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Abstract In this article, ZnO nanostructures with diverse

morphologies have been synthesized via a simple, rapid

and cost effective solid state thermal decomposition

method. The as-synthesized ZnO nanostructures were

characterized by means of X-ray diffraction (XRD),

Fourier transform infrared spectroscopy, scanning electron

microscope (SEM), high-resolution transmission electron

microscope (HR-TEM), UV–Vis. diffuse reflectance

spectra (UV–Vis-DRS) and photoluminescence (PL). The

XRD patterns and HR-TEM image indicated a hexagonal

wurtzite structure of ZnO. The SEM images of ZnO sam-

ples show the different morphologies such as nanowire,

nanorods, spherical and irregular microsphere at different

calcination temperatures. Room temperature PL spectra of

the samples exhibited characteristics blue and green

emission bands in accordance with calcination temperature.

Moreover, photocatalytic as well as antimicrobial activities

were evaluated using ZnO synthesized at different calci-

nation temperatures. The effects of calcination tempera-

ture, catalyst loading and pH on the photodegradation

efficiency were systematically studied. A highest (99 %)

photocatalytic activity of ZnO nanorods towards the Acid

Green 25 (AG-25) was achieved within 35 min at optimal

conditions under UV light. As-synthesized ZnO nanorods

are found to be more efficient than TiO2 (P25) towards the

degradation of AG-25. It was found that the antimicrobial

activity of ZnO nanorods (13 mm) obtained at 300 �C

showed significantly higher inhibition efficiencies than the

other samples. The mineralization of AG-25 was confirmed

from a reduction of 85 % the chemical oxygen demand

within 35 min. In addition, ZnO nanorods could be easily

reusable up to four runs without changing its photocatalytic

activity.

1 Introduction

The release of dye effluents from textile and photographic

industries into water bodies are becoming a major source of

water pollution due to complex aromatic molecular struc-

ture of dyes which makes them more stable, resistance to

chemical, photochemical and biological degradation [1].

The anthraquinone dye has been applied widely in the

printing and dyeing industries due to its bright color, high

fixation and good color fastness [2]. These dyes have low

biodegradability, therefore conventional and biological

processes are not much effective for the treatment of

wastewater containing dye [3]. To overcome these prob-

lems, an environment friendly heterogeneous photocataly-

sis has emerged as a promising technology [4]. Moreover,

it has many advantages such as high efficiency, energy

saving, low running cost and no requirement of secondary

treatment [5]. Although, TiO2 is the most commonly used

as an efficient photocatalyst for a wide range of organic

pollutants [6]. ZnO has been another suitable semicon-

ductor recognized as a promising photocatalyst, since its

band gap and photodegradation mechanism have been

proven to be similar to TiO2 [7]. There are several

advantages of ZnO in comparison with TiO2 such as, it

absorbs large fraction of UV light, large exciton binding

energy (60 meV), more quantum efficiency, high photo-

catalytic activity, low production cost, easy availability and
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environment friendly [9]. In a few cases, ZnO was also

reported as an efficient photocatalyst than TiO2 [8].

The inorganic nanomaterials have attracted considerable

attention because of strong antimicrobial activity at lower

concentration [10]. Among the inorganic materials, metal

oxide nanoparticles are of special interest due to their

efficient antimicrobial activity under extreme conditions,

such as at high temperature and pressure [11]. The unique

antimicrobial activity of ZnO nanostructure in dark and

light has also attracted significant research interest owing

to its unique morphology [12]. In particular, it has been

demonstrated that the photocatalytic and antimicrobial

activity of ZnO nanostructures are strongly dependent on

the crystallite size, surface area, morphology and surface

texture [13–15]. Therefore number of studies were carried

out on the preparation of ZnO nanostructures with different

morphology [16, 17]. A variety of physical and chemical

methods have been successfully employed to fabricate

different ZnO nanostructures in various shapes [18].

However, some physical methods always need more

expensive, sophisticated instrumentation and complex

procedures [19]. In case of solution method, preparation

procedure is relatively complex, associated with toxic and

expensive reagents with a lower concentration of reagents,

thus leading to low yield of the desired product [20]. All of

these factors limit their practical applications of ZnO based

photocatalyst in an actual application. Although many

synthetic routes have been extensively tried for the

preparation of one-dimensional ZnO nanostructures, the

development of a facile and efficient one-step route to

synthesize a large-scale ZnO nanostructure remains a

challenge. Compared to other, solid state based thermal

decomposition process has no limit of reagent concentra-

tion, thus allows for a large scale synthesis of nanomate-

rials [21].

