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ZnO nanoparticles in the size range from 2 to 7 nm were prepared by addition of LiOH to an ethanolic zinc
acetate solution. This method [Spanhel, L.; Anderson, Ml.Am. Chem. So2991, 113 2826] was modified

and extended at several points. The synthesis of very small ZnO nuclei was simplified. It was found that
aging of particles was governed by temperature, the water content, and the presence of reaction products.
Water and acetate induced considerably accelerated particle growth. Growth could almost be stopped by
removal of these species (“washing”). Washing consisted of repeated precipitation of ZnO by addition of
alkanes such as heptane, removal of the supernatant, and redispersion in ethanol. The aging characteristics
are interpreted in terms of the concentration of dissolvetl shecies and reactions well-known in sgiel
chemistry. These findings present a better-defined and more versatile procedure for production of clean ZnO
sols of readily adjustable particle size. Such sols are of particular interest for studies of electrical and optical
properties of ZnO nanoparticle films. For example, films exhibitir@% transparency in the visible region

could only be obtained by deposition from a washed sol.

1. Introduction more, ZnO is a technologically important material. It finds
. . . widespread use in varistots.Doped ZnO is a well-known
Research on nanocrystalline materials has increased enoryansparent conductd?. ZnO nanoparticles offer considerable
mously during the past yeatsThe intense investigations are  nential as starting material for such applications and for other
stimulated by several envisaged application areas for this NeWp rmoses such as transparent UV-protection films and chemical
class of materials. For example, the novel optical, electrical, SEeNsors.

and mechanical properties of devices comprising nanocrystallite 7,5 can be considered a workhorse to get a better under-
semiconductors and oxides have been demonstrated in phOto'standing of sotgel synthesis and growth of oxidic nanopar-

voltaic solar cell$, light-emitting diodes, varistors} and ticles. Recent work by other groups on nanostructured, TiO
ceramics. Other applications include ion-insertion batteries and and Cd,Zn chalcogenides is aimed at the same ‘Jd&IThe
electrochromic devices. preparation of ZnO and factors that influence the rate of particle

Il -VI semiconductors such as CdSand CdS, which are  growth are studied. The results enable a more controlled and
studied because of novel size-dependent optical and electricaimore versatile easy-to-use preparation method of (quantum size)
properties, can be prepared with very low dispersity and accurateznQ particles for studies of for example electrical and optical

size control for particle sizes50 A. In the field of ceramic  properties and for their consolidation into thin films or three-
(oxidic) nanoparticles work focused on somewhat larger par- dimensional solid bodies.

ticles, and the effort has been geared toward production of larger
quantities of materi@land development of new synthetic roufes. 2. Experimental Section
The knowledge regarding particle synthesis and surface chem-  Apparatus. ZnO particle size was determined by light-field
istry is not as mature as with-HVI sulfides and selenides. transmission electron microscopy (300 kV, Philips CM30) and
This paper discusses synthesis and growth of ZnO with by analysis of the width of the X-ray diffraction (XRD) peaks
particle size<10 nm. ZnO is an interesting material from according to the Debye-Scherrer equation. XRD was per-
several points of view. It is one of the few oxides that shows formed on a Philips PW 1800 diffractometer. Optical absorption
quantum confinement effeéfsin an experimentally accessible  spectra were recorded on a Perkin-Elmer Lambda 19 or a
size range. Investigations of such effects in nanocrystallites Unicam UV2 spectrophotometer. Separation of precipitated
have been limited mostly to sulfides and selenideghere they ~ ZnO particles from the supernatant was done by filtration,
were coupled to the development of sophisticated preparationdecantation, or ultracentrifugation (Beckmann J2-21).
routes. However, size-dependent optical absorption is also a Chemicals Zinc acetate dihydrate and lithium hydroxide
valuable tool to study ZnO synthesis and growth. Second, a monohydrate (LiOFH,0) were from Aldrich. Absolute ethanol
sol-gel preparation method due to Spanhel and Andéfson (p.A.), lithium chloride, lithium acetate dihydrate, sodium
offers a simple route to quantum size ZnO particles. Further- acetate, potassium acetate, glacial acetic acid, hexane, and
heptane were all from Merck. All chemicals were used as
T E-mail meulenka@natlab.research.philips.com. received unless mentioned otherwise.
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Synthesis and Growth of ZnO Nanoparticles

