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Enhanced bactericidal and photocatalytic
activities of ZnO nanostructures by changing the
cooling route†

Nesrin Horzum, *a Mohamed Elhousseini Hilal ‡bc and Tuğba Isık ‡d

We report on a simple synthesis of ZnO nanowires by calcination of zinc acetate. The effect of

calcination temperature and cooling route on the antibacterial and photocatalytic properties is

demonstrated by varying the size and surface area of the nanowires. The decrease of the calcination

temperature followed by a rapid cooling procedure leads to a smaller size and larger surface area of the

nanowires. ZnO nanowires are found to be effective against the growth of E. coli at the microgram

level. In addition, the photocatalytic activity of the synthesized ZnO nanowires is demonstrated by the

successful degradation of the organic dye methylene blue.

Introduction

Water pollution is one of the most significant ecological threats
that people face today. By taking the organic and pathogenic
pollutants in water sources into consideration, cost-effective
and efficient environmental purification methods are required.
Antibacterial agents, which are used for the removal of patho-
genic pollutants, can be classified as organic and inorganic
materials. While organic materials are often less stable at high
temperature or pressure, inorganic ones, i.e. metal oxides, have
promising advantages due to their higher stability compared to
organic agents.1 The nanosized and different shaped structures
of metals, metal oxides, and polymers have gained great atten-
tion in the last decade.2–6 Among these materials, metal oxide
nanostructures are recognized as the most versatile materials
and, in particular, TiO2, ZnO, Fe2O3, and CeO2 have shown pro-
mising results in various applications due to their antibacterial,

photocatalytic, electromagnetic, and optical properties.7–13

These properties contributed to an upsurge of interest in the
investigation of synthesis routes that could allow for a better
shape and size control.6,14,15 ZnO is a multifunctional material
due to its morphological variety that can be classified into one-
(1D), two- (2D), and three-dimensional (3D) structures.16 While
nanorods, nanoneedles, nanowires, and nanobelts have been
classified as 1D materials, nanosheets and nanopellets are
classified as 2D materials. With regard to 3D structures, snow-
flakes and cauliflower are examples from nature.16 In favor of
this structural variability, modulating the shape and size can
diversify the applications of ZnO materials. There is an exten-
sive range of ZnO application fields, for example as gas sensors,
semiconductors, antibacterial agents, and UV-shielding materials,
as well as in photocatalysis for wastewater treatment.17–20

ZnO powders have been found to exhibit significant anti-
bacterial activity that has been studied extensively with differ-
ent types of bacteria such as E. coli and S. aureus. The nontoxic,
biologically safe, and biocompatible properties of ZnO nano-
structures make them suitable for drug delivery, cosmetics,
coatings, and fillings for medical materials.21 According to
Jones et al., ZnO nanoparticles inhibit the growth of pathogenic
bacteria significantly when compared to the other metal oxide
nanoparticles.22 Among the various reported parameters, particle
size is the most important one that affects antibacterial activity.
Padmavathy et al. and Yamamoto et al. investigated the anti-
bacterial activity of ZnO particles with different particle sizes
and both studies proved that antibacterial activity increases
with decreasing particle size due to the larger surface area of
the particles.23,24 Applerot et al. also confirmed the correlation
between the reduction in particle size and the increment in the
hydroxyl radical amount and this results in the killing of bacteria.25
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On the other hand, a photocatalytic process can potentially be
used for environmental remediation, and several semiconductors
have been used for photocatalysis over the past few decades. ZnO
is recognized as a preferable metal oxide photocatalyst due to its
abundance, low cost, photosensitivity, and non-toxic nature.26

