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Abstract: Porouspolydivinyl benzene (PDVB) microspheres of narrow size distribution
were formed by a singlstep swelling process of template uniform polystyrene
microspheresvith divinyl benzengDVB), followed by polymerization of the DVB within
the swollen template miagspheresThe PDVB porous particles were then formed by
dissolution of the template polystyrene polymeadnique fcauliflowerliked ZnO
microparticles were prepared by the entrapping of the ZnO precms§ils in the PDVB
porousmicrospheres under vacuufollowed by calcination of the obtainethCl,-PDVB
microspheres in an air atmosphere. The morphology, crystallinity and fluorescence
properties of thos&nO microparticles were characterized. Tihcgauliflowerlikeo shape
ZnO particles is in contrast topevious study demonstrated the preparation of spherical
shaped porous ZnO andAZnO microparticles by a similar method, using zinc acetate
(ZnAc) as a precursoifwo diverted synthesis mechanisms for those two different ZnO
microparticles structures apeoposed, based on studies of the distribution of each of the
ZnO precursors within the PDVB microspheres.
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1. Introduction

The directed shaping of materials is a field of high interest for different applications as well as for
fundamental questions regarding anisotropic crystalliza#orc oxide (ZnO)specificallyis of great
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interest in the scientific community due to itgle variety of properties and the applications derived
from them including semiconductor properties, piezoelectricity and UV absordanc&he unique
optical properties of ZnO are determined by the size and the morphology of its p§2iiélesThis
was the main motivation for researchers to prepare ZnO patrticles with different structures and shapes.
ZnO particles with various structures were synthekime different methods, such as chemical vapor
deposition 4,6], electrodepositiorf7], and hydrotherml methods[2,5,8 11]. Another approach
enabling the preparation of Atail or madeo pa
approach involves the insertion of ZnO precursor into polymeric template particles, decomposition of
the precursor witin the template particles to obtain ZnO particles with controlled structure,
predetermined by the template structure, and then removal of the template by dissolution or by thermal
decomposition. Some examples for ZnO particle synthesis using this appreattie preparation of
hollow ZnO microparticles by calcination of hydrozincite coated poly(styrene) bga]s or
poly(methyl methacrylate) impregnated by Zn@¥J13], and the synthesis of hexagonal shaped ZnO
microparticles, nanowires and nanocubegbyp | oyi ng di fferent #fAmol ecul
the assembly of ordered metalyanic coordinatioqpolymer templatef3,14,15].

Our previous study described the formation of porous spherical shaped micrsineteZnO and
C-ZnO particles ofnarrow sized distribution by entrapping zinc acetate within the pores of uniform
polydivinyl benzene (PDVB) porous microspheres. ZnO arthO microparticles were then prepared
by decomposition of these zinc acetate entrapped PDVB particles in an airoratimosphere,
respectively[ 1 6] . I n the present study, we -ldiekmeoon sZ m
microparticles, using the same PDVB porous template microspheres. Wasused as a precursor,
and was entrapped within the PDVB templatecmios pher es por eki k €lth e Z mi
microparticles were then prepared by thermal decomposition of the PDVB template microspheres, in
the same manner as the ZnO porous spherical shaped microparticles. However, the different Zn
precursors dictatedifterent micreenvironments that led to porous sphere ZnO microparticles in one
case and -Ahckabi ZhOwmrcroparticles in the other

2. Experimental Section

The following chemicals were purchased from Aldyi€&ehovot, Isragland wereused without
further purification: zinc chloride (Zng198%), benzoyl peroxide (BP, 98%), Tetrahydrofuran (THF),
dimethylformamide (DMF), divinylbenzene (DVB, 80%), sodium dodecyl sulfate (SDS),
polyvinylpyrrolidone (PVP,M,, = 360,000 g/mol), thanol (HPLC), 2methoxy ethanol (HPLC),
dibutyl phthalate (DBP) and methylene chloride (HPLC). Styrene (S, 99%) was passed through
activated alumin@lCN) to remove inhibitors before use. Water was purified by passing deionized water
through an Elgastatggctrum reverse osmosis system (Elga Ltd., High Wycombe, UK).

