Aty EXPLORATORY

.‘. nowledge
3 ﬁf}g MATERIALS SCIENCE RESEARCH
www.kemfo.org

E-ISSN : 2582-8444 Original Research Article

EMSR, 1(1) 2020 [57-66]

Nanorod hierarchical structures of 3D flower-like ZnO
nanoparticles and ther structurally-influenced
super hydrophobicities

Tayirjan T.lsimjan'24, Quan Ge!, Edward Sacher3, De-Quan Yang'*
1Solmont Technology Wuxi Co., Ltd. 228 Linghu Blvd., Tianan Tech Park, A1-602,
Xinwu District, Wuxi, Jiangsu 214135, (CHINA)

2Division of Physical Sciencesand Engineering, Solar and Photovoltaics Engineering Center, KingAbdullah

University of Scienceand Technology (KAUST), Thuwal 23955-6900, (SAUDI ARABIA)
3Regroupement Québécois de Matériaux de Pointe, Départementde Génie Physique, Polytechnique Montréal,

CasePostale 6079, Succur sale Centre-Ville, Montr éal, Québec H3C 3A7, (CANADA)

“Present address: SABIC-Cor por ate Resear ch and Development Center (CRD) at KAUST, Thuwal 23955, (SAUDI ARABIA)
E-mail: dequan.yang@gmail.com
DOI : https.//dx.doi.or g/10.47204/EM SR.1.1.2020.057-066

ABSTRACT

A simple aqueous sol ution process, employing triethylene glycol (TEG) and sodium hydroxide (NaOH), was used to synthesize
zinc oxide (ZnO) powder, whose 3D flower-like structure self-assembled into larger scale nanorod hierarchical nanostructures.
The influences of various reaction parameters on the crystal structures and morphologies of the resulting products were
investigated. The samples were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM), and high-resolution transmission electron microscopy (HRTEM). We found that the hierarchical ZnO nano/
microstructures could be precisely controlled by adjusting the experimental parameters. Further, coatings prepared from two
typical hierarchical ZnO flower-like structures showed high levels of superhydrophobicity on treatment with stearic acid.
Superhydrophobicity values differed for different morphologies, attributed to the synergistic effects of the ratios of the dual
structures formed. This leads to a simple, scalable, low-temperature aqueous solution synthesis route for flower-like zinc
oxide, which is then self-assembled into nanorod blocks, intended for superhydrophobic coating applications.
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INTRODUCTION of research®®. Nanostructured ZnO materids, including

nanoparticles, havepotentia industria applicationsin

The shape, crystalline structure and size of a sdlf-cleaning coatings®?, solar cellg'*12, sensorg>1,
nanomateria all play animportant roleindetermining  ceramics™®, biology and medicind'™¥, and other fields.
itsphysica and chemicd propertiesd'?, andtherationad It isarecognized fact that thetwo essential factorsfor
control of thesefeatureshasbecomeanimportanttopic  achieving superhydrophobic surfaces are surface
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roughnessand low surfaceenergy coatings. Particularly
in the case of superhydrophobic coatings,
nanostructured ZnO has some unique properties, such
asantifunga activity and ultraviol et radliation degradation
resistance. Although one such ZnO nanostructure, with
raspberry-like morphology, is already used for
constructing superhydrophobic surfaced?°?Y, it is
difficult to produce such nanostructures using
conventional methods.

It has been demonstrated that ZnO with nano-/
microgtructura crystal morphologiessuch aswires, rods,
needles, columns, tubes, springs, belts, tetrapod, etc.,
can befabricated, mostly by gas-phasereactiong?>2,
Flower-like, dual-sized hierarchical ZnO structured®
¥ condtitutetheideal morphology for superhydrophobic
coating because of their high surface area, good
dispersibility and an excellent embedding ability in
coating materials. However, most such fabrications
require either high temperatures or extended reaction
times, makingthemunsuitablefor indudtrid applications.
To overcomethis, itisnecessary to develop asimple,
low-cost, scal ablefabrication process.

Low temperature, aqueous sol ution routes have
shown great promise for the synthesis of inorganic
materid 9%, Such methodsmay condtitutethes mplest
and most effectivewaysto scaleup well-crystallized
ZnO nano-/microstructured materials with specific
morphologies, a arelatively low temperature.

