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Introduction

Layered ZnO (LZnO) compounds have attracted increasing
attention on account of their specific structure and potential
applications in many areas, such as chemical sensors, photo-

catalysts, phosphors, and dye-sensitive solar cells.[1] Most of
the LZnO particles are prepared by the thermal decomposi-
tion of the corresponding layered zinc hydroxide com-
pounds, such as hydrozincite (zinc hydroxide carbonate,
ZnHC) or zinc hydroxide acetate.

Layered zinc hydroxide carbonate (LZnHC) is commonly
prepared by a solution method.[2] The hydrothermal precipi-
tation of LZnHC from zinc nitrate with urea was already
presented in our previous paper, in which the influence of
the different additives on the final morphology of the parti-
cles was studied in a closed reactor system.[2a] The precipitat-
ed ZnHC decomposed in only one relatively sharp step. The
decomposition activation energy of the ZnHC into ZnO was
calculated on the basis of isothermal decomposition studies.

Recently, Zeng et al.[2b] used ex situ characterization
(SEM and TEM) to propose the formation of LZnHC mi-
crospheres obtained by a hydrothermal process using zinc
nitrate and urea in a Teflon-lined autoclave. They proposed
that morphological evolution leads from a single nanosheet
to dumbbell-like aggregates, which in the end formed cab-
bage-like spheres. Another ex situ formation of LZnHC was
followed in a mixture of water and 1-butanol from zinc ni-
trate and urea in a Teflon-lined autoclave by Xingfu et al.[2c]

They proposed a plausible dissociation–deposition mecha-
nism for the formation of the Zn(OH)2 nucleus (the “sacrifi-
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cial” templates) for the microspherical assembly of multilay-
ered ZnHC, thermally decomposed into LZnO.

To the best of our knowledge, only ex situ characteriza-
tion methods such as TEM and SEM have been used to
follow the particle growth of LZnHC.[2b, 3] An ex situ obser-
vation essentially involves large time steps and a statistical
uncertainty in the sampling and sample preparation. Addi-
tionally, an ex situ observation in a rigorous microscope en-
vironment can considerably alter the information about the
products.

For this reason we performed an in situ measurement of
the small-angle X-ray scattering (SAXS), since with this
method a direct look at the growth of the nanoparticles of
ZnHC was possible. In situ SAXS measurements and the
growth kinetics of ZnO nanocrystals have already been pre-
sented in a series of papers.[4] However, despite an extensive
search, we found no reports of in situ SAXS measurements
of ZnHC growth.

To understand the formation of ZnHC, the solution
chemistry of the zinc cation and the thermal decomposition
of urea were considered. The solution chemistry of the zinc
cation appears to be complicated, as the reactions depend
on many parameters, such as the pH, the concentration, the
presence of other anions, or the temperature.[5] The chemical
reactions that are involved in the formation of the solid
phase, such as hydrolysis, condensation, and complexation,
could be discussed in the frame of the partial charge model
(PCM).[6] The PCM is a simple theoretical model based on
the concept of electronegativity; it provides a very useful
and powerful tool to forecast the chemical behavior of an
ion in solution. Other important chemical parameters, such
as the pressure, ionic strength, or metal concentration, are
not yet explicitly involved in the model, so the calculated
structure schemes are only indicative and tentative, but still
help to improve our understanding of the system.

The influence of different polyols such as ethylene glycol,
diethylene glycol, and tetraethylene glycol on the morpholo-
gy of the final particles of the ZnO was presented in our
previous paper.[7] ZnO, in the form of hexagonal bipods, was
synthesized from zinc nitrate and urea in an open reactor
with constant stirring in a one-step reaction (no additional
treatment was necessary). We found that the particles were
more homogenous and stable when a mixture of water and
a different polyol was used. In a series of papers, the prepa-
ration of one-dimensional ZnO nanostructures in water so-ACHTUNGTRENNUNGlutions with addition of different long- and short-chain poly-
mers has been reported.[8] For instance, Li et al.[8f] used a
short-chain polymer such as polyethylene glycol 400
(PEG400) for the fabrication of ZnO particles in a one-step
reaction. They showed that synthesized nanoparticles could
be selectively prepared by using short-chain polymers.

