure 2(f) demonstrates the hexagonal
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FIGURE 2: SEM images of the as-synthesized ZnO samples in 30 mL solutions containing (a) 1 (0.05g), (b) 2 (0.10g), (c) 4 (0.20g), (d) 6

(0.30g), () 8 (0.40 g), and (f) 10 times (0.50 g) of KOH.

F1GURE 3: TEM image and SAED pattern of hexagonal ZnO nanorod
in 30 mL solution containing 10 times (0.50 g) of KOH.

ZnO nanorod which was fully grown on Zn foil in the
solution containing 0.50 g KOH.

The hexagonal ZnO nanorods were also characterized
through TEM and SAED (Figure 3). TEM image reveals a
single hexagonal ZnO nanorod with smooth surface and the
preferred growth in the [002] direction. It shows the SAED
pattern of bright spots corresponding to hexagonal wurtzite
ZnO [9].

Based on the previous discussion, mechanism of the
growth and morphology of ZnO nanostructure can be pro-
posed as follows:

Zn +2H,0 + 20H” — Zn(OH),> +H, ()
Zn(OH),* — ZnO + H,0 + 20H" (3)
The formation of Zn(OH)f‘ ions from Zn** and OH™

ions by a hydrothermal reaction is a key role in the formation
of hexagonal wurtzite ZnO nanorods. The primary ZnO

nanoparticles began to nucleate on Zn foil by the dissolution
of Zn atoms into the solution and the cause of concentration
gradient of Zn**. The intrinsic electric fields of the polar
ZnO lattice could be responsible for further growth of
ZnO crystals, described as alternating planes of Zn?* and
0%, stacked along the c-axis. The oppositely charged ions
produced positively charged and negatively charged surfaces,
resulting in polarization along the c-axis. The preferred c-axis
orientation of ZnO nanostructure is driven by electrostatic
interaction between the polar charges to minimize surface
energy. Finally, ZnO nanorods grew on Zn foil as substrate
[15].

The main emission of ZnO nanorods can be assigned
as the recombination of free excitons. Other peaks probably
originated from position of band-edge emission of ZnO
of relatively large dimensions with different concentration
of native defects [16]. It is well known that visible pho-
toluminescence mainly originates from defect states of Zn
interstitials, zinc vacancies, and oxygen vacancies [17]. Photo-
luminescence (PL) of ZnO nanorods grown on Zn foils was
investigated using excitation wavelength of 214 nm at room
temperature as shown in Figure 4. PL spectrum of hexagonal
ZnO nanorods using 0.50 g KOH shows the highest strong
green light emission at 541 nm, due to the singly ionized
oxygen vacancies of ZnO, in accordance with other reports
[16-18].

4. Conclusions

In summary, densely aligned hexagonal ZnO nanorods on
Zn foils were synthesized by a 120°C and 24 h hydrothermal
reaction. The XRD, SEM, and TEM analyses showed that the
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Ficurk 4: PL spectra of the as-synthesized ZnO in 30 mL solutions
containing 1 (0.05g), 6 (0.30 g), and 10 times (0.50 g) of KOH.

as-synthesized products were pure wurtzite ZnO nanorods
with uniform hexagonal structure of 400-700 nm diameter
and 5-7 ym long. Room temperature PL spectrum of the ZnO
nanorods exhibited one strong green light emission at 541 nm
due to the singly ionized oxygen vacancies inside.
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Nanostructured ZnOfilms have been successful ly synthesized on Zn substrates by asimple hyd rothermal method
at 120 *Cin 24 h. The morphologies of the products were controlled by the following alkaline precursor
solutions: NaOH, LiOH and NH4OH, which played a role in the crystallization process by generating rod-like,
pencil-like and star-like particles, respectively. The phase and crystallinity of the nanostructured films were
characterized by X-ray diffraction and selected area eledron diffraction, the vibrational modes were determ ined
by Fourier transform infrared spectrometry and Raman spectroscopy, and their morphologies were visualized
by scanning electron microscopy and transmission electron microscopy. The photm uminescence of the products
exhibited astrong green-yellow band emission at 540 nm. By using the inhibition zone method, the as-synthesized
Zn0 nanostructures were observed to inhibit bacterial activity.

