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ABSTRACT

Low temperature synthesis of one-dimensional (1D) zinc oxide (ZnO) under different experimental conditions is
presented. The anisotropic growth characteristics of nanostructures aided by cetyltrimethyl ammonium bromide
(CTAB) and hydrazine hydrate as the surfactant and reducing agent, respectively, under low temperature are
investigated. The size and shape dependent structural properties of as-prepared 1D structures of ZnO are
characterized using X-ray diffraction and electron microscopic techniques. Rod-like ZnO nanoparticles with
significant control over the size and shape anisotropy has been observed with distinct surface morphologies. The
width and length of the nanorods were significantly controlled while preserving the morphology of the
nanocrystallites. Aspect ratio as high as 10 has been obtained for ZnO nanostructures assisted by CTAB and
hydrazine hydrate, with excellent shape anisotropy facilitated by low temperature growth conditions. The analysis of
optical-phonon peak shifts in ZnO nanorods using Raman scattering was performed to investigate the structural
composition of hanorods. Adsorption and desor ption isotherms are recorded to investigate specific-surface area of
the ZnO nanopowders. The thermal stability and the residual chemical species of the samples are investigated by
thermogravimetric analysis (TGA). The antimicrobial activity of synthesized ZnO nanstructures against Gram
positive and negative bacteriumis evaluated.

Keywords: Nanostructured materials; Semiconductors; Low teatpee methods; Anisotropy; Electron
microscopy.

INTRODUCTION

ZnO is one of the few important multifunctional seamducting materials widely investigated for italtitude
applications like energy conversion, catalysissses and antimicrobial agent owing to their lowico®n-toxicity
and environment friendly properties [1-5]. It is@lidentified as a potential material for opticaldaelectronic
device applications due to its wide direct band ¢&B87 eV) and large exciton binding energy of 68\h{6].
Decades of research on ZnO has resulted in thegemez of novel methods and techniques to produce.Dand
2D architectures depending on the type of appbaoati Fueled by the developments of innovative ®8ith
procedures 1D nanostructures of ZnO, like nanoeods nanowires have been identified as the potedtalk of
material system for the future applications. Lownperature solution based synthesis of 1D metal eoxid
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nanostructures has become a promising approadaohsif the complex and high temperature methodsnéhely
appreciated in terms of material quality, impustigield and cost.

Recently, solution grown zinc oxide nanowire arragge been exploited in dye-sensitized solar ¢BIBSCs) as an
efficient photoanode alternative to traditional Ti@anoparticle films [7, 8]. A significant improvemtan the DSSC
power conversion efficiency using branched nanowiracture of ZnO is due to a greatly augmentethsararea.
Wang et al. have developed a hydrothermal route &i wafer sputtered with a thin ZnO film for theogth of
vertical ZnO nanorod arrays which exhibited enhdnsensitivity towards NE gas [9]. Recent experiments
demonstrate that a greater proportion of exposdar purface on ZnO crystals leads to a greaterquiaddlytic
activity [10, 11]. There are reports on the antérobial activities of ZnO, which are correlated rtany factors
including size, high surface area, aspect ratiosamthce defects of the nanocrystallites [12, 13].

The use of ZnO thin film as seed layer is one @f phomising approaches reported for wire-like n&micture
growth at low temperatures [14]. Hydrothermal graven low temperature approach for the preparatfdD ZnO
nanostructures due to the convenience and simpligitfabrication [15]. Conventionally, hydrothermptocess
involves KOH, NaOH and NDH aqueous solutions as mineralizers for the graffnO nanorods. The nanorods
obtained from these volatile solutions are hetemeges in size and morphology that may not be deitédr
practical applications. Less toxic and non-volatdagents like hydrazine hydrate is consideredlt@nnate choice
to the conventional hydroxide solutions. Solochexhigrocessing is yet another low temperature amgbrda
prepare 1D oxide nanostructures in scalable quesiii6]. In addition, the use of surfactants offentrol over
nucleation and growth kinetics of nanoparticlesitézg in hierarchy of 1D nanostructures. The scefdefects and
multi facets, the inherent properties of nanorodspared using solution based methods is an adwariag
investigate the fundamental aspects of 1D ZnO riangisres.