In this work we present the preparation of LZnHC from
zinc nitrate and urea in a water and a water/PEG mixture in
an open reactor with constant stirring. The growth of the mi-
crospheric LZnHC precursor, which was thermally decom-
posed into LZnO, was followed with in situ SAXS measure-
ments and both field-emission scanning electron microscopy

(FESEM) and TEM. To understand the different growth
mechanism and kinetics, various concentrations of starting
reagents were used in the mixed solution of water and a dif-
ferent volume ratio of PEG400. The formation mechanism
of the LZnHC, formed in the water/PEG mixture, as ob-
served from the SAXS data and theoretically calculated by
PCM, is presented in this paper for the first time.

Results and Discussion

Thermal decomposition of urea and the formation of the
ZnHC : Layered hydrozincite (LZnHC) was synthesized
from zinc nitrate and urea in the water and the water/
PEG400 mixture. For a better understanding of the growth
of the ZnHC particles during the precipitation, the decom-
position of urea needs to be taken into account. The decom-
position of urea depends on the experimental conditions
such as the temperature, the time of synthesis, and the pH,
as the system is very sensitive to any changes.[9] We can sum-
marize that a number of cations and anions, such as the oxo-
nium and ammonium cations and hydroxide, carbonate, hy-
drogen carbonate, and cyanate anions, were formed, de-
pending on the experimental conditions. However, in this
rather complicated decomposition, there are also carbon di-
oxide and ammonia gases. Investigations of the decomposi-
tion of urea in a water medium, presented by Matijević and
Sapieszko,[9a] showed that the decomposition increases with
a rise in temperature. They reported that urea degradation
takes place 25 times faster at 90 8C than at 60 8C. It is also
known that the presence of metal ions such as zinc catalyze
the urea decomposition and consequently the mechanism of
decomposition could be modified, shortened, and more
complex.[9b]

The pH of the solution was measured during the synthesis
to observe the chemical behavior of our system (Figure 1).
The pH measurement of the thermal decomposition of urea
(0.5 m) in water is presented in Figure 1a. From the pH
values the pH drop could be seen in the first 10 min. When
the final temperature (90 8C) of our system was reached
(after 15 min of the reaction) urea began to decompose
faster. The pH of the solution increased subsequently to a

Figure 1. pH as a function of time of a) urea (0.5 m) thermal decomposi-
tion in water, b) Sample I, c) Sample IV, d) Sample III, and e) Sample II.
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pH value of around 7 after 2 h of decomposition. Similar
pH curves were obtained for the thermal decompositions of
urea in water/PEG400 mixtures (not presented in the
paper).

In Figure 1b, the pH measurement of the synthesis in the
water medium (Sample I, Table 1) is presented and the pH
measurements of water/PEG400 mixture at volume ratio of

3:1 (listed in Table 1) are presented in Figure 1c–e. The
shapes of the pH curves of the experiments in the water/
PEG400 mixtures (Figure 1c–e) were very similar to those
obtained in the water medium (Figure 1b). For that reason,
the chemical formation of the solid phase in the water/PEG
mixture is predicted to be analogous to the synthesis in the
water medium.

The theoretical formation of the solid compounds from
solution was based on the hydrolysis, condensation, and
complexation reaction of the zinc cation in the framework
of the partial charge model (PCM). The PCM is based on
the electronegativity equalization that allows for an estima-
tion of the charge and the identification of the molecular
species of cations at specific values of pH.

In the very beginning of our synthesis, the zinc nitrate was
in the form of a fairly stable hydrated zinc, in which zinc
cations are octahedrally coordinated in the form of the hex-
aqua [Zn ACHTUNGTRENNUNG(OH2)6]

2+ and hydroxo–aquo complex [Zn(OH)-ACHTUNGTRENNUNG(OH2)5]
+ .[10] The hydroxo–aquo complexes existed when the

hydrolysis ratio (h) was 1.3, calculated with the PCM for an
initial pH 5. The hydrolysis ratio (h) corresponds to the
number of protons that have been removed from the metal–
aqua complex and increases along with the pH.[6a] During
the hydrolysis of the Zn2+ cation, the pH value in the reac-
tion medium was decreased.