3. Results

3.1. Synthesis. The preparation procedure described by
Spanhel and Andersd,which has also been used by other
groupst®17was used. A few modifications were made here. A
1.10 g (5 mmol) sample of Zn(AgRH,O was dissolved in 50
mL of boiling ethanol at atmospheric pressure. Contrary to
Spanhel and Anderson and other worker¥,17 the solution
was not refluxed for a few hours but directly cooled td6@ A
white powder precipitated close to room temperature. X-ray
diffraction showed that this was anhydrous zinc acetate, Zn-
(Ac),. Precipitation was not observed in the original preparation
proceduré?

A 0.29 g (7 mmol) sample of LIOHH,0 was dissolved in
50 mL of ethanol at room temperature in an ultrasonic bath
and cooled to OC. Inref 12 the hydroxide was added in solid
form to the ZR*-containing solution. However, it was found
that dissolution was very slow in that case, even when aided
ultrasonically. The hydroxide-containing solution was added
dropwise to the Zn(Ag)suspension under vigorous stirring at
0°C. The reaction mixture became transparent when about 0.1
g of LiOH had been added. The ZnO sol was stored4fC
to prevent rapid particle growth.

The synthesis could be simplified further by using anhydrous
zinc acetate instead of the dihydrate. Zn(Aw)as prepared
by dissolution of the dihydrate and subsequent cooling¥G.0
The precipitate was filtered off, washed with ethanol, and dried.
Addition of the hydroxide-containing solution to the appropriate
amount of finely ground Zn(Ag)powder under the conditions
outlined above resulted in a transparent ZnO sol, similar to that
prepared from zinc acetate dihydrate.

The concentration of water in the reaction mixture was found
to be of paramount importance. Karl Fischer titration of a
standard ZnO sol showed-1.2 vol % water content. This
originates from ethanol, hydrated saltsQ(2 vol %), adsorbed
water on powder reactants, and water produced by the chemical
reaction between Zn and OH (0.1 vol %). A “dry”
synthesis was carried out for comparison using molsieves-dried
ethanol and chemicals dried under 0.3 atm at°20 The water
content of the “dry” ZnO sol was:0.5 vol %. Similar results
were obtained as with the standard method except for much
slower dissolution of the reactants and slower growth of ZnO
particles. When 1.0 vol % of water was added to the standard
reaction mixture (“wet” synthesis), no ZnO was formed. Hence,
the presence of a small, but strictly limited, quantity of water
appeared necessary to warrant a successful synthesis.

3.2. Precipitation and RedispersionWashing. Since this
work aims to study particle growth, it was considered important
to find a method to remove reaction products (LiAc angDi
from the ZnO sol. Hoyer and co-workéfsachieved this by
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Figure 1. Powder X-ray diffraction (XRD) patterns of precipitates
obtained by addition of heptane to ZnO sols after various periods of
aging. Curves have been offset for the sake of clarity. Curve 1 shows
the basic zine lithium—actetate obtained within 1 day after synthesis.
Peaks are labeled (*). Curve 2 shows the precipitate obtained after
approximately 1 day. ZnO peaks are label@d Curve 3 represents
pure nanocrystalline wurtzite ZnO. The reflection peaks used for particle
size determination (see section 3.3) are labéled

required volume ratio of hexane/heptane to ZnO sol was between
1:1 and 2:1. The supernatant was removed by decantation or
centrifugation. The ZnO precipitate was redispersed in ethanol.
This procedure could be repeated several times. The ionic
iconductivity of the original ZnO sol was about 508 cnT.

After one and two washing steps this was reduced to ap-
proximately 50 ands10 uS cntm?, respectively.

The effective removal of unwanted ionic species was
confirmed by chemical analysis of ZnO films spin-coated from
the twice-washed solution. Films were heated to 160for
10 min to remove the solvent. (Anderson and co-wofkdrave
shown that this does not lead to removal of acetate, if present.)
Li was determined by ICP-OES and acetate by ion chromatog-
raphy. A Li/Zn atomic ratio<0.004 and an acetate/Zn atomic
ratio <0.0013 were found. The maximum ratios were deter-
mined by the detection limits.