In this report, some feasible low temperature agghes like hydrothermal and solochemical routesweenployed
to synthesis anisotropic ZnO nanostructures witQhtaspect-ratiosNanorod growth characteristics under
hydrothermal condition involving CTAB and hydrazifg/drate are investigatedn addition, rod-like ZnO
structures are also grown using solochemical metidmhorod samples were systematically characteriped
investigate the structural, optical and thermalpprties. Antibacterial response for selected Gram positind a
negative bacterium is also investigated.

MATERIALSAND METHODS

2.1 Chemicals
Zn(N0Oy),.6H,0, ZnCh NaOH and @H3sBrN were purchased from Merck Specialities Pvt..Ltdumbai and
HsN,O was purchased from Avra synthesis Pvt. Ltd., Hgldad and used as received without further putitioa

The following Gram positive bacteri&: aureus, M. lutues, B. subtilis andS. epidermis; and Gram negative bacteria:
K. pneumonia, E. aerogens, V. parahaemolyticus andP. aeroginosa were used for the antimicrobial investigation.
The bacterial cultures were obtained from the tfatgtiof Microbial Technology (IMTECH), Chandigathdia.

2.2 Synthesis of ZnO nanocrystals

CTAB assisted hydrothermal process. In a typical synthesis procedure, 0.183 g of CTaRI 4.81 g of sodium
hydroxide (NaOH) were dissolved in 50 ml of digtillwater to form a transparent solution (A) undéd istirring.

In another beaker, 5.95 g of zinc nitrate hexahygd(Zn(NG;),.6H,0O) was dissolved in 50 ml of distilled water to
form a yet another transparent solution (B). Soluth was cooled in ice-water for about 15 minuted then mixed
with solution B under vigorous stirring to form 160 of transparent solution. The resulting mixtwas stirred for
about 1 h and then transferred into a 150 ml Tdflued autoclave and then heated at 90° C for Shle. final white
product was collected by centrifugation and washitd distilled water and dried at 60° C in air fdh.

Hydrazine hydrate assisted hydrothermal process. Initially, 0.87 g of ZnC} was dissolved in 160 ml of distilled
waterand then 0.64 g of #,4.H,O was added into the above solution to form a glwtite precipitate. After about
1 h of magnetic stirring, the solution was transdrinto a 200 ml Teflon-lined stainless steel datee The
autoclave was maintained at 150 °C for 8 h and ttweled down naturally to room temperature. Thalfimhite
product was centrifuged and washed with distilledew and ethanol several times, and dried at 6&°a@.
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Low temperature solochemical method: A jacketed three-neck glass reactor fitted witth@mometer, a condenser
and an addition flask was used for the synthesge®xent. In a typical procedure, 1 g of sodium royétle
(NaOH) was dissolved using distilled water and edait 75 °C in the three neck flask under contisustirring.
Meanwhile, 3.71 g of zinc nitrate hexahydrate (ZB¢N.6H,O) was dissolved in 25 ml of distilled water at moo
temperature and it was taken in the addition fla$le precursor solution was added drop by drop tinoreactor
for 1 h under vigorous stirring such that the dimgpdoes not considerably change the temperatutieeofixture.
The addition of precursor solution into the alkalgolution resulted in the occurrence of precitaimmediately.
The change in color of the precipitate from itdi@itransparent color to white color could be aked, indicating
the formation of ZnO nanocrystals. After drippinge resulting white precipitate was centrifugeddiaked by
washing with distilled water several times and lfindried at 60 °C for 5 h.

2.3 Evaluation of antimicraobial activity

Antimicrobial activity of the as-synthesized 1D #ike ZnO nanostructures was examined against dhe Gram
positive and four Gram negative bacteria by di$usiion method. Prior to the experiment, well cledriPetri plates
were filled with 20 ml of Muller Hinton agar mediuamd allowed to solidify. A colony of bacteria wastivated to
ensure the confluent growth of the organism, tl@ddrd inoculums suspension was swabbed over tfecsiof
the media using sterile cotton swab. The platesween allowed to dry for 5 min. Subsequently, dises with
concentration of 2.5 mg/disc were placed on thésarof the plate with sterile forceps and gentlsged to ensure
contact with the inoculated agar surface and leftgbout 30 min at room temperature for particlggision.
Negative control was prepared using respectiveesl{DMSO). Streptomycin (25pg/disc) was used astipe
control. The plates were incubated for a period2h at room temperature and zone of inhibitioneanreccorded for
each samples. The measure of antimicrobial activity studied statistically from the average vahiatsined from
the measured inhibition zone area values.