Dyes and pigments are hazardous and can be toxic substances for
human beings due to their high discharge into water sources;
photocatalysts are used for the degradation of these organic dye
pollutants in water sources by an advanced oxidation process
(AOP). Pudukudy et al. synthesized ZnO structures by various
methods (thermal decomposition, surfactant-assisted precipita-
tion–hydrothermal treatment, and solid-state calcination) and
investigated the photocatalytic activity of the resulting materials
against methylene blue solution.27–32 Balcha et al. synthesized
ZnO powders by precipitation and a sol–gel method, and inves-
tigated their photocatalytic activity against methylene blue
solution.33 In an alternative method, thermal oxidation was
conducted by Atchudan et al. ZnO nanoparticle decorated
graphene oxide composites were prepared by solvothermal
impregnation for the degradation of MB solution.34 Direct
calcination of zinc acetate is a promising ZnO synthesis method
with a high yield and without any need for special equipment or
organic solvent. Tian et al. demonstrated an effective route for
the easy and cost-effective synthesis of ZnO photocatalysts by
direct calcination of zinc acetate. The obtained ZnO material
has been used for the photocatalytic degradation of methyl
orange, methylene blue and rhodamine B.35 Moreover, Pudukudy
et al. investigated the effect of counter ions on the morphology
of ZnO nanostructures and their photocatalytic activity. They
reported that the acetate precursor enables the highest photo-
catalytic activity.36

Herein, we revealed a simple route for the synthesis of nano-
sized ZnO wires by calcination of zinc acetate at different tem-
peratures and cooling. The ZnO nanowires were cooled by two
different methods: free cooling, which is the typical method used
after thermal decomposition, while rapid cooling relies on a very
short period of cooling down by applying a thermal shock to the
sample. ZnO metal oxides prepared at 300 1C showed the smallest
size and were implemented for further antibacterial activity and
photocatalytic performance applications. The proposed materials
show lethal effects even at low antibacterial agent concentrations
(0.125 mg mL�1) on E. coli growth and they have inhibitory effects
on S. aureus growth at high concentrations of antibacterial agent.
Furthermore, the photocatalytic performance of the ZnO nano-
wires was investigated by the degradation of MB solutions. The
results indicated that the size, antibacterial activity, and photo-
catalytic performance of the ZnO nanowires were influenced by
both calcination temperature and cooling route. This environ-
mentally friendly solvent-free process for ZnO synthesis using a
single-source precursor is promising for water purification tech-
niques. The proposed ZnO nanowires could be effectively used
not only in dye degradation applications but also for the removal
of bacterial pollutants from water sources. This study presents
different cooling routes for the synthesis of ZnO nanowires and
describes the effect of the resulting morphology on photocatalytic
performance and antibacterial activity.

Results and discussion
Structural and morphological characterization of ZnO
nanowires

Thermogravimetric analysis (TGA) was performed to study the
thermal decomposition of zinc acetate dihydrate and the forma-
tion of the ZnO phase. The thermogram in Fig. 1 shows the first
weight loss of 16.5% starting from 78 1C to 112 1C, which
results due to the evaporation of water components. The second
stage below 329 1C reveals a weight loss around 62%, marking
the decomposition of anhydrous zinc acetate to ZnO powder.
The further weight loss is responsible for the decomposition
of the zinc acetate to ZnO powder, indicating that the lowest
calcination temperature for ZnO synthesis is around 300 1C. This
observation is in good agreement with previous reports.37,38 The
morphology of the zinc acetate precursor was investigated, and
it was observed that bulk particles are in non-regular shapes
and the size of the particles varies between 160 and 300 mm
(Fig. S1, ESI†).

The size and morphology change of the ZnO nanowires was
investigated by scanning electron microscopy (SEM). Fig. 2
shows both the effect of calcination temperature and cooling
route on the ZnO nanowires. From top to bottom, calcination
temperatures are 300 1C, 500 1C, and 700 1C. The left panels of
the figure show the ZnO nanowires prepared by free cooling,
while the right panel shows the nanowires prepared by rapid
cooling. With the increase of the calcination temperature, the
diameter and length of the nanowires distinctly vary due to the
migration rates of zinc interstitials and vacancies, which are
dependent on the growth temperature. When the calcination
temperature is high, the thickness of the nanowires becomes
larger because of the migration and merging of grain boundaries.
At lower temperatures, the nanowires have small diameters, long
lengths and sharp structures (Table S1, ESI†). ZnO nanowires can
be presumed to have a growth stage that reaches its maximum
around 300 1C followed by a shrinking stage at a higher calcination
temperature. In addition, the morphology and shape of the ZnO
nanowires were affected by not only calcination temperature
but also cooling route. A remarkable difference between the
left and right panels was observed despite being at the same
heating temperature, suggesting different interfacial structures.

