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Abstract

Colloidal ZnO particles with narrow size distribution were prepared via a sol-gel process by base-catalyzed hydrolysis of zinc acetate. The
morphology of ordered arrays of the particles was recorded by SEM. SEM also reveals that these uniform particles were composed of tiny
ZnO subunits (singlets) sized of several nanometers. The size of the singlets, which is confirmed by X-ray diffraction and UV-vis absorption
spectra, increases as the aging time is prolonged. The size-selective formation of colloids by aggregation of nanosized subunits is propose
to consist of two-stage growth by nucleation of nanosized crystalline primary particles and their subsequent aggregation into polycrystalline
secondary colloids. The aggregates are all spherical because the internal rearrangement processes are fast enough. The ZnO colloids, i.e.,
aggregates, tend to self-assemble into well-ordered hexagonal close-packed structures. Room-temperature photoluminescence was chat
terized for green and aged ZnO.
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1. Introduction and electrochemical rout§®]. Among these techniques, the
sol-gel route is very attractive because it is relatively easy

In the past 10 years, research on quantum-sized semicon!® Perform and allows us to tailor the morphology of par-

ductor particles has increased enormously due to their excit-ficles by relative rate of hydrolysis and condensation reac-
ing novel optical and electrical propertifs. ZnO, a wide- tions[10]. The method proposed by Spanhel and Anderson

band-gap semiconductor with a large exciton binding energy [2]: hydrolysis of ZaO(CH;COO) precursorg11] formed

of 60 meV at room temperature, is rationally expected to be I" the first steps, is commonly used to synthesize ZnO
a promising candidate for room-temperature UV lasers or nanocrystals. However, it was outlined that the nanopatrticles
other interesting phenomena involving excited states. ZnO obtained by this sol-gel route are not pure ZnO nanocrys-
nanocrystals are an exceptionally important material for the @S and that the presence of hydroxylated surfaces, with

envisaged applications in many technologies, such as Sola'?dsorbed Wlelter and orggr_nc mﬁleCUI?S’ can|5|gg|2c?ntly af-
energy conversiof2,3] and optoelectronic devicéd]. ect material properties. Since the surface-related defects are

In addition to conventional physical methods, there have both radiative and nonradiative decay channels to compete

been several reports of solution-phase synthesis of ZnO coI-Wlth the ZnO band—edge v em|ss_|qt'12], the surface-
loids at low temperature, mainly based on the alcoholic hy- bound molecules can influence emission properties of the

. . ZnO particleq13].
drolysis of zinc precursof$—7], hydrothermal method], Mupch rescse[arc]h has been focused on the preparation and

the properties of ZnO nanocrystals; however, little of it dealt
* Corresponding author. Fax: +86-431-4627031. with the aggregates of these nanosubunits, though the pio-
E-mail address: ycliu@nenu.edu.c(Y.C. Liu). neering study of the growth of uniform inorganic particles
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by aggregation of small primary particles was published cold ethanol. When the reaction time is less than 10 min the

35 years ag¢l4]. The driving force of the aggregation of

small particles is believed to be correlated with the particle-

size dependence of the interparticle poterjtidl, 15] Jeze-

solution remains clear after the addition of hexane. When
it exceeds 20 min the addition of hexane induces a white
cloudy solution. Powders for XRD and photoluminescent

quel et al. reported a method for produce monodispersemeasurements were obtained by evaporating the remnant

ZnO spheres of various sizgK5]; however, this method re-

solvent from the precipitate. The precipitate was also re-

sulted in polydisperse powders, according to Chang and co-dispersed in ethanol by ultrasonic stirring and then dipped
workers[17]. Chang and co-workers developed this method onto the pretreated silicon wafer (n, 111) for SEM charac-
to prepare monodisperse ZnO colloidal spheres for photonicterization. The treatment of the silicon wafer was performed

crystals over a size range 6f100—-600 nm via a seeding
procesg17]. However, this method is not applicable for pro-

according to a method published otherwise: the wafer was
first cleaned in trichloroethane and then in a freshly pre-

duction of monodispersed ZnO spheres of sizes less thanpared mixture of HSOs and HO, (30%) at a volume ratio

100 nm.
In this work, we describe a simple method for producing
ZnO colloidal spheres with narrow size distribution around

of 4:1, followed by rinsing thoroughly with deionized water
and drying at room temperatufo].
The absorption spectra of ZnO sol were obtained by

60 nm. These ZnO colloids proved to consist of nanosized a UV-360 recording spectrophotometer (Shimadzu). The

ZnO subunits, which evolve with aging time. We also ex-

size and morphology of ZnO samples were characterized

plore the luminescent properties of a powder specimen of by a field emission scanning electron microscope (Hitachi

the ZnO colloids.

