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ABSTRACT

In this study, zinc oxide (ZnO) nanowires (NWs) were successfully produced on

Zn plates through electrochemical anodization in potassium bicarbonate aque-

ous electrolytes with different production parameters in two groups as applied

voltage and anodization time. Subsequently, the ZnO NWs were annealed at 300

�C for 1 h in air atmosphere to increase crystallinity and remove organic resi-

dues. Structural and morphological properties were determined through X-ray

diffraction (XRD) and scanning electron microscopy (SEM) analysis. The effect

of anodization parameters on the structure of ZnO NWs and thus their photo-

catalytic activities were evaluated in detail by UV spectrophotometer. The

results pointed out that, the most effective nanostructure on the photocatalytic

degradation of methylene blue was obtained in the sample that was anodized

for 30 min under 30 V at room temperature with a degradation efficiency of

90.6% after 11 h. This result shows that the NW-structured ZnO materials are

promising to be used as effective photocatalysts in the removal of organic

pollutants by solar energy and their conversion to green compounds.

1 Introduction

Semiconductors are environmentally friendly mate-

rials that have a wide range of daily applications and

do not pose major environmental risks. The metal

oxide semiconductors (ZnO, TiO2, Fe2O3, CuO, NiO,

etc.) have favorable properties that desired in a

variety of applications [1]. One of these applications

is photocatalysis and some semiconductors, such as

TiO2 and ZnO, are heavily utilized for the degrada-

tion of environmental contaminants [2–5]. Photo-

catalysis, also known as photo-assisted catalysis, has
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processes similar to photosynthesis [3]. When pho-

tons with energies greater than the bandgap energy

of the photocatalyst are absorbed, at least two reac-

tions occur simultaneously and carbon dioxide and

water come out of degradation of various organic

compounds [6]. After publication of Fujishima and

Honda on photocatalytic water splitting via TiO2 in

1972, studies on TiO2 as a photocatalyst have

increased considerably [7]. Although the TiO2 pho-

tocatalyst is widely used, ZnO is a feasible alternative

to be photocatalyst because of its bandgap energy

and its relatively lower cost of production [8, 9].

ZnO is a n-type semiconductor that has been

receiving a great attention in the last decade [5]. ZnO,

with a wide bandgap (3.37 eV) and large exciton

binding energy (60 meV) [10–13], has found a wide

range of possible applications in photocatalysis [14],

photovoltaics [15], light-emitting diodes [16], sensing

[17] and many others [18].

One-dimensional (1D) nanostructures have been

studied affluently due to their high charge transport

efficiency and surface to volume ratio [19]. ZnO

nanowires (NWs) is the most engaging nanostruc-

tures of ZnO. Up to now, several different synthesis

methods to fabricate ZnO NWs have been used in the

literature, e.g., hydrothermal methods [20], chemical

vapor deposition [21], template-directed methods

[22], sol–gel [11], molecular beam epitaxy [23], atomic

layer deposition [24], pulsed laser deposition [25], or

direct precipitation [26]. Nonetheless, most of these

methods required long reaction times, expensive

experimental setups and complicated procedures.

Apart from the methods mentioned above, elec-

trochemical anodization is an efficient, highly con-

trollable, fast, and cost-effective method to produce

the ZnO NWs. Furthermore, this method has the

advantage of growing nanostructures in situ without

the requirement for an additional substrate (FTO, Si,

etc.) [12, 27, 28]. Because of these intriguing proper-

ties, this method has gained much attention after the

demonstration of the two-step approach by Masuda

and Fukuda in 1995 [29]. The oxidizing of a surface of

an anode metal is provided through electrochemical

anodization method, in a specific electrolyte under a

specific voltage at room temperature, resulting in the

formation of various nanostructured materials, e.g.,

nanoporous-like structures, nanoflakes, nanoflowers,

nanoneedles, and NWs [1, 30, 31].

The conditions applied during anodization,

including electrolyte concentration, applied potential,

temperature and duration of the process, have a

profound effect on the physical and chemical prop-

erties of the NWs [12]. Hu et al. fabricated ultralong

ZnO NW arrays by anodizing Zn foil at room tem-

perature in 5–50 mM KHCO3 aqueous solution [10].

Miles et al. reported that they have successfully fab-

ricated hierarchical ZnO NWs with a high aspect

ratio via anodization of Zn foil by controlling various

parameters such as the types of bicarbonate elec-

trolytes, experimental temperature, electrolyte con-

centration. [30]. It is obvious that bicarbonate

solutions are very popular electrolytes for anodizing

Zn to obtain ZnO NWs, as they allow a rapid for-

mation under suitable conditions [32]. Some authors

have studied the utilizing of ZnO nanowires pro-

duced by anodizing in applications such as photo-

electrochemical water splitting [27, 33] and solar cells

[34]. Although such aforementioned studies dealing

with the parametric study of the process parameters

on the production of ZnO NWs are available in the

literature, to the best of our knowledge, few studies

are evaluating these effects on the photocatalytic

activities of the ZnO NWs, and thus it needs further

investigation for better understanding structure–ac-

tivity correlation.