Basic Zine-Lithium—Acetate. Attempts to precipitate very
small ZnO particles led to unexpected results. Hexane was
added to a ZnO sol (kept at0 °C) within 1 day after

precipitation of ZnO aggregates through addition of water, preparation, and the mixture was kept at low temperature until
washing of the precipitate with cold ethanol, and redispersion a white powder precipitated. This required several hours. lon
in ethanol. This procedure was also effective in the present chromatography, ICP-OES, and acid titration identified the
case, but two drawbacks became apparent. The washed sol wagaterial as a basic zindithium—acetate. This is consistent
often somewhat turbid (optical transmission at 40043r85% with zinc(Il) chemistry. For example, basic zinc acetate, with
for twice-concentrated ZnO), suggesting that complete disag- chemical formula ZgO(Ac)s or ZnO.3Zn(Ac), is well-known?®
glomeration after precipitation was not possible. Second, water Evidence for the presence of zinlithium—acetate complexes
plays an important role in growth of ZnO particles (see below), in acetic acid has also been reportédSpanhel and Anderséh
and addition can, therefore, lead to unwanted side effects.  mentioned a detailed investigation of an organometallic zinc
It was found that precipitation can also be effected by addition precursor containing acetic acid derivatives, but this work has
of an organic “nonsolvent”. This is well-known for CdSe and not been published as far as we are aware. More recenttvork
CdS nanocrystallitég but has, to the best of our knowledge, has identified the precursor as #04(Ac)12, the next-higher
not been reported for ZnO. Hydrocarbons with long alkane homologue of ZRO(AC)e.
chains, such as hexane and heptane, were particularly suitable. Figure 1 shows diffraction patterns for the basic znc
Heptane is preferable because it is less toxic. Typically, the lithium—acetate (curve 1, peaks marked “*”). Note the peak



5568 J. Phys. Chem. B, Vol. 102, No. 29, 1998 Meulenkamp

370
0.8 1
— 350 1
2 06 | 5
c
© = ]
2 -
S 04 <
a 330 +
©
0.2
310 } t + +
00 , : 20 30 40 50 60 70
250 300 350 400 diameter (A)
wavelength (nm) Figure 3. Size dependence of the optical band gap, defined,as

Open symbols refer to TEM results and closed symbols to XRD size
determinations. Data shown are by Hoyer and co-wotkéfs), from

ref 21 (0O), and from the present worfO, ®). Fits according to the
expression 124@;, = a + b/D? — ¢/D are shown as a solid line
(present data) and as a dashed line (all data).

Figure 2. UV/vis absorbance spectra of ZnO sols. Dashed lines show
the procedure to determirig, for a particle sizes of 27 A. The indicated
particle size is obtained from the fit shown in Figure 3 (solid line).

at small @ (+6°). The diffractogram was compared with
standard powder diffraction patterns of@{Ac)s and of phases
containing Zn, Li, O, OH, or Ac but could not be identified.
The Zn/Ac ratio was about 2.0. It was observed that the peak
positions and their relative intensities changed slightly with time
under ambient conditions. A detailed elucidation of the structure
and composition was not attempted. Curve 3 shows the XRD
pattern of pure nanocrystalline ZnO (peaks markgiwhich

Particle size was determined from TEM micrographs and
XRD line broadening. To a good approximation, UV/vis and
XRD measurements provide volume-weighted averages. (The
oscillator strength for the first exciton absorption did not
show a large dependence on particle diameter; the scatter
factor for XRD is independent of particle sizk?®) A size