With a gradual increase in temperature up to 90 8C during
the first 15 min of the synthesis, the pH of the reaction
medium subsequently increased (Figure 1b–d) due to the
faster decomposition of the urea. The numerically solved
thermal decomposition of the urea in water at 80 8C shows
that ammonium, cyanate, and hydrogen carbonate are
among the most relevant species during the urea decomposi-
tion.[9b]

The cyanate anion could be catalytically hydrolyzed by
the zinc ion, so the aqua ligand in a zinc hydroxo–aquo com-
plex is deprotonated into a hydroxo ligand, and ammonium

and hydrogen carbonate are formed.[9b] The reaction can be
written as follows [Eq. (1)]:

½ZnðOHÞðOH2Þ5�þ þOCN� þ 2 H2O! ½ZnðOHÞ2ðOH2Þ4�0

þNH4
þ þHCO3

�

ð1Þ

With this reaction, we could explain the neutralization of
the divalent zinc ion in an aqueous solution, in which h= 2
is needed. The upper limit of our hydrolysis ratio was 1.5,
calculated by PCM for pH 5.7, which was the maximum
measured pH value in our reactions.

With the PCM model, we would be able to explain the
complexation behavior of the anionic species towards the
aqueous Zn2+ precursor.[5] In our case, the zinc aqueous pre-
cursor could be complexed by monovalent anions (X�) such
as HCO3

� and NO3
�. Our reaction system could be then

written as follows [Eq. (2)]:

½ZnðOHÞðOH2Þ5�þ þX� $ ½ZnðOHÞðXÞðOH2Þ5�a�0 þ aH2O

ð2Þ

in which a corresponds to the number of water molecules
that are replaced by the anion X�. According to the litera-
ture, the HCO3

� and NO3
� anions behave as bidentate li-

gands (a =2) and should be able to replace two water mole-
cules.[6a] The stability of the Zn�X complex with respect to
ion dissociation and hydrolysis could be calculated by the
PCM. We determined that [Zn(OH) ACHTUNGTRENNUNG(HCO3) ACHTUNGTRENNUNG(OH2)3]

0 was
the only stable complex under our experimental conditions
(h=1), as the NO3

� anion, due to its high electronegativity,
is dissociated.

It is known that the presence of the [Zn(OH)2ACHTUNGTRENNUNG(OH2)4]
0

and [Zn(OH) ACHTUNGTRENNUNG(HCO3)ACHTUNGTRENNUNG(OH2)3]
0 complexes consequently lead

to fast olation, which is the formation of the hydroxo or
“ol” bridges and the elimination of water.[6a,11] The reaction
of olation can be written as follows [Eq. (3)]:

3½ZnðOHÞ2ðOH2Þ4�0 þ 2½ZnðOHÞðHCO3ÞðOH2Þ3�0

! ½Zn5ðOHÞ6ðCO3Þ2� þ 20 H2O
ð3Þ

The reactions gradually lead to the formation of a laminar
zinc hydroxide carbonate network with a rapidly reduced
solubility (critical limiting supersaturation) and further par-
ticle growth of the ZnHC. At this point, the highest pH
value was measured and followed by a small decrease of the
pH value as the consequence of the partial relief of the
ZnHC precipitation (Figure 1b–e).[12] The reaction mixtures
were in chemical equilibrium after the rapid self-nucleation,
which results in the nearly constant pH value thought the
reaction.

The structure of ZnHC is composed of parallel sheets of
zinc in both the octahedral and tetrahedral coordinations in
the ratio 3:2 (Figure 2).[13] The parallel sheets are held to-

Table 1. Experimental conditions for the preparation of the samples and
the time of the formation of the particles obtained by SAXS, FESEM,
and pH measurements.

Sample
Vol. ratio of

Zn2+ [m]
Time of particle formation [min]

water/PEG400 SAXS SEM/pH

I 1:0 0.1 26 29
II 3:1 0.025 73 70
III 3:1 0.05 42 45
IV 3:1 0.1 25 28
V 1:1 0.025 112 108
VI 1:1 0.05 49 55
VII 1:1 0.1 37 35
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gether by a CO3 group that is normal to the sheets. Two
oxygen atoms of the CO3 group are each bonded to an octa-
hedral and tetrahedral zinc atom, whereas the third oxygen
atom is hydrogen-bonded to three OH groups. The as-pre-
pared ZnHC also contains water adsorbed onto the surface.
Some part of the water that is present could be structural
and located between parallel sheets and carbonate groups.

In situ SAXS analysis : The nucleation and growth of the
particles was observed in situ by SAXS. Figure 3 presents an
example of an SAXS measurement (Sample II, Table 1) for
which the SAXS intensity is plotted versus the scattering
vector, S, in which S= ACHTUNGTRENNUNG(2 sinq)l�1, q is the scattering angle,
and l is the wavelength. It is clear that the particles start to
form after approximately 40 min, as indicated by the arrow
in Figure 3.