Uniform micromete;isi zed PDVB microspheres of 5. 4tepN 0.
swelling process at room temperature of polystyrene (PS) template microspheres with DBP (swelling
solvent) containing DVB and BP, followed by polymerization at elevated temperature and dissolving the
PS templag part, as described previoush6il 8 | . Briefly, PS templ ate
were swollen up to 8.1 N 0.n2 DBRrcontainingt1d mg BParidl o w
1.5 mL DVB were added to a 2L vial containing 10mL SDS aqueous solution (0.7504Vv).
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Emulsion droplets of the swelling solvent were then formed by sonicéBonics and Materials,

model VCX-750, Tthorn 20 kHz) of the mixture for 1 min. An aqueous dispersionr{®.bof the PS
template microspheres (7%4v) was then added to the stirred DBP emulsion. After the swelling of the
PS particles was complete ance timixture did not contain any small droplets of the emulsified
swelling solvent, as verified by optical microscopy, the monomer within the swollen particles was
polymerized by raising the temperature of the shaken vial containing the swollen parti@es for7

24 h. The composite PS/PDVB microspheres produced were then washed from undesired reagents b
extensive centrifugation cycles with water and ethanol. Uniform porous crosslinked micrsineter
PDVB particles of 5. 4 N dissolvingghe PSviemptate paht @fnthe p r ¢
PS/PDVB composite microspheres with methylene chloride, acetone and DMF. Briefly, PS/PDVB
composite particles were dispersed inrBD methylene chloride:acetone 2}, and then shaken at

room temperature foca. 15 mn. The dispersed microspheres were then centrifuged, and the
supernatant containing the dissolved PS template polymer was discarded. This procedure was repeate
four times withmethylene chloride:acetone 2); DMF, ethanol, and water. The obtained crogsid

PDVB microspheres were then dried by lyophilization.

ZnClL-PDVB compositemicrospheres were prepared by evacuating 100 mg of the PDVB porous
template microspheres for 30 min, using a diaphragm vacuum pump inm& 80uble neck round
bottom flask closd with a septum. Then OmL of ZnCl, solutionin THF (20%w/v) was injected into
the roundbottom flask. The PDVB microspheres containing Zm€l, werethen mixed and dried by
vacuum evaporation.

ACaul iHfilkbewbe rZn O mi cr op ardlcinatingetbe ZWEPD¥B npcrosplpeees e d
in an air atmosphere at 600 (wire wound tube furnace T&-250/H, Carbolite Hope UK).

Optical and fluorescence microscopy images were obtained using an Olympus optical/fluorescent
microscope (model AX70, filterWU: excitation 330385 nm, emission 420 nm). Surface
morphology was characterized with a scanning electron microscope (SEM, model Inspé&df S
Eindhoven, The Netherland The samples were coated with gold in vacuum prior to scanning
with SEM.

The samfes for the TEM analysis were prepared by miling a small amount of the
ficaulifowerl i ked ZnO microparticles, di ssol ving the
sonnicated solution on a TEM copper grid. Cresstions of the Znd®?DVB microsphees were
prepared by embedding the particles in a mixture of Belpoxy resin part Zand Pelc8 slow curing
epoxy hardener part B (3:1), sectioned with a microtome (Powertom TG122, Bogtkekon, AZ,

USA) and coated with a thin layer of carbon.

For imaging two transmission electron microscopes were usedkX{ZDechnai T12 BIO TWIN
and the 200 kV JEOLIIEM2100 LaB, Identification and elemental content studies were performed in
TEM or HRTEM mode, using conventional selected area electron diffracidil) technique or
Fourier transform analysis of the high resolution images. The characterization and identification of the
particles is supported by elemental analysis techniques such as: Energy dispessivi@oint EDS)
and Line scans, performed irasming transmission electron mode (STEM).