2. Materialsand methods
2.1. Reagents

All employed chemicals, if not mentioned exceptionally,

were used as received without further purification. Zinc ac-
etate dihydrate and all the solvents were purchased from

Beijing Chemicals Co. Ltd. Lithium hydroxide monohydrate

was purchased from Fluka. Ethanol was dehydrated by Lund

and Bjezzum’s method, utilizing the reactions with magne-
sium ethoxidd18].

2.2. Preparation and characterization

S4200) operating at 5 kV accelerating voltage. The crys-
talline structure of ZnO nanoparticles was characterized by
X-ray diffraction using a rotating anode D/max-rA X-ray
diffraction spectrometer (Rigaku) with Glx radiation at
1.54 A. The room-temperature photoluminescent spectra
were obtained on a Jobin Yvon UV-Labram Infinity spec-
trophotometer, excited by a continuous He—Cd laser at
325 nm with a power of 50 mW.

3. Resultsand discussions

Fig. 1 shows the absorbance spectra evolution for the
synthesis of ZnO nanopatrticles. All the spectra show well-
defined exciton absorption peaks characteristic of ZnO,
which have a significant blue-shift compared with that of
the bulk ZnO, indicating that the average particle sizes are

The ethanolic dispersions of ZnO nanoparticles were in the quantum size regime. The absorption onset red-shifts
prepared following the same procedure developed by Span-with aging time, indicating the growth (aging) of primary

hel and Anderson[5], except that some modifications

particles. The solution was transparent in the forepart of the

were made, such as avoiding the supersonic stir and shiftgrowth time for about 60 min. Then the system changed

in growth temperature. For a typical preparation, 1.10 g
Zn(OAck-2H,O was first dissolved in 50 ml absolute
ethanol under vigorous stirring at 7€ in a flask equipped

into a blurred solution, and the absorption spectra exhibited
significant background absorbance. The particle size can be
determined from the absorption onset by the effective mass

with a condenser and a moisture trap and subsequentlymodel[20]

cooled to 50C. A stock solution of 0.29 g LIOHH,0 in

50 ml absolute ethanol was then added to the Zn(@Ac)
solution at 50C under constant stirring. Aliquots of solu-
tion were piped out by syringe at specific time during the

growth process for further characterization. The solution re-

mained clear until a slightly white precipitate occurred after

about 60 min. Since hexane is commonly employed to pre-

2.2
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where E* is the band gap of the nanoparticlef“k is the

band gap of bulk materiat,is the particle radiusye andmp,

are the effective masses of the electrons and holes, respec-
tively, andmg is the mass of a free electron. Although EL).

cipitate CdSe, CdS, and ZnO nanocrystallites as an organicis too simple for the ZnO system, it is widely used to survey

“nonsolvent” [6], hexane was adopted in our experiment
to precipitate ZnO colloids. After the solution was rapidly
cooled to O°C, hexane of three times the volume of the so-
lution was added to precipitate the ZnO particles, followed

particle size of ZnO in the quantum size regim€7(nm),
gaining results consistent with those from TEM and XRD
[6]. Taking me = 0.26, mp = 0.59, and Eg"k = 32 eV
[21,22], the corresponding radius of zinc oxide nanoparti-

by centrifugal separation at 10,000 rpm and washing with cles with different aging times can be calculated, as shown in
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Fig. 2 The results are relatively smaller than that estimated

from XRD data by the Scherer formula. This divergence may

be present for two reasons: one is that the centrifugal separafig. 3. Powder XRD patterns of the zinc oxide for (a) 40 min, (b) 60 min,

tions are more efficient for particles of larger sizes, resulting (¢) 120 min, and (d) 240 min.

