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Abstract

We have pointed out that, zinc-based particles obtained from zinc acetate sol-gel route is a mixture of quantum-sized ZnO nanoparticles, zinc
acetate, and zinc hydroxide double salt (Zn-HDS). Aiming the knowledge of the mechanisms involved in the formation of ZnO and Zn-HDS phases,
the thermohydrolysis of ethanolic zinc acetate solutions induced by lithium hydroxide ([LiOH]/[Zn?**] =0.1) or water ((H,O1/[Zn?**]=0.05) addition
was investigated at different isothermal temperatures (40, 50, 60 and 70 °C) by in situ measurements of turbidity, UV—vis absorption spectra and
extended X-ray absorption fine structures (EXAFS). Only the growth of ZnO nanoparticles was observed in sol prepared with LiOH, while a two-step
process was observed in that prepared with water addition, leading the fast growth of Zn-HDS and the formation of ZnO nanoparticles at advanced
stage. A mechanism of dissolution/reprecipitation governed by the water/ethanol proportion is proposed to account for relative amount of ZnO.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The 3.2eV band gap of ZnO semiconductor results in an
optical absorption edge at the ultraviolet (UV) end of the visible
(vis) spectrum, and the carrier effective masses are sufficiently
small such that band gap enlargement due to quantum confine-
ment is observed for particle diameters less than about 8 nm.!
This quantum size (QS) confinement becomes a very important
effect because of its new and potential applications in the areas of
UV laser, UV light-emitting diodes, field emission displays and
spintronic?? The excitonic peak and size-dependent blue shift
in the UV-vis absorbance spectrum is currently used to identify
the nanoparticles prepared by sol-gel route from zinc acetate-
derivative precursor as single ZnO phase, while the by-products
analysis on powdered samples and dip-coated or spin-coated
films are usually neglected.’-©

Recently, we have pointed out that the powder extracted by
solvent evaporation of sol-gel suspensions are constituted’ of
a mixture of nanometer-sized zinc oxide (ZnQO), zinc acetate
(ZnAc;-2H50), and acetate-derivative zinc hydroxide double
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salt (Zn-HDS). The sequence of formation of these phases is not
clear, since Zn-HDS may be prepared either from reaction of
zinc acetate salt with a basis or from dissolution/reprecipitation
of ZnO nanoparticles in presence of zinc acetate salt.>* More
recently, we have shown that the thermohydrolysis of the ethano-
lic zinc acetate precursor solutions at 60 °C induced by addition
of water'? led to concomitant growth of ZnO and Zn-HDS at the
early stage of hydrolysis and to ZnO dissolution during solvent
evaporation.

In this paper, we analyse the different steps of ZnO nanopar-
ticles and Zn-HDS formation by in sifu monitoring of turbidity
and UV—vis absorption spectra during the thermohydrolysis car-
ried out between 40 and 70 °C of ethanolic zinc acetate precursor
solutions promoted by addition of LiOH ([LiOH]/[Zn**]=0.1)
or water ([HOJ/ [Zn2+] =0.05). The zinc-based condensed
phases formed after thermohydrolysis reactions carried out at
different temperatures were identified and quantified by Zn K
edge extended X-ray absorption fine structure (EXAFS) mea-
surements done in the suspensions and dried powders.

2. Experimental

The preparation of ZnO sol has been fully described
in Ref.” The ZnsO(CH3COO)¢ tetrameric precursor (noted
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above ZngsOAcg)'! was first prepared by refluxing an absolute
ethanol solution containing 0.1 mol L~! zinc acetate dihydrate
(Zn(CH3COO);-2H,0 (noted above ZnAc;-2H,0) (Synth)) for
3 h at 80 °C under magnetic stirring. Hydrolysis of the precur-
sor solution was carried out at different isothermal temperature,
between 40 and 70 °C, by adding LiOH ([LiOH]/[Zn**]=0.1) or
water ([H,0]/[Zn**]=0.05). Precipitates were separated from
the solution after sedimentation by removal of the supernatant
ethanolic solution and dried at 50 °C.