Herein, we describe a simple, scalable, low-
temperature aqueous sol ution routefor thesynthesisof
flower-like ZnO, self-assembled by nanorod blocks,
for intended application in superhydrophobic coatings,
in contrast to methods commonly reported in the
literature?229, Qur results revea that rod-like and
flower-like ZnO may befabricated by fine-tuning the
experimental parameters, followed by surface
modification.

MATERIALSAND METHODS

Preparation of nanostructured ZnO

The reagents were analytical grade, used as
purchased. Deionized (DI) water, produced by ion
exchange, with aresistance> 18 M&Q, wasused to
make a 1M aqueous zinc acetate (Zn(CH3CO,),)
solution. In atypical process, 2.26g of NaOH were

dissolved in 50 mL of deionized water, and 4 mL of
1M Zn(CH3CO,), were added at room temperature,
with magnetic firring. A white preci pitateimmediately
appeared but dissolved on further stirring. Ten mL of
triethyleneglycol (TEG) were added to the solution,
and stirred for 2 min. The mixed solution was then
permitted to stand a room temperature, during which
timeaprecipitateformed. Theprecipitatewascollected
by centrifugation, washed at |east fivetimeswith DI
water and ethanol, and dried at 60°C for 10 h. To
investigate the effects of preparation conditionson the
samples, severa experimenta parameters, such asthe
amountsof NaOH and TEG added, thevolumetricratio
of TEG to DI water, the reaction temperature and
precipitationtime, werevaried.

Thepreparation of superhydrophobicZnO thin
films

Toinvestigate the superhydrophobicity of theZnO
precipitate, the surfaces of the as-prepared materias
were functionalized with stearic acid. In a typical
procedure, 2 g of ZnO powder and 0.3680 g of stearic
acidweredispersed in 20 mL of ethanol, with constant
stirring for 30 min at room temperature, and then aged
for 1-2 h. The suspension was then used to fabricate
thinfilmsby dip coating glassdides, whichwasdriedin
anoven, a 75°C, to form a uniform, flat thin film. To
understand theeffect of different Szesand morphologies
of ZnO, and theroleof stearic acid, aseriesof films,
with different stearic acid contents, was prepared.

Characterization

Thecrystal structuresof the synthesized products
were examined by X-ray diffraction (XRD), usinga
Bruker D8 Advance X-ray diffractometer. The XRD
patternswererecorded in the 20 range 20-80°, with a
scanning step of 0.03°. The morphologies and sizes of
the products were characterized with aJEOL JSM-
5900 field-emission scanning electron microscope
(FESEM), using an acceleration voltage of 10kV. The
detailed microgtructures of the productswereexamined
by a JEOL 4000EX high resolution transmission
electron microscopy (HRTEM), operated at 400 keV.
These samplesweretested for superhydrophobicity,
usingaShangha Suolun Scientific IngrumentsSL200B
contact anglegoniometer. Each of thereported values
for water contact angle (CA) and diding angle (SA)
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was obtained by averaging five measurement results,
using 5 uL droplets, on different areas of the samples.

RESULTSAND DISCUSSION

Morphologiesand structuresof ZnO powders

Typicd SEM and TEM photomicrographsof aZnO
powder arefound in Figure 1. Themorphology of the
ZnO is flower-like, self-assembled from nanorod
building blocks. Theflowersarerdatively uniform, with
diameters of 2-3 pum. The diameters of the nanorods
are several hundred nm, with sharp ends. The TEM
photomicrograph showsthesinglecrysta structure of
these rods, indicating rod growth along the [2000]
direction.

Influence of the preparation conditions on
mor phology

Thestructure of the ZnO powder isvery sensitive

|||||||

to each of the experimenta conditions. We performed
detailed sudieson theeffect of each parameter, keeping
theothers constant.

Effect of sodium hydroxide (NaOH)

Theresultson varying theamount of NaOH used
arefoundinTABLE 1.

