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Abstract In the present work, anodizing of zinc foil was

investigated in NaOH and oxalic acid electrolytes under the

influence of different concentrations of the electrolyte,

while temperature and voltage were kept constant. Ano-

dized zinc plates were characterized using scanning elec-

tron microscope (SEM), UV–Vis diffuse reflectance

spectroscopy (DRS UV–Vis), and X-ray diffraction (XRD)

analysis. Characterization of anodized Zn plates using

SEM showed that their morphology was significantly

influenced by the type and concentration of anodizing

electrolyte. XRD analysis indicated that the ZnO thin films

were of hexagonal wurtzite structures. From contact angle

measurements, it has been observed that the contact angle

of anodized film is higher than that of pure zinc foil.

Antibacterial results suggest that the parent zinc foil did not

show the antibiotic activity, but the anodized zinc oxide is

effective both toward Gram-positive bacteria and Gram-

negative bacteria.

Keywords Anodizing � ZnO film � Antibacterial activity �
Electrolyte

Introduction

Zinc oxide is a low-cost, non-toxic material with a wide

bandgap of 3.37 eV, natural n-type electrical conductivity,

and having a wurtzite structure. Because of its optical,

electrical, and piezoelectric properties, this semiconductor

is used as photocatalyst. Other applications of zinc oxide

are light-emitting diodes, lasers, field-emission devices,

and chemical sensors [1]. In several surveys over the past

two decades, zinc oxide has been shown to possess activity

against a broad spectrum of Gram-positive and Gram-

negative bacteria [2–5]. Sawai et al. attributed the antimi-

crobial action of zinc oxide powder slurry to the liberation

of hydrogen peroxide; they suggested that hydrogen per-

oxide crosses the microbial cell membrane, resulting in

growth inhibition or destruction [2]. In subsequent work,

Sawai et al. showed efficacy by zinc oxide against S.

aureus, which was attributed to the strong affinity between

zinc oxide and S. aureus cells [3]. Zhang et al. showed that

zinc oxide exhibits bacteriostatic activity against E. coli.

Scanning electron microscopy data suggested that zinc

oxide–bacteria direct interactions may have damaging and

breakdown of bacterial cell membranes [4]. Skoog et al.

suggest that zinc oxide-coated nanoporous alumina mem-

branes have activity against some microorganisms, such as

B. subtilis, E. coli, S. aureus, and S. epidermidis in agar

diffusion assays. On the other hand, the zinc oxide-coated

membranes did not show activity against P. aeruginosa, E.

faecalis, and C. albicans [5].

To date, varying methods were reported to fabricate

ZnO nanostructures, for example, vapor-phase transport,

metalorganic chemical-vapor deposition, laser ablation,

thermal decomposition, a template-directed method, and

chemical synthesis have been engaged to produce ZnO

hexagram whiskers, quantum dots, nanorods, nanowires,
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etc. [1–9]. These ZnO nanostructures are generally fabri-

cated under complex process control, high reaction tem-

peratures, long reaction times, expensive chemicals, and a

specific method for specific nanostructures [3–5]. Among

these methods, electrochemical synthesis is favored by

many due to its simplicity, low-temperature operation

process, viability of commercial production, flexibility, and

relatively low cost. Anodizing is a well-known route to

synthesize low-dimensional self-organized structures. As it

was discussed previously, the antibacterial effect of ZnO

nanoparticles was extensively studied. On the other hand,

many works have been done on the anodizing of zinc foil.

But up to our knowledge, there are no reports on the

antibacterial properties of anodized ZnO structures in the

literature. In the present work, anodizing of the zinc foil

was investigated in NaOH and oxalic acid electrolytes

under the influence of different concentrations of the

electrolyte, while the temperature and voltage were kept

constant.

Experimental

Sample preparation

The electrolytes for zinc anodizing were 0.1, 0.3, and

0.5 M NaOH and oxalic acid aqueous solutions. A steel

sheet (Dirgodazazar Co., Tabriz, Iran) was used as the

cathode. A zinc foil (0.1-mm thick and purity [99.9 %,

Dirgodazazar Co., Tabriz, Iran) sonicated in ethanol for

5 min with a surface area of 0.78 cm2 and was used as the

working electrode. The anodizing process was conducted at

a constant voltage of 10 V for 60 min at room temperature.

