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Abstract

This study reports the synthesis of ZnO flower-like structures of different sizes on polycrystalline zinc foils by cathodic electrodeposition. X-ray

diffraction results indicate that the obtained flower-like ZnO microcrystals had a wurtzite structure. Scanning electron microscopy images reveal

that the flower-like ZnO microcrystals consisted of taper petals. The precursor concentration and electrodepositing potential had significant effects

on the size of the flower-like ZnO microcrystals. An increase in precursor concentration and electrodepositing potential caused an increase in the

size of the ZnO flower-like structures. The flower-like ZnO microcrystals, with an approximate petal length of 0.8–1.6 mm, exhibited a strong UV

emission at room temperature, while those with a petal length of 3.0–4.2 mm produced noticeably yellow emissions.
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1. Introduction

Wide bandgap semiconductor materials have attracted

substantial attention because of their use in optoelectronics.

Among the various wide bandgap semiconductors, ZnO is a

versatile material with scientific importance because of its

interesting optical, electrical, acoustic, and biocompatible

properties [1,2]. Moreover, the synthesis of ZnO with various

morphologies has been widely developed for various applica-

tions, such as gas sensors, varistors, solar cells, and electro- and

photoluminescent devices [3–5]. To enhance the multifunc-

tionality of ZnO, several groups recently reported that a ZnO

crystal with a flower-like structure has a high surface-to-volume

ratio; therefore, it is a promising medium for fabricating high-

performance semiconductor devices [6,7].

Previous research investigated the synthesis of ZnO flower-

like structures using wet chemical methods. For a technique to

be viable for commercial applications, the growth temperature

should be low enough to make it energy efficient. The wet

chemical process satisfies this condition. Most ZnO flower-like

structures are synthesized using the hydrothermal method [8,9].

The advantages of a high growth rate, a large area, and low cost
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of electrochemical deposition are promising for the preparation

of ZnO crystals with various morphologies. However, research

into the synthesis of ZnO flower-like structures by electro-

deposition is limited [10]. The effects of process parameters on

the morphology and physical properties of as-synthesized ZnO

flower-like structures have not been studied thoroughly. This

study reports the use of electrodeposition to form ZnO

microcrystals with a flower-like structure. This study also

investigates the effects of process parameters on the physical

properties of the ZnO flower-like structures.

2. Experimental procedures

ZnO flower-like structures were grown by cathodic electro-

chemical deposition from an electrolyte containing 0.02 and

0.06 M Zn(NO3)2. Hexamethylenetetramine (C6H12N4) was

used as a stabilizer. The bath temperature was maintained at

90 8C during the electrodeposition of the ZnO. A standard three-

electrode compartment cell was used in this experiment. Zinc foil

(99.99% purity) served as the cathode. The area of the zinc foil in

the electrolyte for the electrodeposition was fixed at 1 cm2. The

deposition was performed at various electrodepositing potentials

from �1.6 V to �2.0 V. The as-grown samples werewashed with

deionized water and absolute ethanol several times before

measuring the structural and physical properties.
d.
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The crystal structure of the electrodeposited ZnO flower-like

structures was characterized by X-ray diffraction (XRD) with

Cu Ka radiation. The surface morphology of the electro-

deposited ZnO flower-like structures was investigated using

scanning electron microscopy (SEM). X-ray photoelectron

spectroscopy (XPS) analysis of ZnO was performed to

determine the film stoichiometry and chemical binding state

of the constituent elements. Room temperature-dependent

photoluminescence (PL) spectra were obtained using the

325 nm line of a He–Cd laser.

3. Results and discussion

Fig. 1(a)–(c) shows the morphologies of the ZnO flower-like

films on zinc foil produced from a 0.02 M Zn(NO3)2 solution at

various potentials. SEM images show that the ZnO flower-like

architecture consisted of many tapers. The flower-like
Fig. 1. SEM images of the ZnO flower-like structures grown at various process con