Brunauer Emmet Teller (BET) surface area of the various particles was analyzed by using nitrogen
adsorption apparatus (27 Gemini Ill model 2375, Micrometrics). Prior to the nitrogen adsorption
measurementshé sarples were degassed at 120for 1 h. Poresize distributions were determined
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from the nitrogen desorption isotherms using the Barteyiner Halenda (BJH) method. Pore volume
was estimated from the desorbed amount c&t¥?/Py = 0.9952. Thermal behaviaf the particlesvas
measured by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), wnder N
atmosphere. (TC15 system equipped with TGA, model50Gand DSC, model DSB0, Mettler
Toledq Switzerland.

3. Results and Discussion

Typical fflciakud d f Zo®emi croparticles, ,porRDVEAT ed
template microspheres under vacuum, followed by calcination of the obtainedPIDNZB composite
microspheres in an air atmosphere, are presentédumne 1.

Figure 1. A Caul i-Ifilkoewoe r Zn O m$cannimg peleatrani mictosepEEM)
images of different magnifications.

For al | transmission electron micrbskepy Z61
microparticles were milled to smaller sizedrtpdes. Figure2 is a representative TEM micrograph
wher e a few nanoparticles can be d H sickeeron ed n |
microparticles. Both electron diffractions (insets A and B) show reflections that were found to belong
to the hexagnal structure oZnO (unit cella= 3.25 A;c = 5.21 A pdf file # 0208991397)InsetA is
the selected area electron diffraction (SAED) taken from an area of 200 nm, displaying mainly a ring
diffraction pattern. The reflections that appear in the SAED can be assigned{i®.bje {10.1},

{11.0} and {11.2} family of planes (in the hexagal structure describing ZnO. The measured
distances for these planes are 0.27 nm, 0.24 nm, 0.16 nm and 0.13 nm respectively. The reflection the
appeas in the nano beam electron diffraction (NBD, inset B) taken from a 4 nm aneerksdby the

white arow, shove clear sets of patterns.

Analysis of one such pattern, (inset B) revealed sets of reflections that could be referred and
indexed to the above mentioned structure of ZnO. The distances measured for the reflections were
0.16 nm, 0.1 nm and 0.078nnmatching, respectively, the interplanar spacidgs, di>» andd;is
family of planes.

Figure 3 is a HRTEM image of a nanoparticle of ZnO, displaying well resolved Idtiinge
contrast and the identification was also based on the analysis of such high resolution images. Inset A
represents the Fourier transform (FFT) of the portion of the imab#e(wquare) and looks like a
diffraction pattern, geometrically identical to that which would be recorded in a diffraction experiment.
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Analysis of this pattern revealed sets of reflections that could be readily referred to the hexagonal
structure of{unit cell a = 3.25 A;c = 5.21 A pdf file # 0208991397) andwveresuccessfully indexed.

Inset B represents the processed and magnified portion of the image outlined by the white square. The
distances measured between lattice fringes were fn25and 0.19nm, matchingthe interplanar
spacing ford;o ; anddo > family of planes.

Figure 2. Transmission electron microscopy (TEM) image of representative nanoparticles
of mi | | ed -lfiGaeuwl i 20 @ wrair c (A) is the seleated arsa. eledtrans e t
diffraction (SAED) taken from a 200 nm area marked by the red cycle, displaying
reflections matching the ring diffraction pattern for the hexagonal ZnO. The nano be
electron diffraction (NBD),inset (B) recorded from a 4nnmarea, marked by the arrow,
points also to the hexagonal ZnO.
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Using two different kinds of electron diffraction techniques (Fidguesets A and B) together with
FFT analysis of the high resolution images, (Fig8renset A) showed that in this synthegsise
crystalline hexagonal ZnO is formed.

This result is also in good agreement with energy dispersive spectroscopy (EDS) elemental analysis
(Figure 4) which shows that the elements Zn and O are in an atomic ratio of 43% and 57%,
respectively. Those valuesnform (considering the precision limits of the EDS) to the atomic ratio in
the compound ZnO. No carbon was detected in the EDS analysis, indicating that there are no residual
of the PDVB polymeric template in the obtained ZnO microparticles.