Immediately after anodizing, the zinc foil was washed with

distilled water and dried in a warm airflow.

Characterization

The morphology of samples was observed with a scanning

electron microscope (LEO 1430VP, Germany). X-ray

diffraction (XRD) was carried out using Philips PW 1050

diffractometer (The Netherlands). UV–Vis diffuse reflec-

tance spectroscopy (DRS UV–Vis) was taken in the

wavelength range of 200–800 nm using a spectropho-

tometer (Scinco S4100, S. Korea).

Static contact angles were measured with a handmade

contact angle meter at room temperature. Water droplets

of approximately 5 lL were dropped gently onto the

surface of a sample. Three points of each sample were

tested, and the average value of the three left and right

contact angles was calculated as the determined static

contact angle [10, 11].

Antibacterial activity

The bacterial strains used for the antibacterial activity were

Gram-negative E. coli (PTCC 1270) and Gram-positive S.

aureus (PTCC 1112) obtained from the Iranian Research

Organization for Science and Technology (Tehran, Iran).

The antibacterial activity of the samples was tested by the

agar diffusion test. Samples were exposed to bacteria in solid

media (nutrient agar), and the inhibition zone around each

sample was quantified and put down as the antibacterial

effect. Agar plates were inoculated with 100-lL suspensions

of bacteria. Then, anodized samples were placed on agar

plates and covered at 37 �C for 24 h. The inhibition zone for

bacterial growth was observed visually [12].

Results and discussion

Development mechanism of ZnO film, the growth mech-

anism, and formation of ZnO layer on the surface of Zn

sheet take place under the influence of constant applied

voltage. When the acidic solution (oxalic acid) was

employed as the electrolyte, as described in most studies

[7, 8], the possible mechanism for the process can be

expressed equally:

H2O ! Hþ þ OH� ð1Þ

Zn ! Zn2þ þ 2e� ð2Þ

Zn2þ þ 2 OH� ! Zn OHð Þ2 ð3Þ

Zn OHð Þ2! ZnO þ H2O ð4Þ

The zinc sheet (anode) was converted to Zn2? ions by

releasing two electrons which moved toward the cathode.

The water molecules were ionized into H? and OH- ions.

H2 were liberated at the cathode; hence, pH of the solution

was changed from the acidic to basic one. Finally,

remaining OH- ions move toward the anode resulting in

the formation of Zn(OH)2. However, in the basic medium

(NaOH electrolyte), the possible mechanism for the pro-

cess can be expressed as:

Zn2þ þ 4 OH� ! Zn OHð Þ2�4 aqð Þ ð5Þ

Zn OHð Þ2�4 aqð Þ ! Zn OHð Þ2 sð Þ þ 2 OH� ð6Þ

Zn OHð Þ2 ! ZnO þ H2O ð7Þ

The initial phase of the reaction is the active dissolution

of Zn, which is ascribed to the formation of ZnðOHÞ2�4 .

When the concentration of ZnðOHÞ2�4 exceeds the solu-

bility product of Zn(OH)2, precipitation of a compact layer

of Zn(OH)2 will occur on the anode surface. Finally, ZnO

will form.
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Surface morphology of the anodized zinc plates

Figures 1 and 2 show the SEM images of Zn plates ano-

dized in NaOH and oxalic acid electrolytes at 25 �C and

10 V for 1 h, respectively. In general, it seems that the

electrochemical condition is an important ingredient for the

organization of nanostructures. When using different

electrolytes for the anodizing of the zinc foil and while

keeping other parameters constant, different ZnO nanos-

tructure arrays were observed. As presented in Fig. 1a, in

an electrolyte of NaOH, a ZnO nano and micro hole array

was formed, whereas in oxalic acid (Fig. 2a), a ZnO

Fig. 1 SEMs of anodized zinc foil using 0.1 (a), 0.3 (b), and 0.5 M

(c) NaOH as electrolyte at a constant voltage of 10 V for 1 h

Fig. 2 SEMs of anodized zinc foil using 0.1 (a), 0.3 (b), and 0.5 M

(c) oxalic acid as electrolyte at a constant voltage of 10 V for 1 h
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nanoparticle array was observed. This study further con-

firms that different types of electrolytes produce different

morphologies of ZnO.