In the present work, ZnO nanostructure with different

morphologies such as, nanowires, nanorods, spherical and

irregular microsphere have been synthesized by a simple

thermal decomposition method which is an economically

favorable, rapid and applicable to large scale production.

The plausible growth mechanism of change in morphology

with temperature was also discussed. To the best of our

knowledge, this is the first detailed investigation of pho-

tocatalytic degradation of the AG-25 under UV (365 nm)

illumination was carried out by using ZnO as a photocat-

alyst. In order to achieve maximum photodegradation of

AG-25, the effect of various parameters such as calcination

temperature, catalyst loading and initial pH of the dye

solution have been optimized systematically. The miner-

alization of AG-25 was confirmed by monitoring chemical

oxygen demand (COD) of photodegraded product. The

photodegraded intermediate products were identified using

LC–MS. We have also studied the antimicrobial activity of

ZnO nanostructures against E. coli. This work demon-

strates that as-synthesized ZnO nanostructures play an

important role in photocatalytic as well as antimicrobial

activity due to their various morphology.

2 Experimental

2.1 Materials and methods

Zinc acetate dihydrate [Zn(AC)2] (99.5 % s d fine-chemi-

cal Ltd.) used in the present study was analytical grade and

used as received. AG-25 was purchased from Aldrich

chemicals. Zn(AC)2 was used as the starting material for

the synthesis of ZnO nanostructures. In a typical synthesis,

6.0 g of Zn(AC)2 was taken in the mortar and pestle, then

grounded well for 1 h, finally this powder was calcined in

silica crucible at a different calcination temperatures (300,

400, 600 and 800 �C) for 3 h and then allowed to cool.

2.2 Characterization of ZnO samples

Thermal stability of Zn(AC)2 was tested by using TGA-

DTA instrument, (SDT Q600V20.9 Build 20TA Instru-

ments, USA) under N2 atmosphere. XRD of as-synthesized

ZnO was recorded on a Panalytical diffractometer with Cu

Ka radiation (k = 1.5406 Å) in the range of 2h, 10–80�.
Fourier transform infrared spectra (FT-IR) of ZnO were

recorded on the Spectrum-one (Perkin Elmer) in the range

of 4000–400 cm-1 using KBr pellet. The UV–Vis. diffuse

reflectance spectra were recorded on spectrophotometer

(Varian cary-5000 UV–Vis.-NIR). Photoluminescence of

the sample was recorded on Spectrofluoriometer (JASCO,

Model F.P.750 Japan). The surface morphology and com-

position of ZnO nanostructures were scanned by scanning

electron microscope (SEM) (JEOL, JSM-6360) attached

with EDS at various magnifications. The transmission

electron microscopy (TEM) images were scanned by TEM

(Equipped with high resolution Gatan CCD camera). The

degradation products of dye tested on LC–MS equipped

with electron spray Ionization Interface (Shimadzu, Japan).

2.3 Photocatalytic activity of ZnO nanostructures

The photocatalytic activity of ZnO was evaluated for the

degradation of AG-25 under UV light (365 nm). To eval-

uate optimal photocatalytic activity of ZnO nanostructure,

the amount of photocatalyst was varied from 0.5 to 2 g/dm3

in AG-25(25 ppm). The effect of pH on the photocatalytic

activity was studied by adjusting pH of solution from 3 to

11 using HCl and NaOH (1 M each). Typically, in this

experiment photocatalyst was added in a photo-reactor

containing 100 mL of AG-25. Before the irradiation of
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light, the dye solution was stirred for 30 min in the dark to

ensure an adsorption–desorption equilibrium, then the dye

solution was exposed to light. All photodegradation

experiments were performed at ambient temperature. At a

given time interval, aliquots were collected from a photo-

reactor and centrifuged to remove smaller particles of the

photocatalyst. The centrifuged solution was used to mon-

itor change in the concentration of AG-25 by recording the

absorbance at kmax 643 nm by using UV–Vis.-NIR spec-

trophotometer. COD of the irradiated solution was used to

monitor the mineralization of the AG-25 using the open

reflux titrimetric method [22].