was precipitated approximately 1 week after synthesis. The Nistogram was used to calculate this quantity from TEM
broadening of the ZnO peaks is due to the small particle size, M¢rographs. _ o
Curve 2 is the diffractogram of a precipitate that contained botn N Figure 3 all data relating particle size and band gap are
materials. collected. Open symbols refer to TEM experiments and closed
The gradual transition of the composition of the precipitate Symbols to XRD results. The agreement between data by Weller
from the basic zinelithium—acetate to pure ZnO shows that and co-workers)™® and the present work is excellent. Note
conversion of the precursor to ZnO nanocrystallites is very slow. that XRD @) and TEM (O) results of the present work are in
This was confirmed by synthesis in a cuvette &Qinside a ~ 900d agreement. This was also found in ref 12. Thus, we
spectrophotometer. The characteristic ZnO band gap absorptionCO”C'Ude that either method gives reliable results._ Other work_ers
(see below) was not observed until after several hours, in () have also reported (sets of) data relating size and optical
accordance with previous wofk. The importance of the zire band gap®'217:22 These have, for the greater part, not been
lithium—acetate compound and the precursor for the present'nC|Uded in Flgure 3 because they were mostly obtz_alned for ZnO
work is that they highlight complexation of zinc in acetate- Prepared by different routes or because recalculatidnpivas
containing solutions. not possible. Figure 3 is used below to analyze the evolution
Size Selectie Precipitation. During washing it was noted ~ Of particle size during aging. We have also used it to study the
that precipitation of smaller particles required larger volumes €ffect of particle size on the ZnO dissolution Fdtepon addition
of hexane/heptane. Therefore, size selective precipitation of of acid. The lines in Figure 3 represent fits to an expression
ZnO nanoparticles was attempted. This process has up to nowef the form 12401y, = a + b/D? — ¢/D (4y2 in nm, diameter
only be described for sulfides and selenfdashere it represents D in A). If only the present results (solid line) are useds
a useful way to decrease polydispersity. However, careful 3-556,0=799.9, anct = 22.64. A fit of all data points yields
heptane addition under various experimental conditions did not @ = 3.301,0 = 294.0, anct = —1.09 (dashed line). Both give
give rise to a significantly decreased polydispersity of either a good description of the experimentally found size dependence
the supernatant or the precipitate. The optical absorption spectrdor 25 < D < 65 A and are used below to convert measured
of the precipitate and the supernatant were almost identical. Values ofly into particle size.
Precipitation by addition of water gave similar results. It was checked that;, was not affected by ion adsorption
3.3. Particle Size Determination. ZnO shows quantum size  or small changes of the solution composition. Agglomeration
effects for particless7 nm1° Hence, UV/vis absorbance spectra  can also influence the optical properties by electronic interaction
provide a convenient way to investigate particle growth. Optical between contacting particles. Only sols showing no or negli-
absorption spectra for ZnO sols are presented in Figure 2.gible light scattering were used. TEM micrographs of such
Various ways have been used to determine the bandEgap samples confirmed the absence of agglomeration. Hence, UV/
from such measuremenit§12.1617.21.22 A practical method is  Vis data presented can be interpreted in terms ofptit@ary
to equateE, with the wavelength at which the absorption is particle size throughout this work.
50% of that at the excitonic peak (or shoulder), callgd This 3.4. Particle Growth. ZnO nanoparticles continue to grow,
is schematically shown in Figure 2. This graphical procedure or age after synthesis, even when stored & The ability
also allowed calculation oEy from UV/vis spectra published  to obtain various particle sizes is based on this phenomenon. It
by other workers. 11> and the inflection point calculated by  was found that the solution composition and temperature have
differentiation were within 1 nm for almost all samples studied. a marked influence on the rate of particle growth. Figure 4
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—@—4 °C ; washed ethanol (circles); the other part was not treated (squares). Both
—6—20 °C ; washed fractions were split and stored at 4C (@, M) or room
——4 °C ; NOT washed temperatur€O, O). The final ZnO concentration of all fractions
—B— 20 °C ; NOT washed was similar. Figure 4a emphasizes the development during the

early stages of aging. Figure 4b shows the results for prolonged
storage. The same data, given as particle size vs the logarithm
of time, are presented in Figure 4c.