The sample morphol ogieswere characterized by
FESEM. The photomicrographs(see Figure S2) show
aflower-like structural assembly of nanorods, with al
the samples showing asignificant hierarchical nano-
dendritic structure. However, the aspect ratio of the
nanorods increased with increasing NaOH
concentration, and theflower-like nanostructuresbegan
to disassemble aboveaNaOH concentration of 0.045
g/ml, wherethe nanoparticles gppeared to be composed
of loosenanorods. That is, higher NaOH concentrations
resultedinthelossof self-assembly, apparently by ZnO
dissolution; similar resultswerereported by Yogamaar

v 8 Omm 20 0k SE(U, LAD)

Figurel: SEM imagesof atypical flower-like ZnO powder : (a) 5000 X (b) 20000X. TEM images: (c) flower -like mor phology

and (d) selected ar ea eectron diffraction (SAED) pattern.
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et a B usngahydrothermd process. In addition, Hou
et a.® reported a similar phenomenon when they
prepared flower-like ZnO microspheres by a low-
temperature alkaline solution route, using PEG,
Consequently, the NaOH concentration was kept
constant, at 0.038 g/mL, during the rest of the
experiments.

Effect of reaction temperature

TABLE 2 summarizestheeffect of temperatureon
the ZnO microstructure. Asthe reaction temperature
increased, theflower-like morphol ogy changed from
nanoflakesto nanorods.

SEM photomicrographsof theeffect of thereaction
temperature, ranging from 10 to 80°C, on the ZnO
morphology areshowninFigure3. At 10°C, nanoflakes,
having auniform thicknessof about 50 nm, overlgpand
sdf-assembleinto adi scernible bal-of-yarn morphol ogy
(Figure 3a); these nanoflakes show excellent
superhydrophobicity, asreported el sewhere®, Flower-
like nanostructures appear at 50°C. as seen in Figures
3cand 4d. Their dimensionsareapproximately 4 pum,
and thenanorodsdisplay anirregular morphology. The
aspect ratio of the nanorods is greater than those
fabricated at 30°C. In addition, as expected, the ZnO

TABLE 1: Theeffect of theamount of NaOH ontheZnO mor phology

NaOH?
Samples g/mL (solution)
1-1 1.12 0.022
1-2 17 0.034
1-3 2.26 0.045
1-4 34 0.068

ZnO M orphologies’

Flower-like structure, composed of low agpect ratio nanorods with sharptips
Flower-like structure, composed of higher aspect ratio nanorods with sharp tips
Flower-like structure composed of higher agpect ratio nanorods with sharp tips
A mixture of flower-like and nanorod structures, having the higheg aspect retio

nanorods with sharp tips.

aThe amount of sodium hydroxide; ® Observed by FESEM; 1M Zn(CH_CO,), solution and TEG wer e fixed at 50mL and 10 mL,
respectively, and the reaction time and reaction temperature were 24 h and 30°C, respectively.

Figure2: FESEM micrographsof the samplesprepared with variousNaOH contents. (a) and (b) Sample 1-1, (c) and (d)

Sample1-2, (€) and (f) Sample 1-3, (g) and (h) Sample 1-4, all at several magnifications.

TABLE 2: Theeffect of thereaction temperatureon ZnO product mor phology and dur ation.

Samples Temperature (°C) Time (h)

ZnO M orphologies'

2-1 10 24
2-2 50 6
2-3 80 2

with sharp tips

Flower-like structure, composed of low aspect ratio nanorods
Flower-like structure, composed of higher aspect ratio nanorods with sharp tips
Flower-like structure, composed of highest aspect ratio nanorods

2NaOH wasfixed at 2.26 g (0.038g/mL ); TEG and 1M Zn(CH,CO,), solutionswer efixed at 10 mL and 50 mL, r espectively.