2.4 Antimicrobial activity

The ZnO nanostructures were synthesized by thermal

decomposition method with different morphology such as

nanowires, nanorods, spherical and micro size irregular

sphere. The antimicrobial activity of as-synthesized ZnO

nanostructures was determined by pour plate agar well

diffusion method in which the target pathogenic organism

E. coli (ATCC 25922) was used. The E. coli was cultured

in 5 mL nutrient broth for 24 h at 30 �C under shaking

growth condition. The freshly grown E. coli was asepti-

cally added to the autoclaved nutrient agar (1.5 % media)

at 40 �C. After the solidification of media into the sterile

petridish, it was punctured by using a flame sterilized

stainless steel cork borer. The test solution of ZnO (1 mg/

mL) was used as stock which is aseptically (100 lL) loa-

ded into the 6 mm well punctured in the media with dilu-

tion 1:1, 1:2 and 1:3. The plates were incubated for 15 min.

at 4 �C to ensure the diffusion of compound of interest into

the media. After which the plates were incubated for 24 h

at 30 �C in microbial incubator. Zones of inhibition were

measured at the end of the incubation period.

3 Results and discussion

3.1 TGA-DTA of zinc acetate

TGA-DTA study was carried out in the temperature range

of 25–800 �C to understand the decomposition of zinc

acetate (dihydrate) and thermal stability of ZnO. Figure 1

shows a typical TGA and DTA curves of zinc acetate

(dihydrate). An endothermic reaction started initially cor-

responding to 19 % weight loss. This loss is due to the

thermal dehydration of zinc acetate (dihydrate) to anhy-

drous zinc acetate [23]. Further decomposition of zinc

acetate (anhydrous) was observed in the temperature range

of 150–300 �C shows a second major weight loss of 61 %

due to decomposition of acetate (More than the theoretical

weight loss of 46.5 wt%). A 14.5 wt% difference might be

due to the sublimation of zinc acetate species or the for-

mation of other volatile organic zinc compounds such as

Zn4O(CH3CO2)6 [24]. The ZnO formed by the following

chemical reaction reported by Arii et al. [25].

ZnðCH3COOÞ2 � 2H2O�!D ZnðCH3COOÞ2 þ 2H2O " ð1Þ

4ZnðCH3COOÞ2 þ 2H2O�!D Zn4OðCH3COOÞ6

þ 2CH3COOH " ð2Þ

Zn4OðCH3COOÞ6 þ 3H2O�!D 4ZnO þ 2CH3COOH "
ð3Þ

Zn4OðCH3COOÞ6 �!
D

4ZnO þ 2CH3COOH " þ 3CO2 "
ð4Þ

3.2 Growth mechanism and morphology of ZnO

It is interesting to discuss the growth mechanism of ZnO

nanowires, nanorods, spherical and irregular micro spherical

morphology. The preferential growth of ZnO nanorods and

nanowires at processing temperature 300 �C via thermal

decomposition of zinc acetate dihydrate follows vapor solid

growth mechanism, in this case the sublimation of material

taking place before melting at normal pressure. In this process

vapor generated from solid materials in the high temperature

region is deposited onto a substrate at low temperature to form

white ZnO nanorods. The gray color ZnO nanowires at the

bottom of the crucible form in solid phase mechanism [26, 27].

Shakti et al. [28] reported recently growth mechanism based

on the kinetics of crystal growth, the probability of nucleation

on the surface of the whisker is given by.

PN ¼ B exp
�
Q

r2

k2T2 ln a

� �

Fig. 1 TGA–DTA curves of zinc acetate dihydrate
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where PN is nucleation probability, r is the surface energy

of the whisker, T is absolute temperature, a is the super

saturation ratio (a = p/p0), where p is the actual vapor

pressure and p0 is the equilibrium vapor pressure corre-

sponding to temperature T, k is the Boltzmann constant and

B is the constant. Temperature and supersaturation ratio are

the parameters that can be controlled by processing con-

ditions. At low temperature (300 �C) and a small saturation

ratio one dimensional nucleation is more favorable. This is

an agreement with nanowires or nanorods like structure. At

the 400 �C change in morphology like nanorods with an

increase in diameter will occurs due to competition

between the rate of nucleation and growth. At higher

temperature (600 �C), the supersaturation ratio is more

favorable for the nucleation resulting in spheres like

growth, this is may be due to the nanorods diffusion into to

sphere likes structures. Finally, at 800 �C, the species gets

enough energy to diffuse and attain its favorable minimum

energy state to form elongated irregular spheres [29]. The

higher temperature of calcination promotes the disorder

movement of the particles of host [24].