The data given by closed symbols and corresponding open
symbols in Figure 4a can be compared to study the effect of
temperature. Growth was markedly accelerated when particles
were kept at room temperature (RE20 °C), as expected.
Comparison of samples stored at the same temperature is more
interesting: washed sols (circles) showed far slower growth than
untreated sols (squares). For examplg,of the untreated sol
stored at RT was about 356 nm (41 A diameter) after 5 days;
this should be compared to the washed fraction stored at RT
with A1» = 342 nm (32 A diameter). This fraction reached a
41 A particle size only aftert45 days. The degree of
330 4 - — - ; polydispersity, as estimated from the sharpness of the excitonic

0 10 20 30 40 50 absorption peak, was similar for both samples at a given particle

size. It should also be noted that the washed sol showed almost
time (days) no particle growth during a brief period of time (day two to
SiX).

(b) Inspection of Figure 4b revealed another intriguing feature.

L 50 Washed sols showed (much) smaller particle sizes than their
- unwashed counterparts during the early stages of aging. This
L 40 situation was reversed after prolonged storage. The arrows
indicate the “crossover” that occurred after about 55 days and
about 240 days at RT and°€, respectively. It is concluded
that particles in a washed sol show slower particle growth which,
however, continues for a longer time. The RT sols showed
turbidity after approximately 200 days, and the experiment was
| 30 stopped. Slow agglomeration was typical of sols wiih =
360—365 nm.

330 4 ; ; , ; ‘ Figure 4c displays the type of data that can be obtained on
0 200 400 the basis of the calibration graph of size vs band gap (Figure
time (days) 3). Note the logarithmic time axis. There is a marked difference
between growth of washed sols and untreated sols. The latter
show a dependence of particle si2eon timet which can be
(c) described aB = alogt + constant, witte ~ 2.5. Remarkably,
awas the same for both temperatures studied. The particle size
of washed sols increased approximately linearly with tifoe
t < 100 days.

Such D,t) relationships seem not to have been studied
intensively, except for the case of Si& where it was shown
that they depend on the kinetics of aging. For example, the
rate of particle growth is inversely proportional to particle size
30 1 if a surface reaction (e.g., dissolution) is the rate-limiting step.
If the growth rate is determined by incorporation of solute
25 . : + + + + species in already existing particles, it can be expected to be

-0.5 0.5 1.5 2.5 proportional to the concentration of that solute species.?8ller
has also discussed various models for the rates of particle
dissolution and growth. However, the relationships observed
Figure 4. Evolution of 11, of ZnO sols during aging under various  here could not be explained on the basis of such models. The

conditions: ®) washed and aged at°’€, (O) washed and aged at 20  kinetics of particle dissolution are discussed in more detail in
°C, (m) original sol aged at 4C, and (J) original sol aged at 20C. ref 24.

(a) shows data during the early stages of aging. (b) shows all data. The Washi | d . d |
same data have been converted into particle size (using the fit through ashing removes several reactants and reaction products. It

the present results shown as a solid line in Figure 3) vs logarithm of Was, therefore, decided to investigate the effect of those species
time in (c). separately. In a typical experiment, various concentrations of
salts were added to a fresh (washed or untreated) ZnO sol, and
shows the evolution af1; and size for ZnO sols subjected to  thelsz values were determined during several weeks. The final
different treatments. A sol was prepared and divided in two ZnO concentration of all samples was identical. A reference
parts after 1 week to avoid precipitation of the basic zinc ~sample (no additional species added) was also studied.
lithium—acetate. One part was washed and redispersed in Figure 5 shows some results for an untreated sol. Acetic
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360 45 The effects of the individual species can be appreciated by
(a) comparison of the results outlined in Figure-smand by some
L 40 additional experiments. The role of water is already clear. The
effect of hydrated LiAc (Figure 5b) can then be due to the
addition of water, acetate, and lithium ions. The addition of
anhydrous NaAc or KAc also accelerated particle growth.
Comparison of the effects of LiAc, NaAc, and KAc at the same
—O—reference water content did not show a significant cation effect. The effect
—=—+48mMHAC of MAc (M = Li, Na, K) is therefore ascribed to acetate.The
—h—+9.6mM addition of hydrated LiAc results in the combined effects of
—¥—+14.4mM water and acetate. Indeed, addition of 28.8 mM Li&d,0
335 1 : : ; 'L L 30 (58 mM H,0) led to much faster particle growth than addition
0 10 20 30 40 50 of 69 mM H;O. Glacial acetic acid (Figure 5a) retarded particle
. growth. Hence, a pH decrease has a profound effect on aging.
time (days) This is not unexpected because part of the ZnO dissolved, and
a much lower ZnO content was obtained. A small increase of
pH (LiOH addition) had a larger effect than addition of the same
(b) amount of HAc, and considerably faster particle aging was
observed.
L 40 Similar results were found when salts or water were added
to a washed ZnO sol. Thus, it is concluded that removal of
water and acetate is responsible for the marked effect of washing
which was described above and depicted in Figure 4.
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——+19.2 mM 4. Discussion