2.4 Characterization techniques

The X-ray diffraction patterns of the as-prepareshaparticles were recorded by a GE-XRD 3003 TT qushe
monochromatic nickel filtered CyK(A=1.5406 A) radiation. Field Emission Scanning Hieat Microscope
(FESEM) was employed for morphological study ussthGARL ZEISS SUPRA 55 which could be operated at an
accelerating voltage of 20 kV. The apparatus ig attached with Energy Dispersive X-ray analyzédAK). High
resolution transmission electron microscopy (HRTERMpges were recorded on a JOEL JEM 2100 advanced
HRTEM with an accelerating voltage of 200 kV. FTaRan spectra of the samples were recorded using the
BRUKER RFS instrument in the spectral range of 808 cm® with Nd:YAG as laser source having laser
wavelength of 1064 nm. Shimadzu IRAFFINITY-1 waspéoyed for recording the FT-IR spectrum. Brunauer-
Emmett-Teller (BET) surface area was measured bpl@nmg a MICROMERITICS ASAP 2020 porosimeter.
Thermogravimetric (TG) and Differential Thermognaetric Analysis (DTA) for air-dried samples werefpemed

on a TGA7 (Perkin Elmer), under nitrogen atmosphere

RESULTSAND DISCUSSION

3.1 X-ray diffraction study

Figure 1(a, b & c) displays the XRD patterns of fanples prepared via three different conditioristhie three
diffraction peaks matched well with the bulk ZnQystal, and conveniently indexed to the hexagonattzite
structure of ZNORG;mc, a = 3.35 A,c = 5.21 A, JCPDS No 89-7102). The results indidhg the degree of
orientation along the-axis is altered for the hydrazine hydrate assiZe® sample (Figure 1b) when compared
with the other samples. This is clearly evidentfrihe intense and reduced full-width at half maximFwWHM) of
(100), (002) and (101) diffraction peaks. No crifsta impurity peak corresponding to hydroxide phasn be
observed. It is clear that in all three cases, $esnpetained phase purity and good crystallineityjual’en though
the experiments were performed at lower tempersture
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Figure 1: XRD patternsof ZnO nanorods prepared using (a) CTAB (b) hydrazine hydrate and (c) solochemical method

3.2 FESEM and EDX analysis

The typical microscopic investigation using FESHNigUre 2a-f) depicts the growth behaviour and molpdy of
ZnO samples. It is clear from images that the molquy of nanocrystallites is rod-shaped which milgave been
facilitated by both lower reaction temperatures thedemployed surfactant. It is noticeable thanewethe absence
of growth directing ligands, the nanorod format{gigure 2 c-f) has not been inhibited. Thus, ibéieved that the
temperature plays a critical role in favouring #résotropic growth, after the rapid nucleation. EJGrAB assisted
synthesis, the individual nanorods of small sizeewself assembled into clusters, wherein, the ratsomwith
average length and the width in the range 250 —8B@&nd 50 — 100 nm, respectively are assemblecbimdles.
The nanorods formed in the presence of reducingitaydrazine hydrate) are highly homogenous ire sind
shape (Figure 2c, d). The length of the nanorodierrange 180 and 500 nm and the width betweesm@8060 nm
ascertain the fact that size of the nanorods agmifgiantly reduced when compared to CTAB assigienwth
condition and the degree of shape controlling ¢fece well preserved during anisotropic growth.evélas, ZnO
sample synthesized with solochemical processingu(Ei 2e, f) retained the final rod-like shape & thystallites
same as other experimental conditions but withedsffit nucleation kinetics. The finely controllechaerystals of
spherical shape formed into nanorod-like shape beydue to the process of oriented attachment offittee
nanoparticles. The size distribution with lengthd @he width lie in the range 300 — 550 nm and 4056 nm,
respectively. The aspect ratio was found to berado®, 10 and 7 for the ZnO nanorods prepared WK
hydrazine hydrate and by solochemical techniquepeetively. The EDX results in Figure 3a-c, demiatstthat
ZnO products contain only Zn and O and no tracé@mfurities are observed. It is also to be noted thggen
atomic composition are relatively high for hydratinal processed ZnO than the product obtained \i@zckemical
method.
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Figure 2: FESEM images of ZnO nanorodsprepared using (a, b) CTAB, (c, d) hydrazine hydrate and (e, f) solochemical method