© 2014 Elsevier BV. All nghts reserved.

1. Intreduction

Nanostructured materials have a variety of different properties com-
pared to bulk materials, due to their surface features, quantum size and
macroscopic quantum tunneling effects [ 1,2]. These materials exhibit an
interesting size-dependence based on electrical, optical, magnetic and
chemical properties that bulk materials are unable to achieve [1,3].
Thus, the synthesis of uniformly sized nanomaterials is of key impor-
tance. The physical and chemical properties are strongly dependent
on their dimension and are broadly referred to as size effects [3].
The most important requirement in the synthesis of nanomaterials is
the ability to control their size and shape, including the maintenance
of their uniformity [3,4]. The size of the nanocrystals also significantly
influences the electronic diffusion process [4]. The most popular dem-
onstration of the size-dependent characteristics of nanomaterials is a
continuous fluorescent emission from semiconducting nanomaterials
[5]. Their shapes can play a critical role in determining such properties
as the energy gap (E;) [4]. The shapes of nanomaterials can be simply
classified based on their dimensionality [4]: one-dimensional (1D)
nanorods and nanowires [4] exhibit superior optical and electrical
properties that originate from scaling down their dimensions to the
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length scale by comparing them to the de Broglie wavelength of the
carriers [B].

Among the prominent metal-oxide materials, ZnO has been
intensively investigated for potential applications in piezoelectric [7],
electronic [7,8], gas sensing [9], photocatalysis [8,9], optoelectronic
devices [6-8] and, espedally, as materials for room temperature
ultraviolet (UV) laser diodes [G] and data storage units [8]. ZnO
has the well-known specific electrical and optoelectronic properties
of I-VI semicond uctors [2,9] with a wide band gap of 3.37 eV and a
large exciton binding energy of 60 meV at room temperature [2,8-10]
that is greater than its thermal energy at room temperature (26 meV)
[6]. In recent years, 1D ZnO nanostructured arrays on a variety of
substrates have attracted considerable interest because of their specific
optoelectronic and field-emission characteristics originating from their
unigue heterogeneous crystalline structures, leading to promising
applications in the fabrication of functional nano-/micro-devices [11].
Films with well-aligned ZnO nanorods or nanowires may exhibit
much larger surface areas than ZnO films synthesized from randomly
oriented nanopartides [11]. Moreover, these nanorods are packed
notably densely, enabling the fast and effective diffusion of electrons,
and they are used for lasers and solar cells [11]. Recently, ZnO films
of nanostructures have been fabricated on a variety of substrates,
including Si [6,9], glass [7,10] and indium tin oxide (ITO) [12,13], by
several different methods: chemical vapor deposition (CvD) [6], thermal
evaporation [6], sol-gel [7], etching [8], hydrothe rmal [11]/solvothermal
routes [14] and electrodeposition [13,15],

In this research, nanostructured ZnO films on Zn substrates were
hydrothermally synthesized in solutions containing NaOH, LiOH and
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Fig 1. XRD patterns of Zn0 synthesized in MaOH, LIOH and NH.OH alkaline precursor
solutions.

NH,OH without using any catalysts or templates through a common,
simple, safe and low-cost method. The effects of the as-synthesized
Zn0 with different morphologies were studied and reported with
respect to their properties and applications for photoluminescence
and antibacterial activity.

2. Experimental methods

Zinc foils (15 mm = 15 mm = 0.25 mm), used as both a solid
reagent and as substrates for the direct growth of nanostructured Zn0O
films, were carefully cleaned in 99% ethanol and DI water containing
ultrasound baths. Concurrently, NaOH, LiOH and NH4OH solutions
with the same concentration of 5 M were added to 20 ml DI water
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Fig Z FTIR spectra of Zn0 synthesized in NaOH, LOH and NHOH alkaline precursor
solutions,

to form precursor solutions until the pH values were 12, 12 and 10,
respectively. The precursor solutions were put in Teflon-lined stainless
steel autodaves, and the clean Zn foils were added to each solution.
The autoclaves were tightly closed, heated at 120 °C for 24 h and left
to cool down to room temperature, The as-synthesized films on Zn
substrates were rinsed with DI water and ethanol several times and
dried at 70 °C for 48 h.