3.3 XRD analysis of ZnO prepared at different

calcination temperature

XRD patterns of ZnO samples synthesized at different

calcination temperature 200, 300, 400, 600 and 800 �C are

designated as Z, Z1a, Z1b, Z2, Z3 and Z4, respectively which

is shown in Fig. 2. The XRD pattern observed at 200 �C
relatively shows a less intense peak of ZnO and some other

peaks of zinc acetate. When the calcination temperature

increases from 300 to 800 �C for 3 h, all the diffraction

peaks were observed at [100], [002], [101], [102], [110],

[103], [201], [112] and [200] planes which are well

indexed to a hexagonal wurtzite structure of ZnO and

consistent with JCPDS 36-1451 [30]. No any other peaks

were observed, which indicates the synthesized ZnO

nanostructures are in pure phase. Hence the XRD results

showed the conversion of zinc acetate (dihydrate) into

ZnO. The crystallite size was calculated by using well

known Scherrer’s equation [31]. An average crystallite size

was found to be 22, 26, 29, 35 and 40 nm for samples Z1a,

Z1b, Z2, Z3 and Z4, respectively. The lattice parameter and

values of d were also calculated from the Bragg‘s equation

(nk = 2d sinh), the lattice constants a, b, c and the primary

cell volume were calculated from the lattice geometry

equation and shown in Table 1 [32]. It was observed that as

the calcination temperature increases a small change in the

lattice parameter take place. This change in lattice

parameter can be ascribed to the change of particle size due

to quantum size effect [33]. The reduction of ‘d’ spacing

value may be an indication of the high strain created in

lattice due to calcination at higher temperature. Shidpour

et al. [34] have reported most useful factor is the ratio of

[002] polar plane to [100] non polar plane that can be

related to the photocatalytic activity. It is found that the

polar planes of ZnO are important for the activity, higher is

the ratio more will be the photocatalytic activity of ZnO

nanorods synthesized at 300 �C. The lattice parameter, cell

volume and ratio of the plane of the ZnO nanomaterials

calcined at different temperatures are summarized in

Table 1.

3.4 SEM and EDS analysis

The surface morphology of ZnO samples Z1a, Z1b, Z2, Z3

and Z4, obtained at different temperature was scanned by

using SEM and shown in Fig. 3. The sample calcinated at

300 �C shows two kinds of color, the white powder (Z1a)

covered on the wall of crucible had nanorods morphology,

while gray (Z1b) powder stuck to the bottom of crucible

had nanowires like morphology. The temperature raised to

400 �C, the ZnO nanorods (Z2) was obtained with large

diameter compared to Z1a. This can be explained at lower

temperature from 300 to 400 �C 1 D growth is favorable.

Further increase in the temperature to 600 �C, morphology

of ZnO (Z3) is found to be spherical and at 800 �C, the

morphology of ZnO (Z4) was large size irregular micro-

sphere because of higher temperature the growth species

get enough energy to diffuse and attain their minimum

energy shape i.e. spherical or micro spherical. Hence, the

surface morphology of ZnO was found to be greatly

influenced by calcination temperature.

Figure 4 shows the energy dispersive X-ray spectro-

scopic (EDS) analysis of a representative sample (Z1a)

calcined at 300 �C was used to investigate the elements

present in the material. The spectrum consists of peaks
Fig. 2 XRD pattern of nanostructure ZnO samples Z, Z1a, Z1b, Z2, Z3

and Z4 synthesized at different temperatures
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Fig. 3 SEM images of nanostructure ZnO samples Z, Z1a, Z1b, Z2, Z3 and Z4 synthesized at different temperatures

Table 1 Structural parameters of ZnO nanostructure synthesized at different temperature

ZnO samples calcined at different temperatures Z1a Z1b Z2 Z3 Z4

Average crystallite size in nm 22 26 29 35 40

Lattice parameter Å a = 3.2774 a = 3.2616 a = 3.2547 a = 3.2513 a = 3.2376

c = 5.2446 c = 5.22420 c = 5.2128 c = 5.2068 c = 5.1886

c/a 1.6002 1.6017 1.6016 1.6026 1.6015

Volume (Å)3 48.7842 48.1293 47.8207 47.099 47.00

d Å 2.4936 2.48364 2.4787 2.467 2.45

Angle in degree 36.0180 36.167 36.24 36.40 36.60

Intensity ratio = 002/100 0.8571 0.8242 0.8237 0.7834 0.7570

Fig. 4 EDS spectrum (a) and mapping image (b) of ZnO nanorods (Z1a) calcined at 300 �C
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corresponding to elements zinc and oxygen. No other peaks

were observed from EDS, which confirms that the as-

synthesized ZnO nanorods are in pure form.

3.5 TEM and HR-TEM images of ZnO nanorods

A representative TEM image of ZnO nanostructure (Z1a)

prepared at 300 �C is shown in Fig. 5a and b which shows

rod shaped morphology. From the TEM image, it is

observed that nanorods are not uniform in size. The

diameter of the nanorods is in the range of 20–25 nm and

the average length is found to be 400 nm. The HR-TEM

image is shown in Fig. 5c, which shows ‘d’ spacing of

0.26 nm, corresponding to the [002] plane that indicating

the ZnO nanorods are crystalline with hexagonal wurtizite

structure [35]. Selected area electron diffraction (SAED) is

presented in Fig. 5d, which shows doted concentric rings

that can be assigned to crystalline form.