0.02 M electrolyte at �2.0 V, (d) 0.06 M electrolyte at �1.6 V, (e) 0.06 M electro
structures were well developed over the area of interest. The

approximate base diameter and length of the tapers of the ZnO

flower-like structures at �1.6 V were 0.4–0.8 mm and 0.8–

1.6 mm, respectively. Upon increasing the potential to �1.8 V,

the diameter and length of the tapers increased to 0.7–1.0 mm

and 0.9–2.4 mm, respectively (Fig. 1b). The tapers reached 0.8–

1.2 mm in diameter and 1.2–3.1 mm in length when the

potential was increased to �2.0 V (Fig. 1c). The average

diameter at the base and length of the tapers of ZnO flower-like

structures increased as the deposition potential became more

negative. Previous research reports a similar correlation

between the size and potential for controlling ZnO electro-

deposits [11]. An increase in cathodic potential caused an

increase in the deposition rate, thus forming larger tapers for the

ZnO flower-like structure. Fig. 1(d)–(f) shows the morphol-

ogies of the ZnO flower-like structures grown from a 0.06 M

electrolyte. The approximate base diameter of the tapers of
ditions: (a) 0.02 M electrolyte at �1.6 V, (b) 0.02 M electrolyte at �1.8 V, (c)

lyte at �1.8 V, and (f) 0.06 M electrolyte at �2.0 V.
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ZnO flower-like structures increased from 1.5–2.0 mm to 2.2–

3.0 mm as the applied potential increased from �1.6 V to

�2.0 V. Moreover, the length of the tapers increased from 1.7–

2.2 mm to 3.0–4.2 mm when the potential reached �2.0 V. The

dependence of taper size on potential is the same as that for the

ZnO flower-like structures grown from the 0.02 M electrolyte.

In addition to the effects of cathodic potential on the

morphology of ZnO flower-like structures, a relatively dilute

electrolyte results in a smaller size and height of the ZnO

flower-like structures at any given potential. Previous research

shows that an increase in Zn+ concentration might lead to faster

precipitation and lower redissolution of electrodeposited ZnO

[12]. The cation concentration has a significant effect on the

morphology of the electrodeposited ZnO films herein.

Fig. 2 illustrates the possible growth mechanism of the ZnO

flower-like structures in this study. ZnO has a number of

alternating planes composed of tetrahedrally coordinated O2�

and Zn2+, stacking alternatively along the c-axis. The ZnO crystal

has two polar surfaces and six side facets because of its hexagonal

wurtzite crystal structure (Fig. 2a). ZnO exhibits anisotropic

growth, as various crystal facets have different growth rates. Kar

et al. indicated that the growth rate of (0 0 1) is the fastest among

all the crystallographic planes of the ZnO [13]. The growth of

ZnO crystals from aqueous solutions is controlled by nucleation

and growth processes. These processes are affected by the

precursor concentration and the applied potentials. When the

precursor concentration is high enough, ZnO nuclei will form

under the applied potential. Many ZnO nuclei may aggregate

together because of a reduction in the surface energy. Each

nucleus in the aggregation unit subsequently grows along its c-

axis because the polar face is thermodynamically less stable than

the nonpolar faces. Zn(OH)4
2� has been shown to be the growth

unit in Zn(NO3)2 aqueous solution, and Zn(OH)4
2� ions
Fig. 2. Schematic illustration of the possible formati
decompose to produce ZnO at a high water bath temperature

[14]. The anisotropic growth of ZnO crystal involves the

continuous incorporation of Zn(OH)4
2� from the Zn(NO3)2

electrolyte. This uneven growth results in one end of the crystal

being sharp because of the diffusion-limited growth under a

sufficiently high potential. The growth units facilitate the ZnO

crystal growth initiating along the h0 0 1i direction from the six

planes of hexagonal wurtzite crystal structure, resulting in a ZnO

flower-like morphology. In other words, the six taper ZnO petals

surround the upstanding crystal (Fig. 2b). A higher potential or

higher precursor concentration causes fast nucleation, a higher

degree of aggregation, and fast growth of the ZnO crystals at a

given growth time. These conditions lead to the formation of a

larger ZnO flower-like structure.

Fig. 3(a) and (b) displays the XRD patterns for the

electrodeposited ZnO flower-like structures from various

precursor concentrations and potentials. In addition to the

Bragg reflections from the zinc foil substrates, the XRD

patterns consist of (1 0 0), (0 0 2), (1 0 1), (1 0 2), and (1 1 0)

Bragg reflections from hexagonal wurtzite ZnO. The sharp

Bragg reflections confirm the formation of well-crystallized

ZnO. An increase in the cathodic potential and electrolyte

concentration caused an increase in the intensity of the main

(0 0 2) Bragg reflection. This increase might be partially due to

a significant increase in the size of the ZnO tapers with

increasing cathodic potential. Moreover, the angle position of

the Bragg reflections of the ZnO flower-like structures varied

slightly with the applied potential. For example, Fig. 3(c) shows

the magnified XRD patterns of the (0 0 2) Bragg reflections of

the ZnO flower-like structures grown from a 0.06 M electrolyte.

This figure clearly reveals that the Bragg reflection shifts to a

lower diffraction angle as the growth potential increases. This

indicates that the defect density in ZnO might increase as a
on mechanism for the ZnO flower-like structure.