The crystallinity and phases of the products were characterized by
an X-ray diffractometer (XRD, Philips X'Pert MPD) using Cu-K, radia-
tion at 45 KV and 35 mA in the range of 20-60 deg, and the surface
morphologies were characterized by both a field emission scanning
electron microscope (FE-SEM, JEOL JSM-6335F) operating at 35 kV
and a transmission electron microscope (TEM, JEOL JEM-2010)
equipped with aselected area electron diffractometer (SAED) operating
at 200 kV. The atomic vibrations were measured by a Fourier transform
infrared (FTIR, RX Perkin Elmer) spectrometer operating in the range of
400-4000 cm " at room temperature with ZnO tablets diluted 40-fold
with KBr and by a Raman spectrometer (T64000 HORIBA Jobin Yvon)
using 50 mW and a 514.5 nm wavelength Ar green laser. The emission
wavelength was measured by a photoluminescence (PL, LS 50B Perkin
Hmer) spectrometer using a 215 nm exdtation wavelength at room
temperature, including the investigation of antibacterial activities by
different film morphologies.

In this research, two types of bacteria-gram-positive (Staphylococcus
aureus) and gram-negative ( Escherichia coli)-were used to study the
antibacterial activity of ZnO thin films by the inhibition zone method.
Both strains were transferred into flasks containing nutrient broth (NB)
with an initial optical density (OD) of 0.1 at a 660 nm orange wave-
length; and the bacteriawere cultured at 37 °C under aerated conditions
until reaching an OD of 0.3. Agar was then added to the flasks. Modified
agar diffusion assays (testing disks) were used to determine the anti-
bacterial activity of the ZnO thin films after 24 h incubation at 37 °C by
observing the formation of dear zones around the foils.

3. Results and discussion
3.1. XRD

The XRD patterns ( Fig. 1) of the ZnO films synthesized in NaOH, LiOH
and NH4OH solutions on Zn substrates were very shamp, indicating the
existence of products with good crystalline structure, All diffraction
patterns can be indexed to possess a hexagonal wurtzite structure,
compared to JCPDS No. 75-0576 [16], including additional peaks
marked with asterisks indexed to be Zn substrates compared to JCPDS
Mo. 04-0831 [16]. No characteristic peaks of other impurities were

Ex
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Fig 3. Raman spectra of Zn0 synthesized in NaOH, LIOH and NH 0H alkaline precursor
solutions,
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Fig 4. SEM images of ZnO synthesized in (a) NaOH, (b) LiOH and (¢) NH OH alkaline precursor solutions,

detected. The XRD pattern of the ZnO product synthesized in NaOH
solution showed the highest diffraction peak at 34.45°, which illustrates
the texture effect of the highly preferential orientation of the ZnO
product along the c-axis perpendicular to the substrate [17]. For product
synthesis in the LiOH and NH,OH solutions, the (101) peaks were
at their highest. It should be noted that strong diffraction peaks with
the highest relative intensities diffracted from the (002) and (101)
planes of the wurtzite hexagonal ZnO phase, suggesting that the 1D ZnO
would have preferential growth along the (002) and (101) directions
[18], respectively.

32 FTIR

FTIR spectroscopy was used to analyze the functional or composi-
tional quality of the products. Fig. 2 shows the FTIR spectra of ZnO syn-
thesized in the solutions containing NaOH, LiOH and NH,OH over the
range of 400-4000 cm™". Generally, the characteristic peaks of ZnO
show bands at 450-600 cm ™" [2]. The bands at 480 cm™" are related

to the Zn-0O stretching vibrations of the tetrahedral surroundings
of the Zn atoms [19-21]. The bands at 3490 cm ™' comespond to the
vibrational modes of the O-H groups, indicating the presence of trace
amounts of water adsorbed on the ZnO structured products [2,20,21].
The bands at 1630 cm~" are due to the O-H bending of the water [20].