3.6 FT-IR

FT-IR spectra in the range of 4000–400 cm-1 for zinc

acetate dihydrate calcinated at different temperatures are

shown in Fig. 6. At 200 �C temperature, bands were

observed at 1580 and 1401 cm-1 in the spectrum due to

asymmetric and symmetric stretching vibrations of (COO–

Zn) of zinc acetate [36].The broad band observed in the

3440 cm-1 region corresponds to the stretching vibration

of the O–H band due to the adsorbed water [37]. The

intensity of band due to the OH and carbonyl group get

reduced as the calcination temperature increases. From 300

to 400 �C the band observed around 440–490 cm-1

corresponds to the asymmetric stretching mode of wurtzite

ZnO band and 501–550 cm-1 region corresponds to the

symmetric stretching mode of Zn–O bond [26]. Further

increase in calcination temperature from 600 to 800 �C,

these two peaks are merged into a single peak corresponds

to vibrational band observed at 489 cm-1 for Zn–O [38],

this may be due to the change in morphology of ZnO from

nanowires and nanorods to spherical shape. Thus FT-IR

can be used not only for qualitative characterization but

also confirmation of the shape of ZnO nanostructure sim-

ilar results were reported [39, 40].

Fig. 5 a, b TEM images of

ZnO (Z1a) calcined at 300 �C,

c HRTEM and d SAED pattern

Fig. 6 FT-IR spectra of nanostructure ZnO samples Z, Z1a, Z1b,Z2,

Z3 and Z4 synthesized at different temperatures
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3.7 UV–Vis. Diffuse reflectance spectra of ZnO

nanostructure

The UV–Vis. diffuse reflectance spectra of ZnO nanos-

tructures obtained at different calcination temperatures

(300, 400. 600 and 800 �C) are shown in Fig. 7a. From the

figure it is seen that the absorption edges were red shifted

possibly due to increase in particle size with increase in the

calcination temperature [41]. The band gap energy is an

important for the photocatalytic activity because the energy

of incident light must be greater than or equal to the band

gap energy. Therefore, the optical band gap with direct

transition can be calculated from the following equation

[42]

ahmð Þ ¼ A hm � Egð Þ1=2

where a, m, A, and Eg are the absorption coefficient, fre-

quency, proportionality constant and band gap energy

respectively. The (ahm) 2 against the hm was plotted and the

band gap was obtained by extrapolating the straight line to

the hv axis, which is shown in Fig. 7b. The band gap values

of ZnO are found to be 3.38, 3.31, 3.29, 3.27 and 3.23 eV,

for the different samples Z1a, Z1b, Z2, Z3 and Z4, respec-

tively. The band gap is thus found to be decreased from

3.38 to 3.22 eV. This might be due to change in their

morphology, particle size and surface microstructures as a

function of calcination temperature.

3.8 Photoluminescence of ZnO nanostructures

The PL is the emission of light that originates from the

radiative recombination of photogenerated electrons and

hole pairs [43]. The room temperature PL spectra of ZnO

nanostructure prepared at different calcination tempera-

tures were measured at an excitation wavelength of 325 nm

and shown in Fig. 8. Two emission bands could be

observed for these five samples. The emission at around

380–400 nm is the characteristic near-band-edge emission

due to the recombination of free photogenerated electrons

and holes [44] and the other one is a deep-level emission

mostly in the green region (471 nm), which is produced by

the transition of excited optical centers from the deep level

to the valence level, such deep-level emission being usu-

ally accompanied by the presence of structural defects [19,

45]. The red-shift of UV emission was observed from 390

to 412 nm due to the increase in size of the particles [46,

47]. It is well known that the photo-generated electron–

hole pairs recombine, the photocatalytic activity would be

decreased, higher the PL intensity lower the life time for

photogeneration of electron hole pairs [48]. Among all the

samples, the intensity of emission peak was the lowest for

ZnO nanorods obtained at 300 �C, indicating that the

longest life time of photo excited electron–holes [49, 50].

The most efficient separation of electron–hole pairs for

sample Z1a as compared to other samples, which might be

results into a higher photocatalytic activity.