3.3HRTEM analysis
Further structural information on ZnO nanopowdeesenobtained through TEM investigation. The low penature

synthesized ZnO nanorods (Figure 4a-f) reveal that samples in general exhibit clear and distirat-like
morphology. For CTAB assisted synthesis, smallgstetlites are formed into clusters which are heisible than
the self aligned individual nanorods. The smal&se rod has 259.9 nm in length and 26.2 nm intwidthich is
also supported by the SEM analysis. It is widelyoréed that when CTAB is used in hydrothermal pss¢en
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general it leads to flower-like nanorod bundlessistmg of sword-like nanorods [17, 18]. It is wotb note here,
3D like nanorod structures is readily suppressetiérpresence of CTAB. On the other hand, Figurel4itustrates
that the hydrazine hydrate assisted nanorods #rassembled and highly homogenous in shape anthwitlis
being reported that NaOH as reducing agent leadsegular ZnO nanoparticles under the same cantitadopted
for hydrazine hydrate [19]. Hydrazine hydrate asrbducing agent for nanorod synthesis is desifablarge scale
synthesis of 1D ZnO with good crystallinity and gaainiformity with temperature as low as 120°CtHe case of
solochemical process (Figure 4e, f), the growtldasninated by rod-like crystallite clusters whicte areither
aligned nor dispersed. The effect of NaOH usedolochemical synthesis is that the ratio of?Z8H is low
compared to the reported value of 1:25. As a resgigregates of rods of irregular radial structues obtained
though the nanocrystallites are highly crystallaseevidenced by the SAED pattern (inset of Figeje 4
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Figure 3: Energy Dispersive X-ray spectra of ZnO nanorod sampleswith (a) CTAB (b) hydrazine hydrate and (c) solochemical method,
respectively
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Figure4: HRTEM images of ZnO nanorods prepared using (a, b) CTAB, (c, d) hydrazine hydrate and (e, f) solochemical method

3.4 UV-Vis Absorption Spectroscopy

The size and shape dependent optical propertiiseoZnO nanorod samples were investigated by thevisile
absorption spectra. The absorption spectra (Fifuponsist of distinct and strong absorption pestk372 and 368
nm for CTAB and hydrazine hydrate assisted ZnO rmhsamples. Generally, an excitonic absorptionkpea
appears if the defect density is considerably 18@].[ Therefore, it is clear that the ZnO nanoraoisnied via low
temperature methods are of high quality. For tHeckmical processed sample, in addition to themiti®n peak

in the far UV region at 293 nm, a prominent peal6@® nm is also observed. The optical absorptiothenUV
region may be interpreted as the characteristicsral sized nanoparticles constituting small nadsr The optical
band gap (B corresponding to the absorption peaks are catmlileo be 3.33 and 3.37 eV for the CTAB and
hydrazine hydrate assisted hydrothermally procksaeples, while the energy gap for the nanorotisirad from
solochemical processing is 3.32 eV.
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Figure5: UV absor ption spectra of ZnO nanorods prepared using (a) CTAB (b) hydrazine hydrate and (c) solochemical method
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Figure 6: FT-Raman spectra of ZnO nanorods prepared using (a) CTAB (b) hydrazine hydrate and (c) solochemical method
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Figure 7: FT-IR spectra of ZnO nanorods prepared using (a) CTAB (b) hydrazine hydrate and (c) solochemical method

3.5 FT-Raman and FT-IR analysis

The room temperature Raman spectra of ZnO nan@megsred via different growth conditions, with 1064 laser
excitation are shown in Figure 6. The Raman agtivenon modes at 433.7, 433.9 and 436.6 am designated to
E, (high) mode of ZnO. The other active Raman moaesesponding tdc, (low), A, (TO), E;(TO), A; (LO) andE;
(LO) are not visible. The FT-IR spectra of ZnO namtbsamples are depicted in Figure 7. The broad$&eatured

in the IR spectra of samples in the range betwe200 3and 3400 cth are assigned to O-H stretching mode
vibrations. In Figure 7a, the peaks between 28@D300 cit may be due to C-H stretching vibration of residual
CTA" species. The peak between 1500 and 1628 @mresponds to the scissoring mode of water mtgedihe
peaks positioned at 1385 and 1618"cane due to asymmetrical and symmetrical stretchiripe zinc carboxylate
originating from reactive carbon containing plasspecies during synthesis [21]. The peaks at 4905dadcn
correspond to the stretching mode of ZnO.