The SAXS intensity is a result of the interference of the
waves scattered from each electron in the particle. It can be
shown that the central part of the intensity (the smallest
scattering angles) is similar for different shapes of the scat-
tering particles (intensity (I)�exp[�ACHTUNGTRENNUNG(SRG)2]). Furthermore,
its dependence on the angle is given only by the size of the
particle, represented by the radius of gyration, RG.[14] The
latter is defined as the mean square distance (RMS) from
the center of gravity. Therefore, RG is an intuitive measure
of the spatial extension of the scattering structures. It is cal-

culated from the slope of the scattering curve in the so-
called “Guinier-plot”, in which the logarithm of the scatter-
ing intensity is plotted against S2 The Guinier approximation
was derived for dilute systems and is valid in the range of
small values of the scattering vector S in which the criterion
RG,maxq !1 (q= 2p/S) is fulfilled. It is straightforward to
show that, for example, for the sphere RG

2 = 3/5R2, for which
R is the radius of the sphere.

The SAXS data are presented as the time evolution of the
integral intensity (Figure 4) and the average size of the
nanoparticles (Figure 5) for the synthesis in the water

medium, and at different water-to-PEG400 volume ratios
(3:1 and 1:1) in the initial solution reaction mixture. The
SAXS scattering was followed in situ from the beginning of
the synthesis so as to study the full range of particle forma-
tion. The intensity integration was made over 120 s to
obtain an adequate signal-to-noise ratio, and this represents
the time resolution of the experiment. In the beginning of
the reaction, the sample scattering is equal to the solvent
scattering, and this is taken as a reference. Only when the

Figure 2. Crystal structure of ZnHC.

Figure 3. Logarithmic plots of the SAXS intensity versus the scattering
vector (S) measured in situ during the preparation of Sample II.

Figure 4. The integral scattering intensity versus reaction time for synthe-
sis in water medium (Sample I: � ), 3:1 ratio (v/v) of water/PEG400
(Sample II: *; Sample III: ~; Sample IV: &), and 1:1 ratio (v/v) of water/
PEG400 (Sample V: *; Sample VI: ~; Sample VII: &).

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 11481 – 1148811484

Z. C. Orel et al.

www.chemeurj.org


particles start to form does the SAXS begin to change. In
the first 20 min of the reaction the formation of the particles
was not expected since the thermal decomposition of the
urea was slow at the beginning of the synthesis and subse-
quently the appropriate formation of the [Zn(OH)2 ACHTUNGTRENNUNG(OH2)4]

0

and [Zn(OH) ACHTUNGTRENNUNG(HCO3) ACHTUNGTRENNUNG(OH2)3]
0 complexes needed for the nu-

cleation were not possible.
The change of the SAXS integral intensity as a function

of time serves as a good measure for the amount of formed
material. In the beginning of the synthesis, the SAXS inten-
sity increases as a square of the time. We can determine the
moment at which the particles start to form in the solution
by extrapolating the square function fitted to the data in
Figure 4 to zero. The moment when the formation of the
particles begins, given by the square fit of the initial growth,
is presented in Table 1.

The formation of the particles started faster for higher
concentrations of the initial reagents (Table 1). Experiments
with the same concentration of the initial reagents, but with
a higher volume ratio of PEG400 used in the water/PEG400
mixture, showed that larger amounts of PEG400 retard the
formation rate of the nanoparticles in the beginning of the
synthesis. After a certain period, depending on the concen-
trations of the initial reagents, the intensity increase with
time changes to a linear mode. In the first group of samples
(water and water/PEG400 at a 3:1 v/v ratio, presented in
Figure 4), the SAXS intensity grows linearly with time,
almost immediately after the initial moment of formation.
The changeover to the linear mode happens later for the
second group of samples (water/PEG400 ratio was 1:1 v/v),
as presented in Figure 4. An explanation can be found in
the assumption that the larger amount of PEG400 influences
the formation of the microenvironment. We can propose
that the chainlike PEG molecules segmented the open
linear reaction field in which complexation of the zinc
cation was limited at the beginning of the synthesis (square
function) and later became constant (linear function).[15]

The Guinier[14] approximation was used to follow the typi-
cal size evolution with time. The obtained Guinier radii