Fig. 3. XRD patterns of the ZnO flower-like structures grown from the various

precursor concentrations and depositing potentials: (a) 0.02 M electrolyte, (b)

0.06 M electrolyte, and (c) the magnified XRD patterns of the (0 0 2) Bragg

reflections of the ZnO flower-like structures grown from 0.06 M electrolyte at

various potentials.

Fig. 4. Representative XPS spectra of the Zn 2p and O 1s for the ZnO flower-

like structures grown from 0.02 M electrolyte at �1.8 V.
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result of the fast growth and coalescence of the ZnO crystals at

relatively high potentials.

Fig. 4 shows the representative XPS spectra for the Zn and O

regions of the ZnO flower-like structures grown from a 0.02 M

electrolyte at �1.8 V. The binding energies of Zn 2p3/2 and Zn

2p1/2 are 1020.9 and 1043.9 eV, respectively. These binding

energies are close to the standard values of bulk ZnO [15]. The

atomic ratio O/Zn calculated from the O 1s and Zn 2p peaks

areas is approximately 1.16:1, which confirms the presence of a

small excess of O in the ZnO flower-like structures. The O 1s
peaks were fitted by two Gaussian curves. The relatively low

binding energy component (O1) at 530.24 eV is associated with

the ZnO crystal lattice oxygen. The high binding energy

component (O2), located at approximately 531.30 eV, suggests

the presence of hydrated oxides species corresponding to OH

[16]. The existence of hydrated oxide species in the ZnO

flower-like structures is due to the aqueous solution process.

Previous research shows similar results in ZnO films prepared

from aqueous solutions [17].

Fig. 5 exhibits the PL spectra of the ZnO flower-like

structures electrodeposited at various precursor concentrations

and potentials. UV emission peaks were observed in all

samples. This UV emission was assigned to the excitonic

recombination corresponding to the band edge emission of ZnO

[18,19]. In addition to the UV emission peaks, Fig. 5 shows

wide yellow emission bands in the PL spectra. The source of the

visible emission from ZnO is associated with defect centers.

However, there is still no consensus on the origin of this yellow

emission. Some researchers suggest that this yellow emission is

associated with OH groups [20], while others indicate that

oxygen interstitial defects are the cause for this yellow emission

[21]. Fig. 5 shows that the weakening of the UV emission with

the increasing potential may be ascribed to greater defects in

the ZnO flower-like structures, as shown in the XRD results. A

similar result has been reported for electrodeposited ZnO films

on ITO substrates [22]. The presence of a stronger visible



Fig. 5. PL spectra of the ZnO flower-like structures at various process conditions: (a) 0.02 M at �1.6 V, (b) 0.02 M, at �1.8 V, (c) 0.02 M at �2.0 V, (d) 0.06 M at

�1.6 V, (e) 0.06 M at �1.8 V, and (f) 0.06 M at �2.0 V.
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emission band in the PL spectra of electrodeposited ZnO is

likely due to a fast deposition rate [23]. Moreover, a decreasing

trend in the UV-to-visible emission ratio appeared as the

precursor concentration increased from 0.02 to 0.06 M at a

given potential. The coalescence of tapers during electro-

deposition increased the defects in the ZnO crystal, yielding

stronger visible emissions. An increase in precursor concen-

tration increased the probability of coalescence of the ZnO

flower-like structures, as exhibited in SEM images. This in turn

created a stronger visible emission band in the PL spectra.

4. Conclusions

The synthesis of well-defined ZnO flower-like structures on

polycrystalline zinc foils was realized by cathodic electro-

deposition in an aqueous solution. Adjusting the precursor

concentration and potential produced ZnO flower-like micro-

crystals of various sizes. An increase in precursor concentration

and cathodic potential caused an increase in the size of the ZnO

flower-like structures. The growth mechanism of the ZnO

flower-like microcrystals can be described as follows: the

growth units facilitated the ZnO crystal growth along the

h0 0 1i direction from the six planes of the hexagonal wurtzite

crystal structure during electrodeposition. The resulting flower-

like ZnO microcrystals exhibited strong UV emission at a

relatively low precursor concentration and potential. Using a

high precursor concentration and potential produced a notable

increase in the size of the flower-like ZnO microcrystals.

Consequently, the ZnO microcrystals exhibited a decreasing

trend in the UV-to-visible emission ratio. This might be

associated with an increase in defect density in the flower-like

ZnO microcrystals because of an increased rate of nucleation,
aggregation, and growth at a high precursor concentration and

potential.
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