3.9 Photocatalytic degradation of acid green 25

3.9.1 Effect of calcination temperature

Photocatalytic degradation (PCD) efficiency of ZnO

mainly depends on morphology and particle size of the

photocatalyst [51]. Morphology and particle size of ZnO

Fig. 7 a UV–Vis diffuse reflectance spectra and b Tauc plot nanostructure ZnO samples Z1a, Z1b, Z2, Z3 and Z4 synthesized at different

temperatures
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have been changed (nanowires, nanorods, spherical and

irregular microsphere) by varying the calcination temper-

ature from 300 to 800 �C (Fig. 9). The PCD efficiency of

ZnO formed at 300 to 800 �C was investigated for AG-25

under UV light. The ZnO nanorods obtained at 300 �C
(Z1a) showed maximum 99 % photocatalytic degradation

within 60 min. This higher photodegradation is attributed

to ZnO nanorod shaped morphology offers several advan-

tages such as decreased grain boundaries, having the

highest separation rate of electron hole pairs, smaller

crystallite size and higher relative ratio of polar [002] to

non polar plane [100]. Earlier, Shidpour et al. [34] reported

that higher is the ratio better is the photocatalytic activity.

After an increase in calcination temperatures from 400 to

800 �C, the PCD efficiency of ZnO was found to be

decreased from 82 to 61 %. This may be due to the fact that

with the increase in calcination temperature, morphology

changes to spherical and crystallite size of ZnO also

increases, therefore the surface area decreases, which

results into the decrease in the active sites of the photo-

catalyst for adsorption of substrate molecules [52]. Thus

size and morphology of as-synthesized ZnO is affecting

PCD efficiency. The calcination temperatures were

increased beyond 600 �C, at the same time; particle size

was greatly increased and shows irregular micro spherical

morphology, which shows the negative effect on PCD

efficiency (Fig. 8). The most photocatalytic active ZnO

nanorods forms at 300 �C, therefore we have selected

300 �C as an optimum calcination temperature to study

other parameters such as loading of photocatalyst and pH.

3.9.2 Effect of catalyst loading

Photocatalysis is heterogeneous in nature and its pho-

todegradation efficiency depends on concentration of

reactant and active sites of the photocatalyst. It is essential

to find out optimum amount of catalyst loading in order to

avoid excess use of the photocatalyst. The effect of ZnO

nanorods (Z1a) loading on the degradation of the AG-25

(25 ppm) dye under UV illumination has been examined

by varying the catalyst amount from 0.5 to 2 g/dm3 by

keeping other parameters identical. The results are shown

in Fig. 10 which indicates that the initially increase in

catalyst loading from 0.5 to 1.5 g/dm3 increase in degra-

dation efficiency from 83 to 99 % within 35 min. It is seen

that the degradation efficiency increases with increase in

the amount of catalyst loading, which is attributed to the

increase in the number of active sites and more active sites

Fig. 8 PL spectra of nanostructure ZnO samples Z1a, Z1b, Z2, Z3 and

Z4 synthesized at different temperatures

Fig. 9 Effect of calcination temperature on photodegradation effi-

ciency of Z1a, Z1b, Z2, Z3 and Z4 towards AG-25

Fig. 10 Effect of catalyst loading a 50, b 100, c 150 and d 200 mg/

100 mL on photodegradation efficiency of ZnO nanorods (Z1a) for

AG-25
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will provide more chances to receive both the light and

guest molecules [48, 53]. A further increase in the catalyst

loading does not affect the degradation efficiency signifi-

cantly. This observation can be explained in terms of

availability of active sites for photocatalytic reactions. It

was found that large amount of catalyst may result in the

agglomeration of catalyst [54]. Another reason for the

decreased degradation efficiency is the turbidity of sus-

pension and this leads to decrease in penetration of UV

light and hence activity of photocatalyst decreases [55].

3.9.3 Effect of pH

The pH of the AG-25 solution also plays an important role

in the photodegradation process. This can affect for the

degradation rate, therefore pH effect needs to be investi-

gated. The effect of pH on the photocatalytic degradation

of AG-25 was studied in the pH range 3–11. The results of

pH effects are illustrated in Fig. 11. It was observed that

the degradation efficiency increases with increase in pH,

exhibiting maximum degradation efficiency (99 %) at pH 7

and further increase in the pH decrease in degradation

efficiency was observed. The height degradation is may be

due to the zero point charge for ZnO (9.0) and above this

value, the ZnO surface is predominantly negatively

charged, which can affect the electrostatic repulsion

between anionic AG-25 and photocatalyst which inhibits

adsorption of the dye on the photocatalyst [56]. In acidic

medium the degradation efficiency was less, this may be

due to dissolution of ZnO at lower pH [57]. It appears that

a low efficiency of degradation (50 %) was found to be at

pH 3 due to dissolution of ZnO in the acidic environment

[58].