Fig. 1 TGA thermogram of zinc acetate precursor.
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The comparison of both cooling routes in terms of ZnO
nanowire length is shown in Fig. 3. The rapidly cooled nano-
wires formed at 300 1C are shorter by 55% than the free cooled
ones, suggesting that the nanowires grow significantly during
the period of free cooling. However, rapidly cooled nanowires
calcined at 500 1C and 700 1C have larger lengths on average,
suggesting that shrinkage has been stopped by the very short
time of cooling, that is to say that decomposition also mainly
occurs during the cooling period. Moreover, the variation of the
diameter of the ZnO nanowires was compared with respect to

their cooling routes (Fig. S2, ESI†). Initially, the diameter of the
rapid cooled nanowires is 15% smaller than the free cooled
ones. Afterwards, the diameter of the rapid cooled ones became
nearly 13% thicker than the free cooled ones at both 500 1C and
700 1C. The reason for this thickening is probably shrinking of
the nanowires at high temperatures.

The X-ray diffraction (XRD) patterns of the samples, prepared
by free cooling (FC) and rapid cooling (RC), at different calcina-
tion temperatures are shown in Fig. 4. The XRD reflections can
be indexed using the Inorganic Crystal Structure Database
(reference code: 03-065-3411) with a hexagonal crystal structure.
Both FC and RC samples, which were calcined at different tem-
peratures, have the same series of peaks at 31.821, 34.481, 36.321,
47.581, 56.651, 62.941, 66.411, 68.021, and 69.141 indexed subse-
quently as (100), (002), (101), (102), (110), (103), (200), (112), and
(201), which reveal the presence of the ZnO wurtzite crystalline
structure without impurities. Moreover, the absence of any shifts
among all diffractograms of the nanowires disclaims the occur-
rence of any lattice expansion and/or shrinkage. With the
increase in calcination temperature, the intensity of the diffrac-
tion peaks increases, indicating the strengthened ZnO phase.
Furthermore, it is worth mentioning that the diffraction signals
of the RC samples (Fig. 4b) are slightly more intense than those
of the FC samples (Fig. 4a), likely due to the exposure of the hot
calcined powder to air during rapid cooling, which further
promotes the formation of the oxide phase.

Fig. 3 Comparison of the length of the ZnO nanowires obtained by free
cooling and rapid cooling. (The length of the nanowires was calculated
from SEM micrographs by using ImageJ software.)

Fig. 4 XRD patterns of the zinc acetate powder calcined at 300, 500 or
700 1C followed by (a) free cooling or (b) rapid cooling.

Fig. 2 SEM micrographs of the ZnO nanowires prepared by calcination of
Zn(OAc)2 powder at (a and d) 300 1C, (b and e) 500 1C and (c and f) 700 1C.
The left panel shows free cooled samples and the right panel shows rapid
cooled samples.
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Average crystallite sizes of ZnO nanowires were roughly
estimated by the Scherrer equation employing the (101) reflec-
tion (Eqn (1)) and the results are presented in Table 1,

D nmð Þ ¼ Kl ðnmÞ
bðrdÞ cos y (1)

where D is the crystallite size, K is the Scherrer constant (0.9),
l is the wavelength of Cu (Ka) radiation (0.154056 nm) and b is
the full width at half maximum (FWHM). Both the FC and RC
nanowires show an increment in the crystallite size directly
proportional to an increase in temperature. It can be clearly
seen that particle morphology is influenced by temperature,
which promotes the enlargement of grain boundaries and con-
sequently the particle size increases. Because the reduction in
the overall surface energy is a driving force for the enlargement
of the grain boundary, the particle size increases as a function
of temperature. Calcination facilitates the movement of atoms
through the mass transport mechanism that results in grain
growth.39 On the other hand, the comparison between the FC
and RC nanowires demonstrates that crystallite sizes of the FC
ones are slightly higher, because there is a sufficient cooling
time to gather up and form larger grains for the FC samples.