(RG) are plotted as a function of time in Figure 5. For the all
experiments, an abrupt particle formation about 6 nm in size
can be observed (Figure 5) when the particles start to grow.
The size of the particles tends to saturate towards the end of
the particle growth and does not exceed 10 nm for the parti-
cles in water medium (Sample I, Figure 5), and 9 and 8 nm
for the particles in water/PEG400 mixture with ratios of 3:1
and 1:1 (v/v), respectively. The Guinier radii of the particles
decreases with the increased amount of the PEG400 in the
reaction mixture. The growth of the ZnHC particles was
most sluggish in a case of Sample V, for which the lowest
concentration of the initial reagent was used in the mixture
of water/PEG400 with ratio of 1:1 (v/v) and the fastest in
Sample I for which a pure water medium was used
(Figure 5). We can see in Figure 5 that a typical size of 6 nm
is reached within two minutes after the beginning of the
process for all samples with the exception of Sample I.

Ex situ FESEM and TEM analysis : Detailed FESEM and
TEM analyses were performed to completely understand
the time-dependent growth of the particles. The formation
time of the first particles synthesized in water and in water/
PEG400 mixtures with a ratio of 3:1 and 1:1 (v/v), observed
by FESEM (micrographs not presented in the paper),
agrees well with the time determined by the SAXS, as pre-
sented in Table 1.

The detailed time-dependent growth of the particles, after
the first observation with FESEM and TEM, is described
for Sample IV (Table 1, Figure 6). However, the other sam-
ples show a similar growth behavior to that presented for
Sample IV. From the FESEM image of Sample IV (Fig-
ure 6a1), it is clear that the obtained layered particles are
difficult to distinguish. On the other hand, one can see the
groups of organized crystal planes with a size of around
5 nm (Figure 6a2), which are incorporated into the leaflike
matrix of ZnHC. The selected-area electron diffraction
(SAED) pattern (not presented in the paper) shows that the
particles are randomly oriented and extremely small.

Our tentative explanation for the growth mechanism pro-
poses that the nanoparticles (building units around 5 nm in
size) were self-assembling into a growing, microscopic
ZnHC crystal network (Figure 6a2). At the same time, new
nanoparticles were forming. The particle-mediated growth
through a self-assembly mechanism is part of the “nonclassi-
cal crystallization” concept, which is not new.[12,16] However,
we show with these results, to the best of our knowledge,
the first proof of a nonclassical crystallization growth behav-
ior for this system.

The first microspherical particles with an estimated size
up to 2 mm were observed after 30 min of the reaction (Fig-
ure 6b1). The spheres are composed of sheets with a thick-
ness of around 20 nm (Figure 6b2). Approximately 6 nm
large crystallites could be observed in the obtained struc-
tures (Figure 6b2, inset; high-resolution transmission elec-
tron microscopy (HRTEM)). For the same reaction time,
the SAXS data showed the presence of nanoparticles ap-
proximately 6 nm in size. On the other hand, individual

Figure 5. The RG radius versus reaction time for synthesis in water
medium (Sample I: � ), 3:1 ratio (v/v) of water/PEG400 (Sample II: *;
Sample III: ~; Sample IV: &), and 1:1 ratio (v/v) of water/PEG400 (Sam-
ple V: *; Sample VI: ~; Sample VII: &).
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nanoparticles (separated from the solution and larger parti-
cles) were not detected by (ex situ) SEM and TEM micros-
copy, so we suppose that they were only stable in the reac-
tion system.

After 32 min of the reaction, the concentration of the
spherelike particles had rapidly increased (Figure 6c). The
size of the porous microsphere-like particles was between 1
and 4 mm (Figure 6c1). From the TEM image it can be ob-
served that leaves, with a thickness around 20 nm, composed
the spherelike particles in a three-dimensional hexagonal
order (Figure 6c1, inset). Our mechanism predicts the ag-
glomeration of separate leaves into larger, porous micro-
sphere-like particles with subsequent growth. The HRTEM
image of the individual leaf, presented in Figure 6c2, shows
that the leaves were formed of nanoparticles that were ap-
proximately 6 nm in size (Figure 6c2, inset). According to
the SAXS data, the sizes of the nanoparticles in the reaction
medium were still nearly constant. From the SAED pattern
of this sample it could be observed that the particles are
very small (diffuse circles) and randomly oriented (uniform
circles). From a comparison of the experimental and simu-
lated SAED patterns (the EMS computer program was used
for the simulation[17]), presented in Figure 7, it was found
that these nanocrystals are mainly composed of hydrozin-
cite. The sample was found to be relatively sensitive to irra-
diation with the electron beam, and this was reason why
some evidence for ZnO was also observed (Figure 7).

