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T
he synthesis and characterization of
ZnO nanoparticles has found wide-
spread interest during the past 10

years due to their unique electro-optical

properties.1�3 For instance, ZnO nanoparti-

cles were recently functionalized with

charge transfer complexes, such as porphy-

rins, and the charge transfer for the dye

molecules and the nanoparticles was stud-

ied in detail.4 However, the reproducible,

noninvasive determination of small particle

sizes in the sub-10 nm range remains an im-

portant and challenging task. In most cases,

the quantum size effect (e.g., the blue shift

of the absorption edge of semiconductor

nanoparticles5 with decreasing particle size)

is used, for example, to determine slow rip-

ening kinetics6�8 or to investigate nanopar-

ticle growth.9,10 In several cases, the particle

size is determined from the effective mass

approximation (EMA) derived by Brus.11

Since this approach only allows a rough es-

timation of the real particle size, Viswanatha

et al.12 showed that the EMA breaks down

for particle sizes below 5 nm. Furthermore,

the calculation of a mean particle diam-

eter taking the onset of an absorption

edge only provides a rough estimation

and will never give the whole PSD. In con-

trast, Pesika et al.13 developed a model

to determine PSDs using the slope be-

tween the onset and the maximum of the

investigated spectrum based on the EMA.

This description is more accurate than

just considering one single wavelength,

but information is lost by neglecting ab-

sorbance information at wavelengths

shorter than the peak wavelength. Never-

theless, to the best of our knowledge,

there are no further approaches in the lit-

erature that provide access to a PSD from

optical absorbance. In this paper, we in-
troduce a new model for calculating PSDs
from absorbance spectra using informa-
tion from the whole spectrum. By means
of a tight binding model (TBM) from
Viswanatha, we correlate the measure-
ment wavelengths with different particle
sizes. Furthermore, our considerations
are based on the optical properties of
bulk ZnO.14,15 We validate our model and
compare the results with other measure-
ment techniques to determine PSDs, in-
cluding dynamic light scattering (DLS)
and transmission electron microscopy
(TEM). In a further step, our model has
been extended to the calculation of solid
concentration. Finally, the determination
of temperature-dependent ripening rates
enables the calculation of the activation
energy of ripening and the determination
of widely unknown solubility data of ZnO
in ethanol. Therefore, mean solubilities
and macroscopic surface energies are cal-
culated without assuming any thermody-
namic materials data.
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ABSTRACT We present a model to calculate particle size distributions (PSDs) of colloidal ZnO nanoparticles

from their absorbance spectra. Using literature values for the optical properties of bulk ZnO and correlating the

measurement wavelengths in the UV�visible regime with distinct particle sizes by a tight binding model (TBM),

an algorithm deconvolutes the absorbance spectra into contributions from size fractions. We find an excellent

agreement between size distributions determined from TEM images and the calculated PSDs. For further

validation, bimodal PSDs have been investigated and an approach to determine not only particle size but also

solid concentration is introduced. We will show the applicability of our model by the determination of

temperature-dependent ripening rates, which enables the calculation of solubilities, surface tensions, and the

activation enthalpy of ripening. In principle, our methodology is applicable to different semiconductor

nanoparticles in various solvents as long as their bulk properties are known and scattering is negligible.

KEYWORDS: ZnO nanoparticles · absorbance · particle size distribution · ripening
rates · solubility
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THEORETICAL FRAMEWORK
The determination of a PSD from an absorbance

spectrum is based on the fact that the optical proper-
ties of small semiconductor quantum dots, such as ZnO
nanoparticles, depend on their disperse properties,
namely, size and shape. The challenge thereby is to
find an appropriate description for this relation be-
cause the overall extinction is not only influenced by
the absolute particle concentration according to
Lambert�Beer’s law at sufficiently low concentrations
but the absorption coefficient is also a function of par-
ticle size. Accordingly, the model consists of two as-
pects. First, we obtained two sets of literature values
for the bulk complex dielectric function of ZnO thin
films as determined by spectroscopic ellipsometry by
Yoshikawa14 and Bergström.15 These were then con-
verted into absorption coefficient spectra. Figure 1
shows the comparison of the absorption spectra of
bulk ZnO between 250 and 400 nm according to both
authors. Apparently, both approaches lead almost to
the same position of the peak, but there is a strong de-
viation between their results regarding the remaining
spectrum. Therefore, in the following, we always denote
which model was used.