The BET results emphasize a reasonable reduction of the
surface area due to the increase of the calcination temperature,
as demonstrated by Zheng et al. the increase of ZnO crystallite
size impacts the BET surface area negatively.40 Moreover, the
rapidly cooled samples have a remarkably larger surface area
than their free cooled counterparts because the samples that
cool faster result in smaller crystals compared to the samples
cooled slowly.41 The optical properties of the ZnO nanowires
were also studied by UV-vis spectroscopy (Fig. S3, ESI†). The
absorption wavelength of the free cooled samples is larger than
that of the rapidly cooled ones so there is an increase in the
band gap energy of the samples. The band gap energy was
calculated to be Eg = 1240/l, where Eg is the band gap energy
in eV and l is the wavelength in nanometers. Eg values of the
free cooled and rapidly cooled samples at 300 1C were calcu-
lated to be 3.33 and 3.36 eV, respectively. The lower band gap
energies of the free cooling samples could be attributed to the
larger crystallite size of these samples in Table 1.32,42

Antibacterial activity of the ZnO nanowires

The antibacterial activity of the ZnO nanowires was examined
using Gram-negative bacteria (E. coli) and Gram-positive
bacteria (S. aureus) as models. On the whole, the antibacterial
mechanism of metal oxide powders could be affected by several

parameters, which could be the eluted cations from the powder,
the pH of the medium, the generation of reactive oxygen species
(ROS) from the surface of metal oxide, and the mechanical
destruction of the cell membrane.24 However, there is a massive
effect of particle size on the antibacterial activity of the nano-
particles. According to literature arguments, the generation of
H2O2 from the surface increases with decreasing particle size due
to the increase in surface area, i.e. the number of metal oxide
particles per unit volume increases. Thus, the ZnO nanowires
with the smallest size and the highest surface area, FC@300 and
RC@300, were chosen for antibacterial activity tests. The anti-
bacterial activity of the ZnO nanowires involves a multicompo-
nent mechanism. When UV or visible light irradiates the surface
of the ZnO nanoparticles, electron–hole pairs are created and
the holes split the H2O molecules into OH� and H+. Then, the
dissolved O2 molecules are converted to radical anions, react
with H+ and form HO2 radicals followed by collision of the
electrons with these radicals, and the generation of HO2

� anions.
Finally, HO2

� anions react with H+ ions to produce H2O2.39,43 The
produced H2O2 could penetrate the cell membrane and achieve
bactericidal activity. For the evaluation of the ZnO powder
concentration on the antibacterial effect, the minimum inhibi-
tory concentrations (MICs) of FC@300 and RC@300 samples
were measured. MIC shows the endpoint, where no turbidity
can be detected with respect to the control samples. Fig. 5
shows the logarithmic growth of E. coli and S. aureus bacteria in
the presence of different concentrations of ZnO nanowires. The
increment in the concentration of ZnO nanowires inhibits the
bacterial growth of both bacteria. The percentage of E. coli reduc-
tion was found to be Z99% for FC@300 and RC@300 samples
even at very low concentrations (0.125 mg mL�1) (Fig. S4, ESI†).

Table 1 Average crystallite size and BET surface area of the synthesized
ZnO nanowires

Temperature of
calcination (1C)

Average crystallite
size (nm)

BET surface
area (m2 g�1)

Free
cooled ZnO

Rapid
cooled ZnO

Free
cooled ZnO

Rapid
cooled ZnO

300 34 9 15 35
500 34 33 7 19
700 45 32 6 21

Fig. 5 Bacterial growth of (a) E. coli and (b) S. aureus against different
concentrations of the FC@300 and RC@300 nanowires. The dotted lines
show the logarithmic bacterial concentration in the control samples.
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Also, the MIC of the RC@300 sample was found to be
1.0 mg mL�1 for E. coli inhibition. In the presence of FC@300
nanowires, there is a higher amount of bacterial growth com-
pared to that of RC@300 (Fig. 5a). Because the influence of
particle size, namely surface area, is effective in the inhibition of
bacterial growth, the RC@300 nanowires cause a larger amount
of bacterial death due to their larger surface areas. The same
interpretation could be made for S. aureus growth that the
RC@300 nanowires show the inhibition of a larger amount of
bacteria when compared to FC@300 (Fig. 5b).