—A—+288mM . .
e+ 48 MM 30 4.1. Preparation and Handling. The present work uses a

335 1 - ; - ; I preparation procedure that was modified at several points
4 8 12 compared to earlier work. Itis important to assess whether the
time (days) properties of the nanoparticles obtained differ in any respect.
The calibration plot of size vs band gap (Figure 3) showed that
45 results by Weller and co-workers agree well with the present
40 data. Comparison of the optical absorption spectra, in particular
the presence of an excitonic peak, and TEM size histograms
points out that the degree of polydispersity is also similar.
(Here, 85-90% of the particles have a size within 20% of the
mean diameter.) Electrochemical characterization of films spin-
coated on IT® revealed that the potential of the onset of
340 —8—+ 69 MM H20 electron accumulation and, hence, surface charge were almost
—A—+138mM identical to that described by Hoyer and Welé?® Lumines-
—¥—+ 206 mM 30 cence excitation and emission spectra (not shown) were similar
—¥—+275 mM to those reported by Spanhel and Anderson. It is, therefore,
330 +—— } + + : + . concluded that no significant differences exist between ZnO
0 10 20 30 40 nanoparticles prepared by the original metid8and by the
modified, less time-consuming procedure outlined in section 2.1.
Some effort was dedicated to workup and handling of ZnO
Figure 5. Effect of solution composition on the rate of ZnO particle  particles. Removal of reaction products by washing is of
growth (unwashed dispersions), shown as the optical bandigap  particular importance in this respect. Preparation of particles
The final concentrations of additives are indicated in the figures. (a) usually represents only the first step toward device fabrication.

and (b) show addition of HAc and LIAZH;O, respectively. The final Chemically pure layers, or layers with well-defined chemical
ZnO concentration of all samples was equivalent to 20 mM Zn(ll); (c) yp Yers, Y

shows addition of KD to a “dry” (see section 2.1) ZnO sol. The final  COmPposition, are often required. More fundamental studies of,
ZnO concentration of all samples was equivalent to 7 mM zn(ll); the for example, optical and electrical properties of films can also
added concentration of water is indicated in the figure. benefit from the use of washed sols. For example, transparent
acid (Figure 5a) induced slower growth. All other species led films, which did not show light scattering (transmissiori. at

to faster aging. LiA€2H,0 is shown as a typical example in 380 nm>99.5%), could only be produced at a relatively low
Figure 5b. After 1 week the reference sample and that with 48 anneal temperatures(L50 °C) by using the thoroughly washed
mM LiAc added showed particle sizes of about 36 and 42 A, sols. Such films are essential to perform quantitative studies
respectively. It was found that addition of LiCl accelerated of, for example, the index of refraction, electrochromic ef-
particle growth to the same extent. The influence of water was fects}®1"24photocurrent efficiencie®,?°etc., because accurate
studied by using a “dry” ZnO sol (see section 3.1) because correction for scattered light intensity is very complicated if
agglomeration took place upon addition of water to a standard not impossible.