The time evolution of the turbidity during thermohydrolysis
was measured in sifu by using a Del Lab DLA 1000 neph-
elometer equipped with a thermostated cell and a tungsten
polychromatic light. UV—vis absorption spectra were recorded
in real time during thermohydrolysis by using a Varian Cary 50
UV-vis spectrophotometer equipped with a fiber optic coupler
fitted to a thermostated polypropylene cell.'? The average size of
QS-ZnO particles was determined from the absorption spectra
using the effective mass model derived by Brus.!

EXAFS data were measured at LURE (Orsay, France) using
the DCI storage ring (1.85GeV, 300mA). The Zn K edge
(9659eV) EXAFS spectra of the liquid and powdered sam-
ples were recorded on the energy-dispersive D11 spectrometer
equipped with a Si(1 1 1) curved monochromator using a Prince-
ton CCD camera for detection. For the powder analysis, the final
precipitates were ground and mixed with graphite in order to
prepare pellets suitable for EXAFS characterization (i.e. a edge
jumps in transmission mode of about Aux = 1). The EXAFS
treatment was performed by using the program developed by
Michalowicz.'? After atomic absorption removal based on cubic
spline function and normalization, the k> x(k) weighted EXAFS
signal was Fourier transformed to R (distance) space, using the
3.1-14.8 A~! Kaiser apodization window with 7 = 3. As the sam-
ples are a mixture of two or three components (zinc precursor,
QS-Zn0O and/or Zn-HDS), our analysis was limited to the Fourier
transforms (FT) and the experimental EXAFS spectra were fit-
ted as linear combination of these components using the least
square-fitting module available in the SIXPack software. '3

3. Results and discussion

The evolution of the turbidity with the time of thermohy-
drolysis under different isothermal temperatures is shown in
Fig. 1. As the turbidity is highly dependent on the volume
fraction of particles in suspension, the increase of turbidity
evidences the increasing number of particles with the reaction
time. The comparison of the curves corresponding to samples
prepared with LiOH (Fig. 1(a)) and H>O (Fig. 1(b)) reveals dif-
ferent regimes: (i) a first time period in which the turbidity is
essentially time invariant for LiOH-prepared sols. The same
induction time period is verified whatever the thermohydrol-
ysis temperature carried out in presence of LiOH, suggesting
that the same kinetic processes occur under these conditions.
This induction period is not observed for sols prepared by water
addition; (ii) a second time period that is characterized by a pro-
nounced increase of turbidity that grows faster as the reaction
temperature increases. As a consequence the maximum turbid-
ity value achieved by the sol prepared with LiOH at 40 °C is
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Fig. 1. Temporal evolution of the turbidity for thermohydrolysis carried out at
the indicated isothermal temperature under: (a) LIOH and (b) water addition.

approximately 10 times lower than the maxima observed for
sols prepared at higher temperature or with water; (iii) a third
time period for which a fast decrease of turbidity occurs due
to the settling of colloidal particles. This behaviour is observed
when the samples have reached a high concentration of particles
in suspension (turbidity >200 FTU) favouring the aggregation
and subsequent settling. Furthermore, it is important to note
that this regime appears to be continuous in the samples pre-
pared with LiOH at 60 and 70 °C, while it is stepped for sols
prepared at 70 °C in presence of water. As it will be shown
below, these different features revealed by the samples prepared
with water and LiOH addition are not only due to larger vol-
ume fraction of particles formed in the former, but also due to
different nature of zinc-based phase having larger particle sizes.
Finally, we must anticipate here that the nature of zinc-based
phase essentially depends on the catalyst added to initiate the
hydrolysis—condensation reactions and not on the temperature.
Based on this result, we can indifferently choose for the UV—vis
and EXAFS data presented below those recorded at different
temperatures for a given catalyst.

The raw UV-vis absorption spectra recorded during the
thermohydrolysis of the zinc precursor solutions at 40°C
([LiOH]/[Zn?**]1=0.1) and 50°C ([H20)/[Zn**]1=0.05) are
shown in Fig. 2(a) and (b), respectively. During the first time
period (t<10min), a well-resolved excitonic peak typical of
QS-ZnO nanoparticle is observed below 330 nm in the sol pre-
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Fig. 2. Raw absorption spectra recorded during thermohydrolysis at (a) 40 °C
under LiOH addition and (b) at 50 °C under water addition. The reaction time in
minutes is indicated on the curves. The inset in (a) presents the time evolution of
the absorbance measured at 400 nm. The inset in (b) is the absorption spectrum
recorded at 357 min of hydrolysis normalized by the spectrum of the precursor
solution.