Based on the results obtained from MIC tests, it can be
suggested that in comparison with S. aureus inhibition, the
influence of ZnO nanowires on E. coli growth was stronger due to
the structural differences of the bacteria. On the cell surface of
E. coli, there are thin layers of lipid A, lipopolysaccharide, and
peptidoglycan while the cell surface of S. aureus only consists
of peptidoglycan layers.24 Sawai et al. investigated the relation
between H2O2 generation from ZnO nanoparticles and their
antibacterial activity, and suggested that H2O2 is one of the
primary factors contributing to the antibacterial activity.44 The
ZnO nanowires increase the membrane permeability through
the bacterial cell during their deposition of ROS around the
surface of the cell membrane. Then, internalization of nanowires
in the cell membrane induces the generation of H2O2, which
can oxidize DNA, enzyme, and protein in the bacterial cells.
Therefore, the differences in antibacterial activities of E. coli and
S. aureus probably come from the different sensitivities towards
H2O2. Fig. 5b shows the growth of S. aureus in the presence of
different concentrations of the ZnO nanowires. In this case, MIC
could not be calculated because even at very high concentrations
of antibacterial agents, there is no complete reduction in
S. aureus bacteria. Also, S. aureus reduction was found to be
Z99% only for a 10.0 mg mL�1 concentration of the RC@300
nanowires (Fig. S3, ESI†). It can be concluded that the proposed
nanowires are promising candidates only for E. coli reduction
and a rapid cooling procedure has a significant effect on the
inhibition of bacterial growth.

Photocatalytic performance of the ZnO nanowires

In principle, valence band electrons in semiconductors are
excited to the conduction band and leave holes (h+) when the
material is exposed to a light energy. While the holes generate
hydroxyl radicals by oxidizing H2O and OH�, excited electrons
are captured by oxygen and produce anionic radicals, which are
capable of oxidizing organic pollutants.45–48 The synthesized
ZnO nanowires were used as a photocatalyst for the degrada-
tion of MB under simple UV-light irradiation and the degrada-
tion of MB was examined using UV-vis spectroscopy. In general,
MB displays a blue color in water and absorbs in the visible
region at 612 and 664 nm. Fig. 6a shows the time-dependent
UV-vis spectra of MB in the presence of RC@500 ZnO nanowires
under UV-light irradiation. The absorbance of the MB solution at
664 nm gradually decreased with irradiation time in the presence
of ZnO nanowires. Along with the spectral changes, the MB
solution changed from blue to nearly colorless after 50 min of
irradiation of the RC@500 ZnO nanowires.

The plots of percentage degradation of the MB dye under
UV irradiation as a function of time are shown in Fig. 6b. The
percentage degradation of ZnO nanowires was calculated by
using the time-dependent UV visible spectra of nanowires
(Fig. S5, ESI†). In the absence of ZnO nanowires, the MB dye
was quite stable and its degradation was negligible under UV
light irradiation. The photocatalytic degradation of the as-
synthesized nanowires showed similar photocatalytic activities
such that their degradation percentages first increased with the
increase in irradiation time and reached a plateau value after a
while. When the percentage degradation results of free cooled and
rapidly cooled nanowires were compared, it could be obviously
seen that the rapidly cooled samples have higher photocatalytic
activity than the free cooled samples for both calcination
temperatures. Also, the highest percentage of degradation was
achieved by RC@300 nanowires (88%, 20 min) due to their
larger surface area, while FC@500 (41%, 20 min) nanowires
exhibited the lowest photocatalytic activity because of unstable
degradation behavior. The increase in the photocatalytic activity
with the increase in the surface area is probably due to the
increased number of active sites on the photocatalytic surface.33