Herein, we reported the study on electrochemical

anodization of zinc in aqueous electrolytes, with the

main focus being on the effects of anodization voltage

and anodization time on the photocatalytic perfor-

mances of the nanostructured ZnO. The phase

structures, surface morphologies and photocatalytic

activities of ZnO NWs were examined in detail.

2 Experimental studies

2.1 Materials

Zn plate (99.9%, thickness 1 mm) was supplied by

BByes Store. Potassium bicarbonate (KHCO3, 99.7%),

absolute ethanol (C2H5OH, C 99.9%) and isopropyl

alcohol (C3H8O, 99.5%) were supplied from Merck

and used as purchased.

2.2 Synthesis of ZnO NWs

Anodization samples of 25 9 25 mm2 dimensions

were cut from Zn plate. Subsequently, the Zn sub-

strates were washed with ethanol and distilled water

in an ultrasonic cleaner (Everest CleanEx-2511) for
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15 min, respectively. Cleaned substrates were dried

at room temperature in the air atmosphere. Applied

anodization parameters to the Zn substrates were

categorized and listed in Table 1. Anodization was

performed under different voltages (10–40 V) and

times (10–120 min) for investigating the anodization

parameters on the structure of produced ZnO NWs

which has a certain effect on the photocatalytic

activity [35]. For anodization process, a two-electrode

electrochemical cell setup (Fig. 1) containing Zn plate

as a working electrode, stainless steel plate as a

counter electrode and aqueous solution of KHCO3

(50 mM) as an electrolyte was used. The distance

between two electrodes was kept at 10 cm through

anodization process. The anodized samples were

rinsed with distilled water and isopropyl alcohol to

remove remaining electrolyte, respectively. After-

ward, the samples were put in a drying oven (Binder

ED53) at 80 �C for 60 min. Finally, the as-anodized

samples were annealed at a temperature of 300 �C for

1 h at a heating rate of 2 �C min-1 and stored in a

desiccator before characterization.

2.3 Materials characterization

In order to elucidate the phase structure, as-anodized

and annealed samples were examined by an X-ray

diffractometer (XRD, Thermo Scientific ARL X’TRA)

with a Cu-Ka (1.54185 Å) irradiation in the range of

2h = 10–90� at a scan rate of 2� min-1. The surface

morphology and nanostructure of the samples were

observed by a scanning electron microscope (SEM,

Carl Zeiss 300VP).

2.4 Photocatalytic measurements

The photocatalytic activities of the samples were

scrutinized using 10–5 M of methylene blue (MB)

solution under 300 W Osram Ultra-Vitalux E27

(4.53% UVA, 1% UVB, 94.47% Vis) light source at

room temperature. In order to compare catalyst-free

degradation of MB under irradiation a reference

solution was also prepared. The photocatalysts were

immersed into 30 mL of MB aqueous solution in

beakers and placed under the light source with a

distance approximately 20 cm. In order to determine

the absorbencies, 3 ml of the MB solution from each

beaker was taken out after UV light exposure at 2-h

intervals starting from 1 h. The absorption measure-

ments of the MB solution were performed at the

wavelength from 400 to 800 nm and confirmed by

monitoring the decreasing of absorbance at 664 nm,

which is the characteristic peak of MB [36], by a UV

spectrophotometer (Shimadzu UV 1240 spectropho-

tometer). Within the scope of Lambert Beer Law, the

absorbance values were converted to concentration

values [37]. Their photocatalytic degradation effi-

ciency was defined as [(C0-C)/C0] 9 100 (C0; initial

concentration, C; final concentration). For the final

step of characterization, photocatalytic reaction

kinetics on MB degradation were calculated for all

samples using the catalysts.