pared with LiOH (Fig. 2(a)). As the reaction time increases from
1 to 6 min the onset of the excitonic peak progressively red
shift from 324 to 337 nm evidencing a faint growth of average
radius of QS-ZnO particles from 1.6 to 1.8 nm. Simultaneously
to this red shift the intensity of the excitonic peak continuously
increases indicating the formation of an increasing number of
QS-ZnO particles. The spectrometer detector becomes saturated
at t>7 min hindering the monitoring of the QS-ZnO growth, in
particular the observation of the excitonic peak and the accurate
determination of the cut-off wavelength used for the determi-
nation of particle radius.'? Nevertheless, in the period ranging
from 10 to 60 min we can observe that the absorbance thresh-
old is abrupt and shifts continuously up to 360 nm, suggesting
that the QS-ZnO particles achieve an average radius of 2.6 nm.
These behaviours suggest that during this period, both the num-
ber and the average size of ZnO particles increase. After 60 min,
an increase of absorbance occurs in the whole visible range,
that is probably related to light scattering caused by the for-
mation of the large particles detected from the turbidity. This
proposition is confirmed by time evolution of the absorbance
measured at 400nm (inset of Fig. 2(a)) that shows a perfect
agreement with the temporal dependence of turbidity (Fig. 1(a)).

For the sol prepared at 50 °C with water (Fig. 2(b)), no clear
evidence of the excitonic peak typical of QS-ZnO nanoparti-
cles arises from the raw UV-vis spectrum during the whole
time period of in situ monitoring. During the first 12 min, a fast
increase of absorbance occurs in the whole spectrum, without
the appearance of any characteristic feature. It is noteworthy
that, this behaviour is totally in agreement with that observed
during the first and the second time period revealed by tur-
bidity measurements (Fig. 1(b)), showing that the scattering by
the large particles dominates the UV—vis spectrum. After that,
the opposite behaviour is observed, i.e. the whole absorbance
decreases continuously with the reaction time until ~210 min.
Finally at advanced hydrolysis time (r>215min), a faint but
significant and continuous increase of absorbance occurs on the
whole UV-vis spectra suggesting the formation of a new fam-
ily of particles. As a matter of fact, the spectrum recorded for
the sol at the end of the kinetic normalized by that of precursor
solution (inset of Fig. 2(b)) presents an excitonic peak around
340-350 nm that is typical of ZnO nanoparticles.

Further information about crystallochemical nature of Zn-
based particles in solution and in the dried powder extracted at
the end of synthesis was obtained from EXAFS measurements.
Fig. 3 displays the Zn K edge EXAFS spectra recorded at the
beginning and at the end of thermohydrolysis of sol prepared
with addition of base (40 °C) or water (60 °C) and of the corre-
sponding dried powders extracted at the end of each synthesis.
For comparison purpose the spectra of solid nanocrystalline ZnO
and of a nanocrystalline Zn-HDS reference are also displayed. It
is first noteworthy that a common EXAFS spectrum is obtained
for the powders extracted from sol prepared with LiOH or water
addition, which is clearly in phase with the spectrum of the
Zn-HDS reference. The EXAFS recorded at the beginning of
both synthesis conditions displays as typical feature a relatively
unstructured spectrum like the one of ZnyOAcg precursor.'! The
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Fig. 3. EXAFS spectra recorded at the beginning (labeled ‘in’) and at the end
(labeled ‘fin’) of thermohydrolysis carried out at 40 °C ([LiOH])/[Zn**]1=0.1)
and at 60 °C ([H20)/[Zn**]=0.05). The spectrum labeled bottom reported for
the kinetic with water addition corresponds to the spectrum recorded at the
bottom of the cell after settling of the particles formed during the first period of
particles formation, i.e. at # & 30 min. The corresponding dried powder extracted
at the end of each synthesis is displayed in dotted curves. The EXAFS spectra
of powdered ZnO nanocrystalline, labeled nano-ZnO, and of a nanocrystalline
Zn-HDS reference, are reported for comparison purpose at the top of the figure.
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Table 1
Proportions of main compounds present in the sol and in the corresponding dried
powder prepared with water and LiOH addition

Zn-Phase Condition

Sol? Powder® Sol® Powder®
ZnO (29) 22
Zn-HDS 24 49 43
Precursor 76 (71) 51 78 57

Values between parentheses correspond to proportion just before the settling of
larger particles.