Morphologiesarebased on Figure4.
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formation reaction time became shorter with increased
temperature, asthereactionrateincreased. Figures 3e
and 3f further confirm that the temperature has a
significant influence on the morphology (Figure 3,
Sample 2-3). With the increase in temperature, the
nanorodslost their ability to self-assemble. Rod lengths
of 6-10 um, and diameters of 0.7-1.1 pum were obtained
when thetemperature wasincreased to 80°C, at which
thetota synthesistimewasonly 2 h. Theseresultsshow
that asuitablereaction temperatureisacritical factor to
control both reaction rate and morphology. Increasing
the reaction temperature not only facilitated the
conversion of nanoparticles to nanorods, but aso
inhibited the ability of self-assembly into a desired
morphology. Thereisatrade-off between shortening
the reaction time and keeping the hierarchical

amm x5.00k SE(U LAD

reaction temper atur es(10-80°C) and durati

Figure3: FESEM micrographsof samplesat different
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morphol ogy that resultsin the best superhydrophobicity.
Effect of TEG

TEG isadirectiona growth reagent that playsan
important roleinthe morphol ogy of the nanoparticles,
asshowninthe SEM photomicrographsin Figure4,
for samples prepared at various TEG volumeratios
(TABLE 3). Because there was no ZnO formation
without TEG at 30°C, the temperature was increase
to 80°C. Flower-like nanoparticles, 2—3 um,
composed of loose and disordered nanorods, were
formed after 4 hours.

Regular hexagonaly shaped nanorodswereformed
ontheadditionof 5mL of TEG (Figure4candd). The
resulting nanopartideshaveszessmilar tothosein Fgure
3f. They tended to bunch when the TEG volumewas
increased to 20 mL Sample 3-), shown in Figures 4e

LAD 2.00um

os (2-24h): (a) an b)

Sample2-1, (c) and (d) Sample 2-2, (e) and (f) Sample 2-3, all at several magnifications.

TABLE 3: Theeffect of theamount of TEG on samplemor phology.

a TEG )
Samples ZnO Morphoaogies
mL mL/mL(H20)
3-1 0 0 Small flower-like structures, assembled fromlow aspect ratio (2.5:1) nanorods with sharp tips
3-2 5 01 Largeflower-like structures, assembled from higher aspect ratio (6: 1) nanorods with sharp tips
3-3 20 04 Largeflower-like structures, assembled from higher aspect ratio (7:1) nanorods with sharp tips
3-4 30 0.6 Largeflower-like structures, assembled from higher aspect ratio (6:1) nanorods with sharp tips

2NaOH wasfixed at 0.038 g/mL; 1M Zn(CH,CO,), solution waskept at 50 mL, reaction temper aturewas 30°C (except for sample
S3-1, which was 8 0°C because no ZnO formed at 30°C). Reaction time was 24 h (except for sample S2-1, which was 2 h). The

highest TEG/water ratio was 0.6: 1.
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and f, and dendritic nanostructures, with sizesof 3-5
um, were obtained. Figure4e showsthe powdersto be
composed of densenanorods, asin Fgure 3b, with many
smaller nanorods grouped to form asingle bundle. A
further increaseinthe TEG volumeresulted intheloss of
nanorod self-assembly and a reduced formation of
flower-likedructures. Theseresultsindicatethat ahigher
reaction temperatureand ahigher volumeratio of TEG
ledtorapid crystd growth, givinglonger, larger nanorods.
Effectsof high concentrationsof TEG and NaOH
at high temperatures

Tosynthesizehigh qudity flower-likestructureswith
high aspect ratio nanorods, in ashort period, the TEG/
H,O ratio wasincreased substantially at 80°C, as was
the NaOH/H_Orratio.

The SEM photomicrographsof Figure5reved that
the80°C reaction temperature appeared to be optimum
to synthesi zeflower-like nanostructuresrapidly at high
concentrations of both TEG and NaOH. To maintain
thestability of the precursor solution during heating, we

72\

Figure4: FESEM micrographsof theas-prepared sampleswith various TEG contents: (a) and (b) Sample 3-1, (c) and (d)

reduced the amount of water to 10 mL, andthe TEG
was preheated to 80°C before mixing. The effect of the
TEG/1IM Zn(CH,CQO,), solutionratio on the sample
morphology isshownin TABLE 4, indicating that the
most suitableconditionfor rapidly synthesizing flower-
likeZnO nanopartides, inlargequantities, was T (80°C),
TEG (67 viv %), and NaOH (0.26 g/mL) in 1M
Zn(CH,CO,), solution.