Figure 12 shows the UV–Vis spectra of the AG-25

solution after 35 min under UV light in the presence of

ZnO nanorods (1.5 g/dm3 at pH = 7.) The spectra corre-

sponding to the double bands in the visible region with

absorbance maxima at 609 and 643 nm and the latter at

409 nm are due to the AG-25. The band in the UV region

are localized at 254 and 284 nm are attributed to benzene

cycle substituted by SO3
2- [59]. In the present study, all

absorbance band gets decreased which indicates that

complete mineralization occurs.

3.9.4 Comparison of ZnO with Degussa P25 TiO2

For the sake of comparison, the photocatalytic activity of

ZnO nanorods synthesized at 300 �C and Degussa P25

were evaluated under the reaction conditions (pH = 7,

1.5 g/dm3 and AG-25 at 25 ppm) as shown in Fig. 13. The

experimental result reveals that as-synthesized ZnO

nanorods are found to be more efficient than TiO2 (P25)

towards the degradation of AG-25. The ZnO nanorods

show 99 % photodegradation efficiency under UV light

whereas in presence of TiO2 (P25) 87 % within 35 min.

The better photocatalytic activity of ZnO nanorods com-

pared to P25 is mainly due to positively charged ZnO

surface at pH = 7 which helps to adsorb anionic AG-25

more efficiently than that of TiO2 (P25). The other reason

of better photocatalytic activity is the one-dimensional

ZnO nanorods material offers several advantages over

nanoparticles, including high surface-to-volume ratio,

enhancement of light absorption and rapid diffusion of

reactive species transport along the long direction [60].

In addition to the photodegradation experiments, the

several control experiments were carried out to ensure the

Fig. 11 Effect of pH on photodegradation efficiency of ZnO

nanorods (Z1a) for AG-25

Fig. 12 UV-Visible absorption spectra of degradation of AG-

25(25 ppm) under UV light in presence of ZnO nanorods
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decrease in concentration of dye mainly due to the photo-

catalytic activity. The control experiments are direct pho-

tolysis, adsorption of AG-25 on the surface of ZnO

nanorods and TiO2 (P25) were carried out. The experi-

mental results of these studies are given in Fig. 13 which

shows that direct photolysis did not cause any significant

degradation (2 %) under UV irradiation. In the presence of

ZnO without irradiation (19 % adsorption), slight decrease

in the concentration of AG-25 was observed, this may be

due to the adsorption of the anionic dye on the surface of

ZnO nanorods. In presence of Degussa P25 adsorption is

(1 %) negligible compared to ZnO nanorods.

The reusability of the photocatalyst is one of the most

important parameter for its practical and commercial

applications. The ZnO nanorods can be easily recovered by

centrifugation and reused. To study the reusability of the

ZnO nanorods, four successive photocatalytic runs were

carried out by adding recycled ZnO nanorods to fresh AG-

25 solutions. The photocatalytic activity obtained for

recycled ZnO was shown in Fig. 14. There is no significant

change was observed in the activity even after the fourth

successive cycle. Therefore, the ZnO nanorods show high-

performance with potential applications in environmental

remediation.

3.9.5 Chemical oxygen demand (COD)

COD is widely used as an effective technique to measure

the strength of the mineralization of organic content. The

percentage removal of COD of the AG-25 before and after

photocatalysis was estimated at optimized conditions

(25 ppm AG-25, 1.5 g/dm3 ZnO nanorods and pH = 7

under UV light). It can be seen that considerable reduction

of the COD from 49 to 7 mg/dm3 was obtained within

35 min. This result indicates 85 % mineralization of the

AG- 25.

3.9.6 LC–MS for identification of photodegradation

products

Photodegradation reactions are often complex, that fallows

various competing or parallel pathways and leading to

multiple unaccepted reaction products [61]. Therefore, the

elucidation of photodegradation pathways and identifica-

tion of transformed products are of crucial interest to

understand their fate in the aquatic environment. Hence, we

have carried out LC–MS analysis of photodegraded pro-

duct of AG-25 and investigated the intermediate product

and probable route of fragmentation of AG-25.The proba-

ble fragmentation route is shown in Fig. 15. The molecular

ion peak at m/z 599 corresponds to AG-25 [M-2H ? Na]-.

The AG-25 fragmentation proceeds through loss of methyl

amino benzene sulphonate that gives the intermediate at

m/z 186. After demethlylation the amino sulphonate is

formed at m/z = 172. Afterwards degradation proceeds to

deamination and desulphonation. The above breaking of

AG-25 molecules suggested by the presence of peaks at

m/z 599, 379, 194, 186, 180, 173, 172, 157, 103 and 97.