The second stage of our treatment considers the
quantum size effect. Due to the small dimensions of

semiconductor nanoparticles, a discretization of the
band gap occurs with decreasing particle size, leading
to smaller excitation frequencies. A blue shift is ob-
served in the extinction behavior, and the absorption
edge is positioned at smaller wavelengths. We assume
that the absorbance of small nanoparticles in principle
remains unchanged but is parallel shifted to smaller
wavelengths depending on the particle diameter. The
expected absorbance of different particle sizes is dem-
onstrated in Figure 2 for three different diameters of 2.5,
5, and ��10 nm, and both models were used to de-
scribe the bulk properties.

We are aware that this does not reflect the exact
size-dependent absorbance behavior of very small par-
ticles. However, to the best of our knowledge, there are
currently no libraries available of wavelength-
dependent optical properties for monodisperse ZnO
quantum dots covering the size range of interest (less
than 10 nm). Furthermore, it has to be stressed that the
presented model is not limited to the use of the shifted
bulk data. The main issue is the decomposition of the
spectra that is presented in the following, whereas the
actual optical properties used are somewhat arbitrary.
Therefore, if better suited optical property data sets for
ZnO quantum dots are available in the future, they will
be easily implemented into our approach.

For real suspensions containing not only one de-
fined particle size but also a PSD, each particle fraction
contributes to the overall spectrum according to its dis-
tinct size and relative concentration. Thus, the mea-
sured spectrum is the linear sum of all the single absor-
bance spectra according to

Qabs is the overall absorbance of the suspension; � is
the investigated wavelength; x is the particle diameter;
�x is the particle size difference corresponding to the
discrete wavelength interval ��; � is the absorption co-
efficient; q3 is the volume density distribution of the sus-
pension, and dC is the optical path length, or the thick-
ness of the measuring cuvette, respectively; �max � 365
nm is the absorption edge onset of the bulk material,
and �min � 260 nm is the shortest wavelength that is
considered. These two limits have been chosen accord-
ing to the following considerations: Regarding the par-
ticle sizes which can be identified, the upper limit is de-
termined by the absorption onset of the bulk, which is
365 nm in the case of ZnO (corresponding to 28 nm).
The determination of the lower limit is more difficult.
This depends on the model used to correlate certain
wavelengths with particle sizes. In the present paper,
this is realized via a tight binding model (TBM).12 As is
clear from this reference (but the same trend holds, e.g.,
also for other models such as the effective mass ap-
proximation), the smaller the particle size the larger the

Figure 1. Absorbance of bulk ZnO according to Bergström (blue
line) and Yoshikawa (red line).

Figure 2. (a) Theoretical absorbance of differently sized ZnO nanoparti-
cles according to the presented model based on the bulk properties cal-
culated by Bergström. (b) Theoretical absorbance of differently sized ZnO
nanoparticles according to the presented model based on the bulk prop-
erties calculated by Yoshikawa.

Qabs ) ∑
x(λmin)260nm)

x(λmax)365nm)

(R(x(λ))·q3(x(λ))·∆x(λ)·dC) (1)
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difference of the band gap
between a defined particle
size interval �x. Thus, be-
tween 260 nm (which re-
fers to 1.19 nm in particle
size) and 270 nm (which re-
fers to 1.31 nm in particle
size), the difference in the
correlated particle sizes is
only 0.12 nm. Thus, evaluat-
ing shorter wavelengths
does not bring any signifi-
cant further benefit. Addi-
tionally, with sizes around 1
nm, a quantum mechanic
limit is reached since the
“particles” are built of only
a few molecular units.
Therefore, a continuous de-
scription is no longer
useful.