¢ [H,01/[Zn**]=0.05.

® [LiOH)/[Zn**]=0.1.

EXAFS oscillations observed in solution at the end of synthesis
carried out with base or water are in phase with the character-
istic oscillations measured on the spectrum of nano-sized ZnO
reference. In particular, the splitting of the EXAFS oscillations
in the 3-7 A~! k-range, which is a characteristic fingerprint of
Zn0, is well evidenced. The damping of EXAFS oscillations for
samples compared to the nano-sized ZnO reference is due to the
mixture between unreacted precursors and ZnO nanoparticles.
The EXAFS data of sol formed by water addition recorded just
after the settling of particles at the bottom of the cell is sim-
ilar to the data reported for the dried powder, indicating that
Zn-HDS particles were formed during the first time period of
thermohydrolysis.

Table 1 summarises the proportion of Zn-based phases
present in the sols and in the extracted dried powders prepared
by LiOH or water addition estimated from linear combinations
of EXAFS spectra of the main zinc species (nano-ZnO, Zn-
HDS and unreacted precursors). A dispersion lower than 2%
with respect to values gathered in Table 1 was found for ther-
mohydrolysis carried out at different temperatures. This feature
indicates that in the 40-70°C range the temperature plays a
minor role in the proportion and nature of Zn-based species
formed by hydrolysis/condensation reactions. In agreement with
the UV—vis absorption spectra the ZnO nanoparticles were unde-
tected during the initial time of hydrolysis induced by water
addition, for which the Zn-HDS component is the main product.
Under this synthesis condition the QS-ZnO nanoparticles are
only detected at advanced stage (see the inset of Fig. 2(b)) when
stepped settling of large particles was observed. The fact that the
amount of unreacted precursors is almost constant at the end of
this two-stepped kinetic strongly suggests that the QS-ZnO parti-
cles result from a dissolution/reprecipitation process, involving
the Zn-HDS particles formed at the early stage. Furthermore,
the absence of detectable amount of Zn-HDS in the sol prepared
with LiOH demonstrates that the control of the water amount
is of paramount importance in sol-gel synthesis of QS-ZnO
suspensions. Although the presence of QS-ZnO nanoparticles
was well characterized at the advanced stage of synthesis car-
ried out with water and LiOH addition, they are absent in the
final dried powder precipitates. This evidence that the change
of proportion water/ethanol due to the preferential evaporation
of alcohol during drying displaces the equilibrium between dis-
solution/reprecipitation reactions favouring again the formation

of Zn-HDS phase. Thus, to obtain QS-ZnO thin film from this
sol-gel route, it is of paramount importance to extract the rem-
nant water before the post-synthesis step. This can be done for
instance by using molecular sieves or appropriated exchange
resins.

4. Conclusions

The formation of Zn-HDS compound by the known sol—gel
method used to prepare ZnO nanoparticles from zinc acetate in
alcoholic solutions has been investigated as a function of ther-
mohydrolysis temperature and addition of water or LiOH. The
temperature of isothermal thermohydrolysis (between 40 and
70 °C) mainly affects the ZnO nanoparticle growth rate leading
in all sols prepared with LiOH to a mixture of 22 + 2% of ZnO
nanoparticles and 78 &£ 2% of unreacted precursors.

The paramount importance of water/ethanol proportion on
chemical nature of Zn-based compounds present in the sol and
in the dried powder was demonstrated by the comparative anal-
ysis of hydrolysis induced by LiOH and water addition. The
later leads to fast growth of Zn-HDS and the formation of
ZnO nanoparticles only occurs at the advanced stage. This two-
stepped process evidences that in presence of small amount of
water ([H>O]/[Zn] =0.05) the formation of ZnO nanoparticles
is governed by dissolution/reprecipitation mechanism of Zn-
HDS. The increase of water/alcohol ratio due to the preferential
evaporation of alcohol during drying favours the dissolution of
ZnO nanoparticles and the reprecipitation of Zn-HDS. As con-
sequence Zn-HDS and precipitate zinc acetate precursor are the
main components found in the final dried powders.
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