Additionally, we found that the formation of the particles
could be followed simply by the pH measurement during

the synthesis (Figure 1b–e). The time at which the measured
pH reached the highest value was in good agreement with
the time when the first particle formation was observed with
the electron microscopy. The samples prepared in water and
water/PEG400 at ratios of 3:1 and 1:1 (v/v) showed that the
formation of the particles obtained by SAXS and the ag-
glomeration of the particles presented by FESEM were
closer to each other, which is in agreement with the time at
which the highest pH was measured. From these observa-
tions, the pH measurements were found to be a useful tool
to control the formation of the particles in our experiments.

Formation of ZnO : To produce pure ZnO, the samples were
thermally treated at 300 8C for 4 h under a static atmosphere
of air. The particles kept their morphology on the micro-
scale during the heat treatment, as presented in Figure 8.
However, the annealation caused the formation of a nano-
porous structure on the surface of the particles (Figure 8a),
which revealed an increased specific surface area.[2a]

The obtained products were also characterized with XRD
and FTIR spectroscopy. For example, the XRD spectra of
Sample IV are presented in Figure 9 before and after the
thermal decomposition. The major peaks of the spectrum
before heat treatment (Figure 9b) correspond to [Zn5(OH)6-ACHTUNGTRENNUNG(CO3)2] (powder diffraction file (PDF) 19-1458, ZnHC).
From the high background and the low intensity of the
peaks, it is apparent that the product is not well crystallized.
In the XRD pattern of Sample IV (Figure 9b), the peak in-
tensities of (002) are slightly higher than that of the stan-
dard pattern (PDF 19-1458). These results indicate that the
leaflike particles that compose the microspheres have a pro-
nounced dimension of (002) in the XRD pattern. This could
be connected with the results presented in the paper by
Hosono et al. ,[1] in which they named the layered hydroxide
zinc carbonate sheets, and in which leaflike samples pre-
pared on a glass substrate show higher peak intensity of
(020). For this reason we can conclude that the more pro-
nounced peak intensity of (002) is connected with the mor-

Figure 6. FESEM and TEM micrographs of Sample IV (Table 1) pre-
pared after a) 28, b) 30, and c) 32 min.

Figure 7. Experimental SAED pattern of Sample IV obtained after
35 min of the synthesis and comparison with simulated patterns of ZnO
and ZnHC.
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phology of the samples, because the leaflike particles that
formed microspheres are wider. With thermal decomposi-
tion (300 8C) in air, the sample was transformed into a pure
hexagonal ZnO phase (PDF 36-1451). The XRD pattern of
that sample is shown in Figure 9a.

The FTIR spectrum of Sample IV is presented in
Figure 10. The presence of CO3

2� in the product was con-
firmed by the bands in the range from 1600 and 1200 cm�1,
and from 1000 to 680 cm�1 (Figure 10b).[2a] The FTIR spec-
tra of the other samples (not presented in the paper) show
comparable spectra. No peak corresponding to PEG in the
FTIR spectrum was observed, although it is known that
PEG can be easily adsorbed at the surface of a metal-oxide
colloid.[8b] After a thermal treatment (300 8C) of the precipi-
tate, the band at 429 cm�1 with a pronounced shoulder at
542 cm�1 in the IR spectra (Figure 10a) confirmed the pres-
ence of ZnO.

Conclusion

In this paper, we proposed the chemical aspects of ZnHC
particle growth, in which the hydrolysis, condensation and
complexation reactions of the zinc cation were presented in
the frame of the partial charge model (PCM). With this
model we explained the formation of the [Zn(OH)2 ACHTUNGTRENNUNG(OH2)4]

0

and [Zn(OH)ACHTUNGTRENNUNG(HCO3) ACHTUNGTRENNUNG(OH2)3]
0 complexes, which are necessa-

ry for olation and consequently for the formation of a lami-
nar zinc hydroxide carbonate in the form of nanoparticle
building units of approximately 6 nm in size. The formation
of the particles in the water/PEG mixture was found to be
very rapid. However, larger amounts of PEG400 postpone
the formation of the building units of the nanoparticles. We
supposed that the building units of the nanoparticles were
stable, individually, only in the reaction solution. The nano
building units further self-assembled into leaves of ZnHC
with a thickness around 20 nm. The leaves were agglomerat-
ed into porous, microsphere-like particles with sizes that
ranged from 1 to 4 mm. The size of the nanoparticles re-
mained nearly constant during the synthesis.