The particle diameters are derived by converting
the measured wavelengths in a first step into band
gap energy differences (�E) according to

where E is the energy corresponding to the investi-
gated wavelength �; E0 is the bulk band gap energy; h
is Planck’s constant, and c is the velocity of light. These
energy differences are then correlated with different
particle sizes by the TBM. The theoretical absorption be-
havior of the bulk phase ��E�0(E) is calculated from the
data of Bergström or Yoshikawa, and the deconvolution
of the measured absorbance spectrum proceeds as fol-
lows: The bulk absorbance spectrum is multiplied by
the measured value of absorbance at the wavelength
corresponding to the bulk absorption edge onset (� �

365 nm). This leads to a spectrum Qabs(E(xi)) that de-
scribes the size-weighted absorbance of the regarded
largest particle size fraction i. Then, according to eq 1,
the values of Qabs(E(xi)) are converted to a volume size
fraction q3(xi) by dividing by the value of the shifted ab-
sorption coefficient at this wavelength �xi

(E(xi)), the
thickness of the sample cuvette dC, and the correspond-
ing particle size interval �xi. The value of q3(xi) corre-
sponds to one point in the PSD. Before the next point
is determined, the size-weighted absorbance spectrum
Qabs(E(xi)) is subtracted from the measured spectrum,
thus removing the absorbance contributions from the
particles in the size interval �xi. The bulk absorbance
spectrum is then blue-shifted by a discrete wavelength
step, and the process of multiplication with the mea-
sured absorbance value corresponding to the new
“bulk” absorption edge onset and subsequent conver-
sion to a volume size fraction q3(xi�1) is repeated. This
procedure continues until all parts of the measured

spectrum are analyzed. Consequently, the volume den-

sity distribution q3(x) is constructed. This is achieved by

normalizing the area below the distribution according to

A scheme of the algorithm and its application on an ex-

emplary absorbance spectrum of ZnO is shown in Figure

3.

Finally, it has to be stressed that in its current form

the algorithm is only applicable to nonscattering sys-

tems. If scattering should also be considered (e.g., for

larger particles), then an implementation of Mie’s

theory would be necessary, which would add another

layer of complexity.

Figure 3. Scheme of the algorithm and example of one run of its application on a measured spectrum.

Figure 4. Comparison between the model, DLS and optical image
analysis of two different PSDs stored at (b) �10 and (d) 20 °C and
the related measured and reconstructed absorbance spectra at (a)
�10 and (c) 20 °C.

∆E(λ) ) E - E0 ) h·c
λ

- E0 (2) ∑
xmin

xmax

q3(x)·∆x ) 1 (3)
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RESULTS AND DISCUSSION
Reconstruction of PSD. Figure 4 shows the measured ab-

sorbance spectra for suspensions containing small and

large particles (Figure 4a,c, respectively, black lines) and

the corresponding derived and measured PSDs (Figure

4b,d). It can be seen that the absorption peak of the sus-

pension ripened at �10 °C (Figure 4a) is positioned at

wavelengths below 330 nm, whereas the absorption

peak of the suspension ripened at the higher tempera-

ture of 20 °C (Figure 4c) is positioned at longer wave-

lengths at around 340 nm. A broadening of the peak is

also observed with increased ripening temperature.