The smaller size was obtained by rapid cooling, where the

Fig. 6 (a) UV-visible spectrum of MB solution under UV light irradiation in
the presence of RC@500 ZnO nanowires. Inset: Colour change of MB
adsorption over 60 min. (b) Percentage degradation of MB dye under UV
radiation as a function of time using different ZnO nanowires. (R2, correla-
tion coefficient, values are 0.9906, 0.9981, 0.9992, 0.9878, and 0.9959 for
control, FC@300, RC@300, FC@500, and RC@500, respectively.)
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carriers reach the surface to participate in photocatalytic activity.
The increase in the crystallite size enhances the probability of
charge recombination outside the barrier region.49 Thus, rapid
cooling is more preferred over free cooling, as far as high photo-
catalytic activity is concerned.

Conclusions

One-dimensional nanostructured zinc oxide (ZnO) wires were
synthesized through several heat treatments combined with
two different cooling routes. The effect of cooling route on pore
size and volume as well as surface area leads to the conclusion
that rapid cooling seems promising giving strong micropro-
perties that could be useful in many fields. The synthesized
ZnO nanowires were implemented for antibacterial activity and
photocatalytic performance applications. The proposed materials
show lethal effects even at low antibacterial agent concentrations
(0.125 mg mL�1) on E. coli growth, and they have an inhibitory
effect on S. aureus growth at a high concentration (10.0 mg mL�1)
of antibacterial agent. Furthermore, the photocatalytic perfor-
mance of the ZnO nanowires was investigated by the degrada-
tion of methylene blue solutions. Similarly, the rapidly cooled
samples exhibit higher photocatalytic activity compared to the
free cooled samples. The higher percentage of methylene blue
degradation was achieved by RC@300 nanowires (88%, 20 min).
We show the possibility to improve the properties of ZnO nano-
wires by thermal shocking aiming to employ it as a powerful
alternative gathering cost-effectiveness, accessibility, and effici-
ency for several domains.

Experimental
Fabrication of the ZnO nanowires

ZnO nanowires were synthesized by the thermal decomposition
of zinc acetate dihydrate (Zn(CH3COO)2�2H2O, Aldrich, 99.9%)
at 300, 500, and 700 1C for 12 h with a rate of 4 1C min�1. 0.5 g
of the metal salt precursor in an alumina crucible was placed in
a muffle oven (Protherm furnaces, PLF/20/27, Turkey) to produce
ZnO nanowires. To investigate the effect of cooling route on the
structure and formation of ZnO, two different routes were applied:
free cooling that takes place slowly by keeping the sample in
the oven, and rapid cooling by partially immersing the sample
crucible in a cold-water bath to cool it down faster. While the
nanowires prepared by free cooling were abbreviated as FC@300,
FC@500, and FC@700; rapid cooling samples were abbreviated as
RC@300, RC@500, and RC@700.

Structural and morphological characterization methods

ZnO nanowires were covered by 2 nm of gold using a Q150RES
coater to increase their conductivity, and the morphology of the
nanowires was investigated by using SEM (Carl Zeiss 300VP,
Germany). The length and diameter of nanowires were measured
using image processing software, ImageJ. The crystalline phase,
crystallite size, and purity of the ZnO nanostructures were
investigated using a Philips X’Pert Pro X-ray diffractometer

(Philips X’Pert Pro, Eindhoven, The Netherlands). A copper anode
was used under 45 kV and 40 mA of current in the theta–theta
configuration with a scanning range from 51 to 801 and at a time
per step of 15.24 s. In order to obtain the thermogram of
Zn(OAc)2, thermogravimetric analysis (TGA) was performed using
a TA Instruments (SDT Q600 V20.9 Build 20), depositing the
samples on alumina substrates and heating in a nitrogen atmo-
sphere with a ramp of 10 1C min�1 to 800 1C. The Brunauer–
Emmett–Teller methodology (BET, Micromeritics 3Flex) was
used to calculate the N2 adsorption–desorption isotherms of
the resulting materials at 77 K in order to determine the surface
area characteristics and pore sizes. Fourier transform infrared
(FTIR) spectra were recorded using a Thermo Scientific Nicolet
iS5 spectrometer with a spectral resolution of 4 cm�1. Attenuated
total reflection (ATR) infrared measurements of the calcined
samples were also performed (Fig. S6, ESI†).