The filavardili ked ZnO microparticles were further
and demonstrated fluorescence in the blue regions of the spectrum @jigure
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Figure 3. High Resolution (HRTEM) electron micrograph of a nanoparticle resulting in
this reaction. InsefA) is the indexed Fourier Transform (FFT) taken from the area marked
by the white square. The indexing corresponds to the hexagonal structure describing of
ZnO. Inset(B) represents the magnified and processed portion of the image outlined by the
white square, displaying the interplanar spacing feiahd do .family of planes.

Figure 4. Energy dispersive spectroscopy (EBpectrum recorded with a 36Bn electron
prooe from thdifkeaulzZinfO oomecrroparticle (marked
image) showing characteristic peaks of the elements Zn and O. The Cu peak is from the

specimen grid.
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Figure 5. A Ca u |l i-Ifilkoewde rZ n O nfA) tighbapddluorescertti(Bg microscope
images (Original magnificationx400).

In a previous study conducted by our research group, spherical porous ZnO microparticles
(Figure 6B) were prepared by a similar procedure to that described above for the formation of
ACaul iHfilkoewoe rZn O nirigura6@) mabstituting theeZsgprécursor by zinc acetates].

Figure 6. SEM images of(A) polydivinyl benzene (PDVB)template microsphergs
and(B) ZnO microparticles prepared using the zinc acetate precord@) the ZnC}.

In order to understand the formation mechanisms of each of the two different shapes of ZnO
microparticles, we examined the Zn distribution within the PDVB template microspheres for both Zn
precursors: ZnGland zinc acetate. In the first case, the added Zsi@hificantly decreased the
surface area of the porous PDVB template microspheres, as calculated by the BEnmaettTeller
method, from 626 Afig to 245 rAlg (Figure 7A). The pore volume, estimatedofn the desorbed
amount of N, was decreased from 1.52n°g for the PDVB microspheres to 0.48 ¥qto the
ZnClL-PDVB microspheres. In addition, the BJH paiee distribution curve@~igure7B) demonstrate
that bothintra-particle micropores and mesop® volume were decreased by the addition of ZnCl
although the decrease of the mesopores volume is more signifib@suggested that the Zn@as
penetrated mostly to the intparticles mesopores, and inde&EM images of the ZngPDVB
compositemicrospheres demonstrate clearly that the Zradisorbed on the PDVB partictesuter
surface Figure8).
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Figure 7. Porous PDVB microspheres before and after Zni@bkertion: @A) Nz
adsorptiondesorption isotherms; Bj Barreti Joynef Halenda (BJH) poresize
distribution curves.
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Figure 8. SEM images of PDVB microsphered\,B) and ZnC}-PDVB composite
microspheres ,D). These pictures clearly indicate that timéer-pores of the PDVB
microspheres were covered by ZpCl
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Elemental line scan andoint EDS techniques were used for elemental analysis of the, ZnCl
composite microspheres (Figure 9). Elemental analysis was performed in EDS mode and the spectrun
(inset B) takerfrom ~35nm areaof a microsphere shows that the elements Zn, Cl, C, O an@r&@n
the specimen grid) are all present in the sample.

Figure 9. Bright field scanning transmission electron mode (STEM) image of
ZnCl,-PDVB microspheres. Elemental line scan is shown for Zn (h¥eThe red arrow

marks a line on the surface of thecrospheres where the line scan was performed. The
figure shows the EDS spectrum recorded from a 35 nm area of a microsphere showing
characteristic peaks of the elements C, O, Cl and Zn in the analyzed area. The Cu peak is
from the specimen grid

Analysis of the distribution of Zngin the ZnC}-PDVB microspheres was conducted in the STEM
mode.Figure A displays the line scan profile for Zn (yellow) performed on Z#RIDVB microspheres.