Both absorbance spectra do not show a strong sharpen-

ing of the excitonic feature near the absorption edge,

as in both cases this effect is smeared out due to the

present polydispersity. In Figure 4b,d, a comparison is

made of the PSDs obtained for both suspensions using

our algorithm with the PSDs determined by DLS and

TEM image analysis. It can be seen that the results of

the TEM image analysis and the PSD calculated from the

absorbance spectra coincide very well, whereas DLS

gives somewhat larger particle sizes. This is due to the

fact that, on the one hand, the resolution of our DLS

measuring device for sizes below 10 nm is low and that,

on the other hand, the solvent layers associated with

the particles become more and more dominant with

decreasing particle size. The apparent agreement of the

algorithm with the TEM image analysis is a first indica-
tion that the previously taken assumptions concerning
the optical properties of quantum dots are acceptable.
In fact, the algorithm itself appears to be rather insensi-
tive to whether the bulk properties are described ac-
cording to the data of Yoshikawa or to Bergström. How-
ever, if we attempt to reconstruct the absorbance
spectra from the previously calculated PSDs, the use of
both bulk absorbance data sets results in larger discrep-
ancies, as shown with blue and red lines in Figure 4a,c.
While the characteristic peak is the same for both calcu-
lated spectra, in comparison to the measured spectra,
the reconstructions using the optical bulk properties ac-
cording to Bergström agree better. The measured ab-
sorbance cannot be reconstructed completely due to
the fact that the assumptions made concerning the op-
tical properties of small quantum dots are not exact as
already described in the previous section. However, this
indicates a potentially important validation of our
method as it is possible to implement arbitrary “bulk”
spectra in the algorithm and invert to see if the origi-
nal measured spectrum can be obtained. In this respect,
it should be possible to use optimization techniques
to derive iteratively a size-dependent dielectric func-
tion for ZnO which minimizes the difference between
the measured and reconstructed spectra. These optical
properties could then be implemented into our model.
Another possibility would be to produce highly mono-
disperse nanoparticles (e.g., via the hot injection
method)16 in order to measure the absorbance spectra
of different size fractions and thereby to determine ex-
perimentally the size-dependent dielectric function.
However, this would go beyond the scope of the
present work.

For further validation, the two suspensions were
mixed in equivalent volume ratios (V1 � V2) and the ab-
sorbance of the resulting bimodal suspension was mea-
sured. Additionally, a DLS measurement was per-
formed. Figure 5a shows the bimodal absorbance spec-
trum (black line) and the corresponding reconstruc-
tions from the algorithm (blue and red lines). The char-
acteristic peaks of the pure suspensions are still
reflected at �1 � 310 nm and �2 � 340 nm. In Figure
5b, the bimodal PSDs calculated out of the measured bi-
modal spectrum underlying the bulk properties of both
Bergström and Yoshikawa are shown in blue and red
lines, respectively. The green dotted line illustrates the
theoretically expected bimodal curve progression cal-
culated from the PSDs of the pure, unmixed suspen-
sions. It can be seen that the bimodal PSDs determined
from the individual volume density distributions and
those derived from the bimodal absorbance spectrum
agree very well, whereas the DLS measurement does
not resolve any bimodality.

Determination of Solid Concentration. Due to the good
resolution of bimodal volume fractions by our algo-
rithm, it is possible to derive information not only about

Figure 5. (a) Absorbance spectrum of the bimodal PSD after mix-
ing the two suspensions in the same volume ratio (black line) and
its corresponding reconstructions (blue and red lines). (b) Bimodal
PSD calculated from the bimodal absorbance spectrum with the
bulk properties from Bergström and Yoshikawa (blue and red
lines), expected bimodal PSD calculated from the PSDs of the pure
unmixed suspensions (green dotted line), and bimodal PSD mea-
sured with DLS (black line).

Figure 6. (a) Size-dependent absorbed energy of a ZnO suspension
ripening at 30 °C and corresponding absorbance spectra after 0, 40,
150, and 940 min (inset). (b) Mean absorption coefficient calculated for
particle sizes between x1,3 � 2 nm and x1,3 � 10 nm and corresponding
fit curve.
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the PSD but also about absolute solid concentrations.
However, it is necessary to correct for the fact that the
mean molar extinction coefficient changes with particle
size. In principle, our model contains the information
on concentration as it is apparent from the evaluation
of the bimodal absorbance spectra, but for the exact
calculation of concentrations, it has to be kept in mind
that there is always a certain deviation between the re-
constructed and the measured spectra, especially in
the case of small particle sizes (see Figure 4a). There-
fore, the previously introduced model is extended for
the determination of solid concentrations using a size-
dependent mean extinction coefficient �. This extinc-
tion coefficient is calculated from a ZnO suspension
ripened at 30 °C over time in order to cover a broad
range of particle sizes. At every point in time, a mean
volume equivalent particle diameter x1,3 is calculated
with the previously introduced algorithm and the corre-
sponding overall energy absorbed Ex is determined ac-
cording to