Antibacterial activity tests

The antibacterial activity of the ZnO nanowires was tested against
Gram-negative E. coli (ATCC 25922) and Gram-positive S. aureus
(RSKK 1009 strain) bacteria. Both bacterial strains were obtained
from Environmental Research Centre and Biotechnology, and
Bioengineering Research and Application Centre of IZTECH, İzmir,
Turkey. A typical antibacterial procedure was as follows: the bacterial
cultures were grown overnight on Nutrient Broth (NB) and Tryptic
Soy Broth (TSB) for E. coli and S. aureus, respectively. The day after,
these cultures were transferred into a test tube and optical density of
cultures was adjusted to the 0.5 McFarland standard (bacterial
concentration: 2.5 � 107 and 3.4 � 107 CFU mL�1 for E. coli and
S. aureus, respectively) by adding peptone water (DEN-1 Densito-
meter, Riga, Latvia). Then, the bacterial cultures were diluted with
NB and TSB to 105 CFU mL�1 bacterial concentrations for E. coli and
S. aureus, respectively. To evaluate the antibacterial activity, E. coli
and S. aureus were grown in NB and TSB media, respectively, with
different concentrations of ZnO nanowires (FC@300 and RC@300).
After the preliminary studies, the required concentrations for these
tests were determined to be between 0.125 to 1.0 mg mL�1 and 1.0
to 10.0 mg mL�1 for E. coli and S. aureus, respectively. Also, the
control samples were prepared for both E. coli and S. aureus without
adding any ZnO nanowires. For each sample and bacterial culture,
three repetitive experiments were done and the bacterial cultures
were cultivated in an incubation shaker at 37 1C and 200 rpm for
24 h. Then, the turbidity of bacteria was initially deduced by turbidity
visualization (Fig. S7, ESI†). Each of the incubated bacterial cultures
were diluted at a ratio of 1 : 10 with peptone water. This procedure
was continued up to the 4th dilution for E. coli and the 6th dilution
for S. aureus. (This procedure was applied for easy quantification of
bacteria growth.) Then, 100 mL of each sample (stock and diluted
ones) was transferred on to the NB and TSB agar plates for E. coli and
S. aureus, respectively. The plates were allowed to grow for 24 h at
37 1C in an incubator (Fig. S8 and S9, ESI†). Then, viable bacteria
were counted and expressed as CFU mL�1. The antibacterial activity
of the nanowires was defined as follows:

Antibacterial activity %ð Þ ¼ N0 �N

N0

� �
� 100 (2)
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where N0 denotes the number of CFU before adding the
antibacterial agent and N denotes the number of CFU after
the addition of the antibacterial agent.

Photocatalytic activity

The photocatalytic activity of ZnO nanowires was examined
employing a model reaction of Methylene Blue (MB) under UV
irradiation. MB (AppliChem) solution was prepared at a concen-
tration of 0.02 mM at neutral pH. Then, 2.5 mg of each catalyst
(FC@300 and RC@300) was added in 50 mL of MB solution and
stirred for 20 minutes in the dark to complete the adsorption
and desorption equilibrium between the photocatalyst and the
dye. Afterwards, the solutions were irradiated with a 300 W UV
lamp (Osram Ultra Vitalux, Germany) for 20 minutes, and the
UV source was kept at a distance of 10 cm above the beaker. The
photocatalytic degradation of the MB dye for both the initial
concentration and irradiated samples was determined using a
UV-vis spectrophotometer (SHIMADZU, UV 2550, Japan) through
color disappearance. The percentage degradation of methylene
blue was calculated by the following equation:

Degradation %ð Þ ¼ A0 � Atð Þ
A0

� �
� 100 (3)
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