Figure 1 shows the SEM images of the Zn plates ano-

dized in NaOH electrolyte. The obtained SEM images

showed that the morphologies of the anodized Zn plates

were significantly influenced by electrolyte concentration.

The surfaces were relatively flat and with parallel scratches

which were believed to be originated from the mechanical

grinding and polishing process. As can see in Fig. 1, some

holes distributed over the entire surface. These holes were

randomly spread over the surface of the anodized Zn plate.

The size of holes increased as the concentration of elec-

trolyte increased. This suggests that the concentration of

electrolyte plays an important role in the determination of

hole size.

Figure 2 displays the SEM images of the anodic ZnO

nanoparticles formed in 0.1, 0.3, and 0.5 M oxalic acid

solution under anodic voltages of 10 V. It can be seen that

for Zn plates anodized in oxalic acid, no holes was formed.

However, nanoporous structures were discovered along the

surface of the Zn plate anodized in mentioned concentra-

tion of oxalic acid. These nanostructures were distributed

over the surface of the anodized Zn plate. At a lower oxalic

acid concentration (0.1 M), the formation of nanoparticles

was incomplete. By increasing the oxalic acid concentra-

tion to 0.5 M (Fig. 2c), a nanoparticle array was com-

pletely formed. Different from anodic ZnO structures,

some larger ZnO particles can be observed to distribute on

the substrate surface of the sample. Moreover, these

molecules and nanostructures cannot be seen along the

sample surface before anodizing. They should be produced

in the anodic process.

It seems that using sodium hydroxide causes serious

corrosion due to its high corrosion characteristics. Sodium

hydroxide is a strong base and has the ability of creation of

holes on the zinc surface. Hence, oxalic acid is a weak

organic acid, and it can affect the zinc surface poorly.

The results were in good consistent with the observation

reported by Shetty and Nanda, in which the Zn plates were

anodized in deionized water [13]. They reported that

morphologies of the ZnO thin film were significantly

dependent on the anodizing voltage. However, no nanos-

tructure was reported on their findings. Instead, wall-like

construction was formed at 1 V, which changed gradually

to well-defined porous structure, as the voltage increased to

9 V [6].

XRD patterns

To identify the composition of the nanoporous structures,

the anodized Zn plates were characterized using the XRD.

The XRD patterns of the anodized zinc foil using oxalic

acid and NaOH as electrolytes are shown in Fig. 3. It can

be observed that peaks attributed to Zn and ZnO were

present in these XRD patterns. The presence of Zn peaks

were due to the Zn plates which were used as substrates in

this study. The peaks at scattering angles (2h) of 38.61,

44.82, and 64.89 correspond to the reflection from 101,102,

and 103 crystal planes, respectively. The XRD pattern is

identical to the hexagonal phase with wurtzite structure [5,

6, 14].

Optical properties

Optical properties of the anodized Zn plates were charac-

terized based on UV–Vis absorption spectra shown in

Fig. 4. The calculated bandgap of ZnO film is around

3.2 eV. Concentration changes have not a big effect on the

bandgap, but the more concentration of the electrolyte; the

more porous of produced nanostructure and, consequently,

its surface is increased, and thus, the absorption of light is

increased by the sample.

Contact angle measurement

Table 1 shows the change in contact angle of pure zinc foil

and the anodized film. It is evident that the anodizing

induces a remarkable change in the surface properties of

the films. Water contact angle testing results confirmed that

the surface of pure zinc foil was hydrophilic with an angle
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Fig. 3 XRD patterns of the anodized zinc foil a oxalic acid and

b NaOH as electrolyte at a constant voltage of 10 V for 1 h
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of 87.3 ± 2.3�. It has been noticed that the contact angle of

the anodized film is less than that of pure zinc foil. This

fact confirms that anodized films are more hydrophilic for

both electrolytes.