The FESEM photomicrographsin Figure5 may be
compared with the sample XRD patternsFigure6. As
seenin Figure5, when the TEG/water ratiowas 3:1,
the product was mostly composed of 50-100 nm
nanoparticles, along with asmall amount of nanorods
withlengthsof tensof nanometers(Figures5a, Sample
4-1), without any tendency to self-assemble. A TEG/
water ratio of 2.5:1 produced a large number of
nanoparticles, along with some flower-like
nanogtructures compaosed of bundled nanorods (Figures
5b, Sample4-2). Whenthe TEG/water ratiowas 2:1,
regular nanorodsand flower-like ZnO nanostructures,

Sample3-2, (€) and (f) Sample 3-3, (g) and (h) Sample 3-4, all at several magnifications.

TABLE 4: Asummary of theeffectsof theratiosof reaction medium on theZnO mor phologies

Samples TEG/H,0?

ZnO morphologies

4-1 31 50-100 nm nanoparticles.
4-2 2.51

4-3 2:1

44 1.51 some loss of sef-assembly.
4-5 1.1

Aggregated nanoparticles, early stage of flower-like structures.

Flower-like powder, self -assembled from low aspect nanorods with sharp tips
Both flower-like powder and nanorods, the flowers contaning low aspect ratio nanorods, with

Nanorods, with compl ete | oss of self-assembly.

2 Triethylene glycol/deionized water volumetric ratio;, NaOH/IM Zn(CH _CO

,), solution ratio was fixed at 0.23 g/mL, water was

kept at 10 mL, and reaction temperature and time were kept at 80°C and 2 h, respectively.
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700 nmin diameter, were observed, asexemplified by
Sample4-3in Figures5c and d. Thediametersof the
nanorods were 50-200 nm, with lengths of 100-400
nm. When theratio wasfurther decreasedto 1.5:1 and
1:1, respectively, there was no flower-like material
formed, but only loose nanorods, i ndicating that higher
ratiosresulted inalossof sdf-assembly. FgureSf shows
large nanorods, with awidth of 100 nm and alength of
up to 1 um. These observations indicate that the TEG/
water ratio playsakey roleintheformeation of thevarious
structures. In addition, the NaOH concentration gppears
toinfluencethelengths of the nanorods. Asshownin
Figure5and TABLE 4, the TEG actsas an attracting

Figure5: FESEM micrographsof as-prepared ZnO at tw

o different magnifi

agent during ZnO formation, and higher TEG
concentrationsresultedinan increased density of ZnO
nanoparticles. Undesirable nanorodsa so formed when
the TEG concentrationwastoo high, asshownin Fgures
5g-h. However, alow TEG concentration led to alow
density of ZnO nuclei, and retarded nanorod growth
and salf-assembly, as seenin Figure 5f. The condition
that produced ahigh dengity of ZnO nudle, and resulted
inamainly flower-like morphol ogy product, isseenin
Figure 5e-f. Accordingly, the optimization of the
dimensionsof theflower-like powder, self-assembled
from the nanorods, aswell asthenanorod aspect ratios,
weredl controlled by the TEG concentration.

cationsin variousTEG/W volumetricratios: (a)

Sample4-1, (b) Sample4-2, (c) and (d) Sample 4-3, (e) and (f) Sample4-4, (g) and (h) Sample4-5.

XRD analysis

Asshown in Figure 6, each XRD pattern can be
indexedtothepurewurtzitestructureof ZnO, withlatice
constantsof a=3.249 A and ¢ =5.206 A, consistent
with the valueson the standard card (JCPDS No. 36-
1451). Noimpurity peakswere observed. Furthermore,
the diffraction peaks areintenseand narrow, indicating
that theZnO hasahighlevd of crystalinity and alarge
crystd size. Thegreater the TEG/solutionvolumeratio,
thegreater theintensity ratio of the pesk at 34.4°(002)
tothat at 35.3°(001), due to crystal growth along the
[0001] direction. For instance, the peak intengity ratio
of (002)/(001) increased from 0.54 to 0.75 when the
TEG/solution volumeratio changed from 1:1to 3:1,
indicating nanorod formati ont?.,