Thus m/z spectral data indicate the presence of some

organic moieties in decolorization of AG-25. Formation of

SO3Na and HSO�
4 at m/z 103 and 97 respectively confirms

the mineralization of the AG-25.

3.10 Antimicrobial activity

The antimicrobial activity of synthesized ZnO nanostruc-

tures was determined by pour plate agar well diffusion

Fig. 13 Comparison the photodegradation efficiency of as-synthe-

sized ZnO nanorods (Z1a) withTiO2 (P25)

Fig. 14 Photodegradation of AG-25 by ZnO nanorods (Z1a) for four

runs

8376 J Mater Sci: Mater Electron (2015) 26:8367–8379

123



method and shown in Fig. 16. Each of the five kinds of

ZnO samples such as nanowires, nanorods, spherical and

micro irregular spherical were obtained at different calci-

nation temperatures. In our experiment, we have used the

1 mg/mL as a stock solution of ZnO, further dilutions are

made by water to 1:1, 1:2 and 1:3. It is clear that as the

dilution increases the zone of inhibition get reduced. The

maximum zone of inhibition at 1 mg/mL for ZnO obtained

at each calcinations temperature. The zones of inhibition

diameters were measured and summarized in Table 2. In

the present study, the sample Z1a and Z1b that exhibits

better antimicrobial activity than the sample Z2, Z3 and Z4.

From the plate assay, it is observed that the control

experiment (absence of ZnO) shows no inhibition zones of

bacterial growth.

The formations of zones around the samples demon-

strate nanostructures of ZnO that can effectively prevent

the growth of these bacteria. This might be due to the direct

interaction between nanostructures of ZnO and membrane

surface of the bacterial cell causing disruption of the cell

Fig. 15 Plausible photodegradation path for AG-25 using LC–MS
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membrane of the bacteria. It was found that the antimi-

crobial activity of ZnO calcined at 300 �C showed signif-

icantly higher inhibition efficiencies than the other

samples, these can be ascribed to the smaller crystallite size

with nanorods and the nanowire morphology of the ZnO

obtained at calcined 300 �C.

4 Conclusions

In the present work, ZnO nanostructures have been syn-

thesized with different morphology by solid state thermal

decomposition method which is a simple, rapid cost-ef-

fective and can be applicable for large-scale production.

The morphology, photocatalytic and antimicrobial activi-

ties of the resulting ZnO catalysts can be changed by just

changing the calcination temperature. The experimental

results reveal that ZnO nanorods synthesized at 300 �C

show excellent photocatalytic as well as antimicrobial

activity. The enhancement in the photocatalytic as well as

antimicrobial activity of ZnO nanorods obtained at 300 �C,

due to small crystallite size, high surface area and more

charge separation. The highest (99 %) photocatalytic

degradation of AG-25 was achieved at optimal condition

(pH = 7, 25 ppm dye, ZnO nanorods 1.5 g/dm3) within

35 min. under UV illumination. As-synthesized ZnO

nanorods found to be more efficient than TiO2 (P25)

towards the degradation of AG-25. In addition to that ZnO

photocatalyst was easily recovered and its efficiency was

found to be stable even after four runs. The mineralization

of dye was confirmed by COD. The AG-25 fragmentation

proceeds by loss of methyl amino benzene sulphonate that

gives the intermediate at m/z 186. This method does not

require special equipments i.e. the simplicity of the present

method and considering the excellent photocatalytic as

well as antimicrobial performance of ZnO nanorods

Fig. 16 Antimicrobial activity of ZnO nanostructures (Z1a, Z1b, Z2, Z3 and Z4) against E. Coli

Table 2 Antimicrobial activity of ZnO nanostructures for E.coli

Sample

code

Calcination

temperature

(�C)

Antimicrobial activity

(zone of inhibition in

mm) 1 mg/mL

Antimicrobial

activity (zone of

inhibition in mm)

1:1

Antimicrobial

activity (zone of

inhibition in mm)

1:2

Antimicrobial

activity (zone of

inhibition in mm)

1:3

Antimicrobial

activity (zone of

inhibition in mm)

control

Z 200 – – – – –

Z1a white 300 13 9 5 0 0

Z1b gray 300 12 8 3 0 0

Z2 400 7 5 3 0 0

Z3 600 5 4 3 0 0

Z4 800 4 3 2 0 0
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suggests its potential environmental cleaning applications

at industrial scale.
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