ZnO sol. The results are collected in Figure 5¢c. Water  4.2. Particle Growth. Particle growth in colloidal systems
accelerated particle growth. This can be seen, for example, bycan be viewed from two standpoints. In the classical picture,
comparingl, of the reference curveQd) with that showing it corresponds to a decrease of the surface free energy at a
addition of 275 mM HO (x). constant total volume. This process is known as Ostwald

At (nm)

345 |

360

350
35

size (A)

—O—reference

A (nm)

time (days)



Synthesis and Growth of ZnO Nanoparticles J. Phys. Chem. B, Vol. 102, No. 29, 199571

ripening: large particles grow at the expense of smaller particles, assumed to be governed by the product of the concentration of
which have a higher solubilitys according to the so-called the dissolved species and the surface reactivity of the ZnO
Ostwald-Freundlich equation. This relation is derived from particles. In a washed sol, the concentration is lower. It is
thermodynamic equilibrium considerations and does, therefore, possible that, at a given size, the surface reactivity is higher
not provide information on theate at which particles grow, than in the case of an unwashed sol. The reason for this is the
which is the prime interest here. surface chemistry of the ZnO species. If specific adsorption
The other picture describes growth by the addition of reactive takes place, as is well-known in the colloid chemical literature,
precursors available in solution to already existing particles. For the rates of reactions 13 can be affected. Thus, it is
the case of silica (see ref 25 for a review), extensive investiga- conceivable that growth in a washed solution continues at a
tions have shown thajrowth proceeds by a surface reaction- measurable rate for a longer time and, therefore, that bigger
limited condensation of precursors. Particleleationis a more particles are finally obtained.
complicated process, and aggregation of building units appears
to occur3® A similar mechanism was invoked for the prepara- 5. Conclusions
tion of very small I-VI semiconductor colloid$®
Therate of particle growth is governed by the concentration
of precursors or dissolved species and their reactivity, which
depends on the number of particle surface atoms, and the
solution composition. Here, the precursor is probably,@s-

The known method for preparation of ZnO nanoparticles in
alcoholic solutions has been modified and extended. The
synthetic procedure was made less time-consuming than previ-
ously reported without significant changes in various properties
- . . of ZnO particles produced. A “washing” procedure based on
(Ac):2 during the nucleatiof The nature of the dissolved repeated precipitation by addition of alkanes and redispersion

species during continued growth is not known. Note, in this in ethanol was developed. The resultant sol is very useful for

respect, that growth also takes place in a yvgshed sol which hasstudies of electrical and optical properties of ZnO nanoparticle
been redispersed from a pure ZnO precipitate. However, as

lexai £ 78 b tate is likely t the dissolved films because the chemical composition thereof is better defined
compiexation o y acetale Is likely to occur, the diSSOVEd 5,4 pecause films thus made show excellent transparency.
species is denoted as Z®Ac. Oxides can be formed by

. . . . Control of the particle size was improved by recognizing the
hydrolysis (1) and condensation (2) of the dissolved species. . : .
Hydrolysis of ZnO is equivalent to ZnO dissolution (): influence of temperature, water, and reaction products (LiAc)

during the aging of ZnO sols. The marked variations of the
o _ particle growth rate observed under various experimental
Zn—OAc + HOH/OH = Zn—OH + HOAc/OAc (1) conditions could be rationalized in terms of kinetically limited
R growth. The rate is governed by hydrolysis and condensation
Zn—OH+ Zn—OAc=Zn—0—-Zn+HOAc  (2) reactions well-known in the field of selgel chemistry and the

Zn—0O—7n 4+ HOH — ZN—OH 4 Zn—OH 3) concentration of the dissolved ¥ispecies.
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interpreted in a qualitative manner as follows. Acetate (and ; o .
; | : structural and chemical characterization of ZnO particles and
chloride) are good complexants for 'Zn They effectively films

increase the steady-state concentration of the dissolved species.

It is well-known that the pH has a strong effect on the kinetics

of the sol-gel reactions described by eqs3. For example,

a higher pH induces faster condensation, and vice versa, in_ (1) See e.g.Nanomaterials: Synthesis, Properties and Applications;

accordance with the higher growth rate. The role of water can Ede{s}e'{‘é?g S., Cammarata, R. C., Eds. Institute of Physics Publishing:
. . . . ristol, .

be manifold. It can increase the concentration of d!ssolvébl Zn (2) O'Regan, B.; Gitzel, M. Nature 1991, 353, 737.

species as zinc salts are generally more soluble in water than  (3) Colvin, V. L.; Schlamp, M. C.; Alivisatos, A. fNature1994 370,
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