in larger sizes for powder specimens than for solution spec-

imens; the other possibility may be the continuing growth growth time, which correlates well with an increase in the

process of the primary particles accelerated when the wetaverage nanocrystal size. FWHM of the (110) diffraction

precipitates were desolvented because of the collapse of dif-peak are 1.875+0.038, 1.767 +£0.040, 1.685 £+ 0.054,

fuse double layer. The latter factor may be dominant for the and 1.354+0.177 for the samples taken at 40, 60, 120, and

divergence in size because most of the primary particles have240 min, respectively.

aggregated into spheres of narrow size distribution, sized The morphology of ZnO particles is characterized by field

at tens of nanometers, as confirmed from analysis of SEM. emission microscopy, as shown kig. 4. Fig. 4A clearly

Therefore, primary particles of different sizes cannot be frac- reveals the presence of monomers and oligomers of ZnO

tionally separated simply by centrifugal separation under our singlets in the solution during the initial stages, having an

operation parameters. approximate diameter of 3—4 nm, consistent with that esti-
Fig. 3 shows X-ray diffraction patterns of ZnO powder mated by optical absorption spectra. Therefore, the singlets

obtained at different growth times. By comparing the diffrac- are assumed to be each a nanocrystal that grows slightly

tion peak positions with those reported in the International during the aging process. The singlets also assembled into

Crystallographic data table, all the samples was assigned tooligomeric aggregates.

be of a wurtzite structure with no preferential orientation. Spheres formed by aggregation of these singlets are

Fig. 3shows an obvious decrease in full width at half maxi- shown inFig. 5 at two different magnifications of the same

mum (FWHM) of the ZnO diffraction peaks with increased specimen shown ifig. 4A. As shown in the inset dfig. 5,

20 (Degree)
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Fig. 5. Self-assembly of ZnO spheres on silicon, illustrating hexagonal packing: (A) the well-ordered facade and (B) the flank of a cluster of@nO spher

the colloidal spheres, namely the secondary particles thatof ZnO secondary colloids aged for 40 min. Ripening caused
have an average diameter of about 60 nm, are obviouslyobvious fusion between the necks and the distortion of sec-
constructed with the singlets shownFig. 4A. SEM obser- ondary particles from sphericity by dissolution and reprecip-
vation of the aliquots before precipitation by hexane results itation. The secondary colloids then have been irreversibly
in the same morphology, which indicates that the colloidal connected with each other in the reaction system and are not
spheres had already formed before they were piped out. Thesuitable for self-assembly any more.
ZnO spheres of narrow size distribution are inclined to as-  The rate of ripening can be influenced by several factors,
semble into ordered structures after the solution containing such as temperature, pH, and concentration, some of which
ZnO sols is dropped onto a silicon substrate, as shown in may also affect the formation of the monodispersed colloids.
Figs. 5A and 5B Fig. 5A shows the well-ordered facade Therefore, further research into the influence of these factors
of the close-packed aggregatesHig. 4B, the flank of the on the formation of monodisperse colloids is under progress.
cluster of ZnO spheres reveals the three-dimensional struc- Room-temperature photoluminescence of ZnO powder is
ture of hexagonal lattice. Separated spheres are scarcelygiven inFig. 6. The ratio of UV emission intensity to green
found with SEM observation and nearly all of the ZnO emission intensity increases with the increase of aging time.
spheres £99%) we observed are in multilayered form be- Since UV emission is assigned to recombination of bound
cause of the surface tension of the solvent during evapora-excitons, while green emission is assigned to the recombina-
tion. tion of electrons in singly occupied oxygen vacancies with
The size-selective formation of colloids by aggregation photoexcited holefd 1], the increase in the ratio of UV emis-
of nanosized subunits has been investigated by Matijevic sion to visible emission indicates an improvement of the
and co-workerg23,24], using either monodisperse spheri- crystal quality of the nanopatrticles; i.e., a decrease in the
cal CdS or gold sols as the model system. The mechanismdensity of surface defects happens during the aging process
is proposed to consist of two-stage growth by nucleation of via Ostwald ripening. There are obvious blue shifts in UV
nanosized crystalline primary particles and their subsequentemission peak position compared with that estimated for the
aggregation into polycrystalline secondary colloids. The ag- bulk ZnO as a result of the quantum-confined effect. The ex-
gregates are all spherical because the internal rearrangemerient of this blue shift decreases as the size of the primary
processes are fast enoudtig. 4B depicts the morphology  particles increases during the aging process.
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