Table 1 Anodization parameters of ZnO NWs

Group Sample Code Voltage (V) Time (min)

Group 1 S1 10 30

S2 20 30

S3 30 30

S4 40 30

Group 2 S5 10 10

S6 10 20

S7 10 60

S8 10 120

Fig. 1 Schematic of electrochemical cell setup
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3 Results and discussion

3.1 Structural analysis

The structures of the as-anodized and annealed ZnO

NWs were analyzed via the XRD technique. The XRD

patterns of ZnO NWs which produced at different

voltages and anodization time by electrochemical

anodization method are shown in Fig. 2, b for sample

groups 1 and 2, respectively. Figure 2 depicts the

diffraction peaks with 2h values 31.69, 34.28, 36.26,

56.53, and 62.66 which correspond to the ZnO lattice

planes with Miller Indices (100), (002), (101), (110),

and (103) (ICDD 00–036-1451), respectively. Never-

theless, there are few diffraction peaks with 2h values

36.26, 38.71, 43.13, 54.17, and 69.93 which correspond

to the Zn substrate lattice planes with Miller Indices

(002), (100), (101), (102), and (103) (ICDD 03–065-

5973), respectively [1]. As shown in Fig. 2a, b, the

peak intensities of the ZnO structures were increased

with increasing applied voltage and anodization

time. Thus, the amount of ZnO structure in the pro-

duced samples was increased. The structural data of

the samples were found to be similar to the literature

[1, 10, 34].

3.2 Morphological analysis

Upon the initial voltage is applied, discrete and small

pits are formed by electrochemical etching and Zn?2

ions emerge from the zinc plate. The main chemical

reactions can be represented as follows:

At Cathode : 2Hþ þ 2e� ! H2 ð1Þ

At Anode : Zn ! Znþ2 þ 2e� ð2Þ

Znþ2 þ 2OH� ! Zn OHð Þ2 ð3Þ

Zn OHð Þ2! ZnO þ H2O ð4Þ

Dissolution: ZnO þ HA ! ZnA þ H2O ð5Þ

where ‘‘A’’ refers to the HCO3
- ions from the

bicarbonate solution.

Due to the increase in Zn?2 ion density, nanoflower

structures begin to form around the pits and as a

result of the continuation of the reactions, the growth

Fig. 2 XRD patterns of the samples a Group 1, b Group 2
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of the structures occurs and ZnO NWs are observed

all over the plate surface.

Figure 3 shows the surface images of the ZnO NWs

were obtained at different voltages such as 10, 20, 30

and 40 V. As seen in Fig. 3a, the formation of aligned

nanowires structures started at an initial point of

growth. When Fig. 3b, c are examined, well-ordered

ZnO NW structures were seen that completely cov-

ering the surface of the Zn plate with the effect of

increasing voltage. ZnO NWs have become thinner

and denser structures with their diameters decreas-

ing from 217 to 64 nm through increasing anodizing

voltage. When the applied voltage was increased to

40 V, there were linked and interpenetrated struc-

tures due to the length of the NWs as seen in Fig. 3d.

Furthermore, micro cracks were observed on the

surface due to oxygen evolution during anodization

at high voltage as shown in Fig. 3e with green line

dashes. Since the anodization process is accelerated

under high voltages, more O atoms are expected to be

produced at the zinc/solution interface, and O2 gas is

supposed to release rapidly. Therefore, vigorous

oxygen evolution may cause micro cracks and dis-

continuities on the Zn plate surface. That is in line

with that reported by Hu et al. [10]. Figure 4 indicates

the effects of anodizing time on the morphology of

ZnO NWs. The results show that as the anodizing

time increases, the diameters of the ZnO NWs

decreased from 263 to 112 nm. Therefore, the NW

density (the total number of NWs occupying a unit

area of 1 cm2) is increased. The diameters of group 1

and 2 samples ae given in Fig. 5. The tangled ZnO

NWs structure has emerged after anodization for

60 min. As seen in literature, these results are in good

agreement with the previously published studies

[19, 30, 32].

3.3 Photocatalytic activity

The charge transfer pathway in the photocatalytic

mechanism of the ZnO NWs with different mor-

phological properties can be explained and under-

stood based on Fig. 6. Due to the light excitation to

the ZnO NWs, electron–hole pairs occur. In this way,

holes (h?) form in the valence band, while electrons

(e-) transfer to the conduction band [38–40]. Thus,

with the light irradiation, superoxide radical anions

(•O2
-) and hydroxyl radicals (•OH) form, respec-

tively [41, 42]. These surface species formed can

participate in the photocatalytic degradation process

over the ZnO NWs [26]. In consequence of the pho-

tocatalytic degradation, the MB turns into green

compounds such as carbon dioxide (CO2) and water

(H2O) [43, 44]. The reactions that occur during the

degradation of MB under UV light source can be

listed as follows:

ZnO þ ht ! ZnO hþ þ e�
� �

ð6Þ

O2 þ e� ! �O�
2 ð7Þ

H2O þ hþ ! �OH þ Hþ ð8Þ

hþ þ � O�
2 þ � OH þ MB ! CO2 þ H2O ð9Þ

The photocatalytic performances of the samples

were obtained by measuring the absorbance data of

the samples taken from the degraded MB at certain

time intervals. The MB aqueous solution under UV–

Vis light irradiation is degraded by photocatalysts

thanks to the photocatalytic effect. Figure 7a shows

the change in concentration of MB over 11 h. The

degradation efficiency, kinetic rate constant and

determination coefficient parameters of the samples

are given in Table 2. The k values obtained from the

slope of the lines in Fig. 7b show that the most

enhanced photocatalytic degradation of MB was

obtained with the S3 sample. The photocatalytic

degradation of MB was shown to be linked with the

anodizing parameters such voltage and time using

the k values obtained. As the surface morphology

and dimensions of the structure change with chang-

ing anodizing parameters, the photocatalytic perfor-

mance also changes in relation to this. The

photocatalytic degradation rate was calculated for all

samples using Eq. 10:

ln
Co

C
¼ kt ð10Þ

where C0, C and t are the initial concentration of

MB, the concentration of MB at certain time and

irradiation time, respectively.

Many factors such as nanostructure, surface area,

crystallinity, phase composition, crystal orientation

and structure dimensions affect photocatalytic per-

formance. The degradation efficiencies of MB with an

initial absorbance value of 0.695 at 664 nm by dif-

ferent samples were calculated for each sample. The

results obtained are given in Table 2 and shown as a

bar graph in Fig. 8. As can be seen from Fig. 8, the

degradation efficiency after 11 h for the arbitration

sample is 21.8% while it is 90.6% for the S3 sample.

27402 J Mater Sci: Mater Electron (2021) 32:27398–27408



With this degradation efficiency value, the S3 sample

has the best photocatalytic performance. It is thought

that the reason for the S3 sample having the best

photocatalytic activity is that the surface morphology

is densely composed of independently formed thin

and long NWs. As a result, photocatalysts with dif-

ferent photocatalytic activity values can be obtained

by controlling the anodization time and voltage,

which have significant effects on the dimensions of

the NWs.

Absorption spectra of MB for sample S3 were

drawn for different durations and are shown in

Fig. 9a. MB was degraded under UV–Vis light source

using S3 sample for 11 h. The absorbance value of

MB at 664 nm, which was kept under UV–Vis light

illumination for 11 h, has reduced from 0.695 to 0.065

Fig. 3 SEM micrographs of

samples anodized for 30 min

at (a) 10 V, (b) 20 V, (c) 30 V,

(d) 40 V, and

(e) 1000 9 magnification of

S4 sample
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with the degradation efficiency of 90.6% in the pres-

ence of the S3 sample.

The stability/reusability test of the samples was

performed after 6 months under the same conditions

by recording the absorbance values during the

degradation of MB by the S3 sample. The absorption

spectra were plotted using the obtained data is given

in Fig. 9b. According to the results obtained after

6 months, the fact that the S3 sample had almost the

same performance showed that there was no change

in the structure of the ZnO nanowires produced by

the anodizing method. Thus, it has been proven that

the S3 sample has high stability and reusability

properties.

Fig. 4 SEM micrographs of

samples anodized at 10 V for

(a) 10 min, (b) 20 min,

(c) 60 min, and (d) 120 min

Fig. 5 Diameters of the ZnO NWs

Fig. 6 Photocatalytic degradation mechanism of MB by ZnO

structure
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4 Conclusion

In summary, ZnO NWs were successfully formed on

Zn plates using facile electrochemical anodization

method in potassium bicarbonate aqueous elec-

trolytes at different anodizing parameters. The

structural characteristics of the ZnO NWs can be

controlled by various growth parameters. The

obtained SEM results reveal that ZnO NWs have

become thinner and denser structures with increasing

applied voltage and anodization time. Furthermore,

cracking on the surfaces happened at voltages over

30 V. In addition to the structural results the hierar-

chical ZnO NWs structure has emerged after

anodization for 60 min. On the basis of these photo-

catalysts, the highest photocatalytic efficiency with

90.6% belongs to the sample anodized at 30 V for

30 min. This result shows that NW-structured ZnO

Fig. 7 a Photocatalytic degradation of MB solution in the presence of a ZnO NW-structured samples and b kinetics of the samples

Table 2 Photocatalytic parameters of the ZnO NW-structured samples

Samples Ref Group 1 Group 2

S1 S2 S3 S4 S5 S6 S7 S8

Degradation efficiency (%) 21.8 80.4 86.3 90.6 88.3 86.6 84.6 77.9 83.8

Kinetic rate constant (k)

(10-3 min-1)

0.374 2.471 3.015 3.590 3.256 3.047 2.835 2.225 2.765

R2 0.992 0.992 0.983 0.988 0.994 0.99 0.980 0.996 0.986

Fig. 8 Photocatalytic degradation efficiencies of the samples after

11 h
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materials are promising that they can be used as

effective photocatalysts in the conversion of organic

pollutants by solar energy into green compounds.
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