33. Raman analysis

The vibrational properties of as-grown hexagonal structured ZnO
were investigated by Raman spectroscopy. In this research, ZnO was
in the wurtzite hexagonal phase belonging to the space group C&,,
having two formula units per primitive cell and all atoms occupying
the sites of symmetry Cs,. According to group theory, single crystalline
ZnO has eight sets of optical phonon modes atthe I'pointof the Brillouin
zone (2A; + 2B, + 2E; + 2E;). Among these optical phonon modes,
the A; and E; modes are polar in nature and therefore split into two—
the transverse optical (TO) and longitudinal optical (LO) phonons. The
remaining six optical modes, A, + 2B, + E; + 2E,, can be detected

L4
Zone axis : [2,-2,0]

Fig. 5. TEM images, SAED pattems and simulated patterns of ZnO synthesized in (a) NaOH, (b) LiOH and (¢) NH,OH alkaline precursor solutions.
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by first-order Raman scattering. The A, and E; modes are both Raman
and infrared (IR) active, but the two E; modes are only Raman active.
The two B, modes are neither Raman nor IR active (silent) modes
[22]. Fig. 3 shows the Raman spectra of the as-grown hexagonal struc-
tured ZnO on Zn substrates synthesized in NaOH, LiOH and NH40H alka-
line solutions. The strong peaks at 437 cm™ " are due to the Raman
active E; optical phonon mode (LO) of the ZnO products, confirming
that they possess a wurtzite hexagonal crystal structure—in accordance
with the above XRD analysis [22,23], The peaks at 581 cm ™' assigned
to the A; (LO) mode were also detected. These peaks could also be due
to the misalignment of rods or the formation of defects, such as zinc
interstitials and oxygen vacandes [22]. The second-order vibrational
modes were detected at 1110 cm™ ' [23].

34. SEM, TEM and SAED

The low magnification SEM images and their inserts as high magni-
fication images (Fig. 4) show the different morphologies of the ZnO
films synthesized on Zn substrates in NaOH, LiOH and NH,OH alkaline
solutions, In this research, ZnO nanorods with an average size of
100 nm in diameter and 500 nm in length, pencil-like ZnO with an
approximate size of 300 nm diameter and =800 nm long and 3D star-
like ZnO with the average size of each pod being 200 nm in diameter
and 1 pm in length were synthesized in NaOH, LiOH and NH,OH
alkaline solutions, respectively.

The phase and morp hology of the ZnO products (Fig. 5) were further
characterized using TEM and SAED. The TEM images show that the rod-
like, pendl-like and star-like ZnO partices were synthesized in
solutions containing NaOH, LIOH and NH40H, respectively, as the OH™

—— LiCH
= —— NH,OH
£ —— NaOH
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Fig. 7. PL spectra of Zn0 synthesized in MaOH, LOH and NH OH alkaline precursor
solutions.

source—in accordance with the results characterized by SEM. Their
corresponding SAED and simulation patterns show spot patterns that
were specified as nanostructures of a pure-phase, hexagonal wurtzite-
structured ZnO single crystal, which is in good accordance with the
above XRD analysis for the phase. These patterns can be identified as
the [2-20] zone axis projection of an electron beam on the rod-like,
pencil-like and star-like ZnO. The corresponding simulated patterns
[24] with lattice vectors (a*, b* and ¢*) in the (100}, (010) and (001)
directions are in systematic arrays and are in good accordance with
the results obtained by the interpretation.

3.5 Proposed mechanism

In this research, the synthesis of ZnO nanostructures followed
the nucleation and growth stages. Oxygen in the air and in solution
has the ability to oxidize the zinc substrate to Zn®* [11]. In the NaOH
and LiOH alkaline solutions, Zn(OH)3 ™~ formed | 25]. However, in the
NH,;OH alkaline solution, additional Zn(NH3)3* complex ions formed.
Zn(0H)3 ~ is more stablethan Zn(NH-)3 *, and it is formed by the oxida-
tion of Zn(NH3)3 ™ [11]. During the 120 "C and 24 h hydrothermal reac-
tion inalkaline solutions, Zn({OH )3 ~ was presentin the solutions as ions.
Upon cooling the system down to room temperature, nuclei formed and
grew on zinc substrates with different morphologies controlled by Na™,
Li* and (NH,) " cations contained in the solutions. Finally, the solids
were transformed into ZnO by drying at 70 °C. ZnO could also be
synthesized by dehydration of the Zn(OH)3~ ions [26] remaining in
the solids.