3.6 TG-DTA studies

TGA was carried out to investigate the decompasifimocess of ZnO nanorod samples at elevated tetopes. As
shown in Figure 8, the overall weight loss is betw®.5-3.5 % for all the three samples. The fitep ©f the
thermal decomposition is the loss of water molezwddsorbed at the surface at around 100 °C, fotlolmethe
decomposition of Zn(OHypecies at about 300~370 °C (Figure 8a, c). Whenedke case of the sample prepared
with hydrazine hydrate (Figure 8b) the total weilggs is relatively less with 0.5 % which occuri@ds00 °C. It
can be argued that ZnO prepared with hydrazinedtgdnas high level of purity and contains lesseowarh of
hydroxyl species. The exothermic behaviour of drmgles has been observed in DTA curves with themnmaiense
peak between 220 and 250 °C, indicating the theewahts that can be associated with the burningfatganic
species (organic mass remained from CTAB) in theopawders. The energy released during the readsion
comparatively high for CTAB assisted sample whempgared to hydrazine hydrate assisted and solocladiynic
prepared samples. The two small exothermic peaksthe solochemical processed sample may be due to
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decomposition of residual species, and that theratesof such secondary peaks for CTAB and hydrdzydeate
assisted samples again confirms the purity of Zrgdlycts obtained.
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Figure8: TG-DTA curvesof ZnO nanorods prepared using (a) CTAB (b) hydrazine hydrate and (c) solochemical method

3.7 Microbial activity of ZnO

Antibacterial activity of the as-prepared rod-likanostructures of ZnO was evaluated against inbibzone area
of Gram positive and negative bacteria. It is entdbat there is a significant antibacterial adyiiFigure 9) for
ZnO nanorod samples over the three gram positigteha stains excefBacillus subtilis at room temperature. The
mean zone of inhibition for ZnO against the micmli® rangedetween 10 and 13 mm. The CTAB assisted and
sonochemical processed crystallites exhibit highman zones of inhibition (13 mm) against Gram pasit
bacteriumMicrococcus |utues than hydrazine hydrate. A moderate level of agtivf about 12 and 11 mm is
evident agains8&aphylococcus epidermis for those samples prepared using CTAB and solo@mpproaches.
The CTAB assisted ZnO exhibits less activity withrhm as zone of inhibition agair@&phyl ococcus aureus and
no anti-microbial activity was observed for samptepared using hydrazine hydrate. Besides, noifctias found
against gram negative bacteria for all the ZnO dasfi has been reported that the antimicrobial agtieit ZnO
superstructures is possibly due to the sufficiergljuced electron hole recombination rate at tifasa interstitial
defects [12]. Liu et al. have reported that ZnOesspuctures leads to damage of cell walls dudeayeneration of
highly reactive species such ag(Hd [22]. Since, oxide nanostructures are prone téasardefects and vacancies
especially under low temperature conditions wedwelithat most of the defects on the surface of Aa@orod
samples can be activated even under visible lighta result electron-hole pairs can be created iwbauld lead to
the increased anti-microbial activity in the caB€®AB assisted ZnO and solochemical processed esmp
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Figure 9: Measur e of Zone of I nhibition asthe antimicrobial activity of ZnO nanostructures
CONCLUSION

The ZnO nanostructures with distinct rod-like maiogies were successfully prepared using low teatpes
methods. The nanorods are size, shape controllddhighly dispersed that has been achieved withrmopdid
temperature and time. The microscopic investigatimncludes that obtained nanorods are phase preeiesiuced
well below 50 nm in width and mostly agglomeratiioee. The overall minimum weight loss observed frthra
thermal investigation exhibit the phase purity bé tnanorod. Significant antibacterial activity & tzone of
inhibition over the gram positive bacteria staingrev detected for ZnO rod-like nanostructures. THasy
temperature solution based synthesis procedurds switable surfactants and reducing agent can h@oged to
produce nanostructures of ZnO with high purity indhogeneity in size and shape.
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