Experimental Section

Materials : The chemicals were analytically pure. Solutions prepared from
Zn ACHTUNGTRENNUNG(NO3)2·6H2O (Aldrich) and urea (Aldrich) in Milli-Q (Millipore)
water were used. The initial concentrations of the Zn2+ ions and the urea
were from 0.025 to 0.1 m and from 0.125 to 0.5m, respectively. The con-
centration of the urea was five times higher than that of the Zn2+ in all
the experiments. As solvents, mixtures of water and polyethylene glycol
(PEG400, Merck) were used. The detailed experimental conditions for
the preparation of the samples are given in Table 1.

Synthesis : The experimental setup consisted of an open reactor (250 mL)
with constant stirring, which was connected by tubing and a peristaltic
pump into a closed, recyclable loop. The temperature was controlled with
a thermostatic bath. The reaction was started by initiating the appropri-
ate amount of regents and media into a preheated reactor, in which the
total volume of the solution was 200 mL. Volume ratios of 3:1 and 1:1
for the water/polyol mixtures were employed in the experiments. The ex-
perimental setup is schematically presented in Figure 11. Immediately
after initiation the solution started pumping through the closed cycle.
The temperature of the reaction mixture was increased to 90 8C. The
products were filtered, washed with Milli-Q water, and dried in air at

Figure 8. FESEM micrograph of Sample IV (Table 1) obtained after 2 h
of synthesis a) with an additional heat treatment at 300 8C for 4 h and
b) as-prepared.

Figure 9. XRD spectra of Sample IV (Table 1) prepared after 2 h of syn-
thesis a) after heat treatment, and b) as-prepared.

Figure 10. FTIR spectra of Sample IV (Table 1) prepared after 2 h of syn-
thesis a) after heat treatment and b) as-prepared.
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room temperature. To obtain zinc oxide, the products were heat-treated
in an oven at 300 8C for 4 h under a static atmosphere of air.

Characterization : The reaction processes and the particle evolution were
followed in situ by SAXS and by using a 1.5 mm flow-through quartz ca-
pillary (Figure 11). The SAXS experiment was carried out at the synchro-
tron facilities of Elettra, Trieste, Italy on the SAXS beamline, by using
synchrotron radiation with wavelength l=0.154 nm (photon energy of
8 keV).[18] A linear position-sensitive 1D Gabriel-type gas detector, posi-
tioned perpendicular to the incident beam at a detector-to-sample dis-
tance of 2 m, was used to record the SAXS intensity. The spectra were
corrected for the background intensity and the detector response. pH
measurements were made in situ using a Mettler Toledo 1140 pH meter
with the Mettler Toledo InPro4800/225/Pt1000 electrode. Prior to the
measurement, the electrode was calibrated using a two-point calibration
with the Mettler-Toledo technical buffers 4.01 and 7.00. The structures of
the samples were studied using Jeol 2010 FEG STEM and Jeol 2100
TEM microscopes operating at 200 kV equipped with EDX detectors for
the compositional analyses. In the case of small particles (up to 100 nm),
a fraction of the particles in the form of a suspension in ethyl alcohol was
transferred to a lacey carbon-coated Ni grid and examined with the mi-
croscope. High-resolution TEM (HRTEM), selected-area electron dif-
fraction (SAED), and convergent-beam electron diffraction (CBED)
were employed to examine the structures of the materials. Simulated
CBED patterns, used for the polar-axis orientation, were calculated with
the EMS program code.[17] The morphology and growth of the particles
were characterized using scanning field-emission electron microscopy
(FESEM, Zeiss Supra 35 VP with an EDS analyzer). For the FESEM ob-
servation, approximately 2 mL of the suspension was taken from the re-
actor, filtered off on 200 nm filter paper (Millipore, previously covered
with Au), washed, and dried in air at room temperature. X-ray diffraction
analyses (XRD) were carried out using a Siemens D-500 X-ray diffrac-
tometer. IR spectra were obtained using an FTIR spectrometer (Perkin–
Elmer 2000) in the spectral range between 4000 and 400 cm�1 with a
spectral resolution of 4 cm�1 in the transmittance mode. The KBr pellet
technique was used for the sample preparation.
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