Zn*t 4 40H™ —Zn(OH)™ (1
0™t + ANH;— [Zn(NHy ) * " 2)
Zn(NH; 3" + 40H™ —Zn(OH)3™ + 4NH, (3)
Zn(OHJ;~ —Zn0 + H,0 + 20H" )

The various morp hologies of Zn0 were synthesized using the alka-
line solution effect. It is a well-known fact that different alkaline solu-
tions play a differentrole in directing the reaction and crystallization
of nanostructures. During hydrothermal processing, a variety of alkali
dramatically influenced the precipitation, crystallization, crystal growth
and morphology formation [27]. Additionally, the enclosed faces of a
crystal are usually those with the slowest growth rate (ie., the highest
surface energy ). The surface energy is strongly affected by foreign ions
that are adsorbed on the crystal surfaces [28]. The different cations of
the various alkaline solutions have an influence on the morphology of
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Fig. & Effect of E cdi inactivation by ZnO synthesized in different alkaline precursor solutions: (a, d) LIOH, (b, e) NaOH and (¢, f) NHsOH; (a—) before and (d-f) after incubation.

the ZnO products, which developed from nanoparticles into different
nanostructures (rod-like, pencil-like and star-like). Wurtzite ZnO with
polar structure is hexagonal close packing of oxygen and zinc atoms in
3 m point group and P63mc space group with zinc atomsin tetrahedral
sites. The crystalline characteristic of hexagonal wurtzite ZnO with
Cs, symmetry is well-defined crystallographic (0001) and nonpolar
low symmetry (10-10) planes. In case of wurtzite ZnO polar crystal,
each Zn?* lies within a tetrahedron of four oxygen atoms. Zinc and
oxygen atoms are alternatively arranged along the c-axis such that the
Zn-terminated (0001) planes are on top and the O-terminated (000-1)
planes are at the bottom. Inherent asymmetry along the c-axis leads
to the anisotropic growth of 1D ZnO crystalline solid. The formation of
rod-like structured ZnO is believed to be the different growth rates

of different crystallographic planes. The hydrothermal growth rate o
different planes is as follows: (0001) > (10-1-1) > (10-10). The faste:
the planes grow, the more rapid they terminate. The relative growtt
rate of these crystallographic planes determines the aspect ratio anc
final shape of ZnO products. The (0001) planes terminated due to theil
most rapid growth rate leading to the formation of sharp tips at the
end of the c axis (pencil-like Zn0O). Growth rate of the (10-10) plan¢
was the slowest, thus ZnO solid appeared as nanorods with flat tips
(rod-like ZnO). Possibly, Zn atoms on the (0001) metastable polar planes
reacted with OH™ ions to form hydroxide species [29,30]. In case of star-
like ZnO, the product was composed of symmetric nanorods with sharg
tips radially radiating out of the same central core. More active sites
originated and more rods grew out of core [26]. In addition, Na*, Li*

Fig 9. Effect of S. aureus inactivation by ZnO synthesized in different alkaline precursor solutions: (a,d) LIOH, (b, ¢) NaOH and (¢, f) NHOH; (a-c) before and (d-f} after incubation
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Fig. 10 Comparative analysis of the zone diameter of Zn0 with different morphologies on
E coli and § aureus.

and (NH;) " cations with different masses had different physical proper-
ties to attach on the negatively charged O-( 000-1) polar surfaces of ZnO
crystals. Synthetic path ways of ZnO in the solutions of NaOH and LiOH
are different from that of ZnO in the solution of NH40H, as the above
explanation, These lead to the change in surface energy, growth rate
and morphology of ZnO solid. A schematic diagram of the proposed
formation mechanism of ZnO nanostructures is shown in Fig. 6.