With referring to Table 1, one can see that the contact

angle for each electrolyte increases with increasing

anodizing time. From the values of the contact angle and

the SEM images, we can observe that the value of the

contact angle is directly correlated with the surface

structure of the film. The reason of the increment of

contact angel has been explicated in terms of the quan-

tity of air spaces observed in the nanoscale in an earlier

work [11, 15]. The trapped air pressure balances the

gravity of the water droplet, and the surface tension of

the water tries to keep the shape of the droplet spherical.

Hence, the film with high intensity of air displays higher

hydrophobic characteristics. The biggest value of the

contact angle in the case of different anodized samples

can be assigned to the high intensity of air entrapped in

the film surface.

Antimicrobial activity

The disinfectant properties of samples were investigated

with Gram-negative E. coli and Gram-positive S. aureus at

37 �C for 24 h. Parent zinc foil did not show the antibiotic

activity. The zones of growth inhibition were observed for
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Fig. 4 Optical absorption spectra of the zinc foil (a) and anodized

zinc foil using 0.1 (b) and 0.5 M (c) oxalic acid and using 0.1 (d) and
0.5 M (e) NaOH as electrolyte at a constant voltage of 10 V for 1 h

Table 1 Water contact angle of the anodized zinc foil

Electrolyte Concentration of electrolyte (M) Contact angle (�)

Parent foil 0 89.3 ± 1.3

NaOH 0.1 78.3 ± 2.5

0.3 80.3 ± 1.5

0.5 83.4 ± 2.6

Oxalic acid 0.1 77.8 ± 3.5

0.3 81.7 ± 2.0

0.5 84.7 ± 3.8

Fig. 5 Growth inhibition of the anodized zinc foil using 0.1 (a) and 0.5 M (b) NaOH and 0.1 (c) and 0.5 M (d) oxalic acid as electrolyte against

E. coli, and 0.1 (e) and 0.5 M (f) NaOH and 0.1 (g) and 0.5 M (h) oxalic acid as electrolyte against S. aureus
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the anodized zinc foils in all the cases (Fig. 5). These

results are summarized in Table 2. The zones of growth

inhibition for E. coli and S. aureus were 5.7–6.3 and

5.3–6.5 mm, respectively. Thus, these results suggest that

the anodized zinc oxide is not only effective toward Gram-

positive bacteria, but also Gram-negative bacteria. On the

other hand, the antibacterial activity is relatively uniform

for all samples (Table 2).

Three distinct mechanisms of action have been put

forward in the literature for the zinc oxide antimicrobial

activity: (i) the production of reactive oxygen species

(ROS) because of the semiconductor properties of ZnO, (ii)

the destabilization of microbial membranes upon direct

contact of ZnO particles to the cell walls, and (iii) the

intrinsic antimicrobial properties of Zn2? ions released by

ZnO in aqueous medium [9]. Since ZnO particles were

unable to disperse out of the anodized samples, antimi-

crobial species have necessarily been arisen from the

released Zn2? to the agar medium and direct contact of

bacteria with anodized surface.

Conclusion

In the present work, ZnO nanostructures were success-

fully fabricated by anodizing a Zn sheet in sodium

hydroxide (NaOH) and oxalic acid electrolytes under the

influence of different concentrations of the electrolyte,

while the temperature and voltage were kept constant.

Characterization of anodized Zn plates using SEM

showed that their morphology was significantly influenced

by the type and concentration of anodizing electrolyte.

The structural characterization showed that the anodic

ZnO had hexagonal wurtzite structure. From contact angle

measurements, it has been observed that the contact angle

of anodized film is higher than that of pure zinc foil.

Antibacterial results suggest that the parent zinc foil did

not show the antibiotic activity, but the anodized zinc

oxide is effective both toward Gram-positive bacteria and

Gram-negative bacteria.
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