Thecrystd szes, innm, weredetermined using the

S
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Figure 6: X-ray diffraction patterns of the as-prepared
samplesat different TEG/water ratiosat 80°C. (a) 3:1, (b)
25:1,(c)2:1,(d)1.5:1,and (e) 1:1.
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Debye-Scherrer equation, Eqn. (1)14Y:

KA
D= Cosd @
whereD isthecrygalinesize(nm), Kistheshagpefactor
(takenas0.9), A is the wavelength of Cu Ka radiation
(0.154056 nm), Bistheinstrumenta broadening, which
istakenasthefull width a haf maximum (fwhm) of the
corresponding peak in radians, and 0 is the Bragg
diffractionangle. Thestraininducedinthecrysd lattice,
caused by crystal imperfection and distortion, was
cal culated using the Williamson-Hall equation, Eqgn.
(2.
B

&= Tond 2
Both thecrystal sizesand the strainsof the samplesin
TABLE 4 areshowninFigure 7. Theresultsshow that
theZnO crystalitesizeincreased withincreasng TEG
concentration, athough thelattice strainincreased as
thecrystallitesizedecreased, becausethesmdler crysta
sizehasahigher surface energy. Interestingly, both the
crystalitesizeand thelatticestain follow linear trends
withincreesng TEG until aTEG ratioof 75%, indicating
the point at which one crystal growth regime changes
to another; that is, wherethe morphol ogy changesfrom
nanorods caused by C-axis directional growth, to
sphericd, resulting frommultidirectiona crystal growth,
asverifiedinFigure5

Previous results exist on the superhydrophobic
properties of nanostructured ZnO surfaces®#4, using

160 |- o (a)

158 |-
156 |-
154 |
152 |

150 |-

Water Contact Angle (deg.)

148 |-

4% 5% 6% 7% 8% 9% 0% 1% 12%

Molar ratio of steric acid to ZnO

different surface treatments. For comparison, we
selected Samples 1-3 (Figure 2) and 4-3 (Figure 5);
both haveflower-likemorphol ogiesof different sizes,
and nanorods of different aspect ratios. Their surfaces
weretreated with stearic acid®. Figure 8 showsthe
water contact (CA) and sliding (SA) angles of the
sampleswithdifferent quantitiesof stearicacid®. While
al samplesshow superhydrophobic properties, the CAs
increased with increasing stearic acid content. When
themolar ratio of stearic acid to ZnO increased to 6%,
thewater CA of Sample 1-3 reached amaximum vaue
of ~160°, with a low SA of ~ 2° (Figure 7a), and
when themolar ratio of stearic acid to ZnO increased
to 10%, the water CA of Sample 4-3 reached a
maximum vaueof ~ 157°, with a very low SA of ~ 1°.
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Figure 7: Trendsin crystallite size and lattice stain, as a
function of theTEG ratio.
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Figure8: SampleCAs(a), and SAs(b) asafunction of stearic acid content.
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However, thewater CA decreased asthe stearic acid
content wasfurther increased.

Figure 8b shows the water SA values of the as-
prepared superhydrophobic surface; the SA valuesof
700 nm sizeof flower-likeZnO (Figure5, Sample4-3)
weredetermined to be~ 1-2°, which is markedly lower
than those (~ 2-4°) of Samples 1-3 (Figure 2). This
difference gppearsto beduetother nanosca estructura
dissmilarities: athough the sampleshave similar rod-
likeand flower-likemorphol ogies, their nanorod sizes
and densities are different. The high level of
superhydrophobicity (larger CA and smdler SA) of the
hierarchic ZnO nanostructuresrevealstheir potential
application to superhydrophobic coatings. More
importantly, different particle sizes showed their
respective advantages, which may be extended to other
nanomaterids, for usein superhydrophobic coatings.

CONCLUSIONS

We have devel oped afacileand economic routeto
the scalable synthesisof rod-like and flower-likeZnO
nanostructures, through thefine-tuning of thevarious
reaction parameters. For practical applications, such
asthe production of superhydrophobic materials, the
appropriate reactant concentrations and reaction
temperature are key synthesis parameters.
Superhydrophobicity was produced by treatment with
stearic acid, with the best val ues being a static water
contact angleof 160° and a sliding angle of 2°.
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