3.6. PL emission

The room-temperature PL spectra (Fig. 7) of the three ZnO nano-
structured films were determined using an excitation wavelength
of 215 nm. The green-yellow emission at 540 nm can be detected
for all of the products, in accordance with those previously reported
[11,20,26]. It should be noted that these nanostructured ZnO emitted
photon at the same wavelength butdifference in intensity. The e mission
band was attributed to the radiative recombination of photoge nerated
holes with the electrons belonging to singly ionized vacandes on the
surfaces and subsurfaces [20]. These results suggest that the emission
originates from a deep level (DL) defect emission associated with the
oxygen vacandes of the ZnO lattices [ 11,26] related to those of the de-
fects [11].

37. Antibacterial activity

The application of the as-synthesized nanostructured ZnO films was
investigated in terms of qualitative antibacterial activity by applying the
Kirbey-Bauer method [31]. The bactericidal activity was determined
based on an inhibition zone. The photographs of Figs. 8 and 9 show
the bactericidal activity of Escherichia coli and Staphylococcus aureus,
respectively. Clearly, ZnO could be used as an antibacterial agent for
both gram-negative (Escherichia coli) and gram-positive (Staphylococcus

Cell wall

i ",
Cytoplasm / //- ‘
/

Thiy =¥
nanastructres Cleavage
Bacteria of cell wall

aureus) bacteria. ZnO products with different nanostructures have
different physical and chemical properties that promote bactericidal
effects (Fig. 10). Zn ions were assumed to have a minor influence on
antibacterial activity. The major product responsible for the bactericidal
effect was ZnO [32]. The antibacterial activity of ZnO appears to model
the role of reactive oxygen spedes (ROS) generated on the surfaces
[31], such as the generation of hydrogen peroxide (H»0-) [33,34]. Zn0
with defects could be activated by both UV and visible light to create
electron-hole (e~-h*) pairs, the holes split the HO molecules on
the ZnO particles into OH and H*. The electrons reacted with oxygen
molecules and further reacted with hydrogen ions to produce molecules
of Hz04 [33,34]. The mechanism of the light-induced generation of ROS
could be given as follows [34].

Zn0 + hv—Zn0 + e~ +h"* ()
h' 4+ H,0—0H + H" (6)
e +0,—'07 M
‘07 +H —HO, (8)
HOS +e” + H' —H,0, (@)

When the interaction was not succeeded, electron-hole pairs would
recombine together to generate heat inside ZnO thin films. The generat-
ed ROS such as "0, HO3, OH™ and H»0- interacted with outer cell walls
and further generated free radicals. The radicals penetrated the inner
cell membranes and created serious disruption of their internal con-
tents. Thus the cells were deformed, disorganized and leaked [35]. The
generated Ho0, could penetrate the cell membrane and cause harm to
the bacteria [33]. The hydroxyl radicals and superoxide radicals with
negatively charged particles could not penetrate the cell membrane
and remained in contact with the outer surfaces of the bacteria. Due to
the concentration difference, the diffusion process proceeded. The cell
walls were cleaved and became elongated, which hindered bacterial
activity. A schematic diagram of the antibacterial mechanism (Fig. 11)
[3134,36] is also shown. For these nanostructured ZnO products with
different morphologies ( rod-like, pencil-like and star-like), there were
some differences in emission intensity, photo-generated e~ -h* pairs
and concentration of the generated ROS, which caused different extent
in making hamm to bacteria,

4 Condusions

Zn0D nanostructures have been successfully synthesized on Zn
substrates through a simple hydrothermal method at 120 °C for 24 h.
The morp hologies of the hexagonal wurtzite structure were controlled
by utilizing different alkaline precursors, which dramatically influenced
crystallization progress, precipitation, recrystallization, crystal growth

A

Elongated cell Dead of elongated cell
(Zn0 inside the cell) (Cell lysis)

Fig. 11 A schematic diagram of the antibactedal mechanism.
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and morphology formation. The as-synthesized products, which were
shaped as rods, pendls and stars, were obtained in solutions containing
NaOH, LiOH and NH,4OH, respectively. These products emit a green-
yellow band at 540 nm, and they exhibit antibacterial activity.
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