Assuming completion of the reaction (resulting in
cZnO � 0.05 M) and the incorporation of all available
ZnO molecules into particles, the mean size-dependent
extinction coefficient is calculated for each particle size
according to Lambert�Beer’s Law. The absorbance
spectra and the calculated energy absorbed with time
are illustrated in Figure 6a, whereas Figure 6b shows the
derived mean extinction coefficients for particle sizes
from 2 to 10 nm. With this knowledge, the concentra-
tion of an unknown suspension can be determined
from the absorbance behavior:

with

To validate this approach, the absorbance spectra
of two identical ZnO suspensions originating from the
same batch but ripened at different temperatures have
been recorded and the solid concentrations at each
point in time have been calculated (see Figure 7). Inde-
pendent of their particle size distribution, both samples
have the same expected concentration of 0.05 M 	

2%. With increasing ripening time, there is a slight de-
crease in concentration for both temperatures. One rea-
son for this observation could be that the extinction co-
efficient has been determined at 30 °C under the
assumption that it is independent of the temperature.
However, in the case of many liquids, the extinction in-
creases marginally with temperature due to changing
interactions of the solute with the solvent molecules.
Such effects are neglected for the present work as the
effects are expected to be small. Now that the algorithm
has been validated regarding the calculation of PSD
and solid concentration, it can be used for the investi-
gation of long-term ripening kinetics.

However, at this stage, it should be pointed out
that the validation of our model is based on compari-
son with published data and by optical image analysis.
Due to technical challenges, there is no validation of the
properties of our colloids via a second measurement
technique. For independent validation of, for example,
the mass concentration, it would be necessary to sepa-
rate different particle sizes from the liquid phase and to
determine their optical properties as well as their con-
centration. Precipitation of the particles (e.g., with hep-

Figure 7. Concentration during ripening at 10 °C (blue line)
and 20 °C (red line); the expected solid concentration is
0.050 M.

Figure 8. (a) Influence of the temperature on the mean volume
weighted particle size x1,3. (b) Influence of the temperature on the
particle volume.

Figure 9. Linear mean ripening rate of ZnO in ethanol for
temperatures between 10 and 50 °C and correlation of the
data with an Arrhenius law.

Ex(t) ) ∑
λ)260nm

λ)365nm

(Qabs(λ)·∆E(λ)) (4)

cZnO )
Ex

ε(x)·dC
(5)

ε[ m3

kmol·mm] ) [-56.8·( x
nm)-0.52

+ 72.4] m3

kmol·mm
(6)
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tane) is excluded as it would change the solubilities,

thus only filtration and ultracentrifugation could be ap-

plied. However, the scope of the current work is not

the physicochemical investigation of small ZnO quan-

tum dots but rather the introduction of a comparatively

simple, economical, and flexible approach to deter-

mine PSD and solid concentration for semiconductor

nanoparticles.

Ripening Kinetics. In the following, the activation en-

ergy of ripening, temperature-dependent solubilities,

and surface energies are derived. The first investigations

on the ripening of ZnO particles were performed by

Meulenkamp and Wong,6,8 who both applied the effec-

tive mass approximation to determine the mean par-

ticle size. During ripening, small particles are dissolving

and free molecules or molecular aggregates are incor-

porated into larger crystal structures.17 Therefore, a sus-

pension of ZnO was synthesized and directly stored at

�20 °C. Due to the freezing of the suspension, the op-

tical properties were constant and the particle diameter

remained unchanged (x1,3 � 2.4 nm for several months).

From this suspension, samples were taken and put

into a cuvette (optical path length of 200 
m) for mea-

surement of the temperature-dependent change of

the absorbance spectra at 10 min intervals. The calcu-

lated change of the mean particle diameter x1,3 and the

corresponding change of the particle volume with time

for temperatures between 10 and 50 °C are shown in

Figure 8. From Figure 8a, it can be seen that with in-

creasing temperature the particle size is growing due

to an increasing solubility. The suspension measured at

50 °C was only stable during the first 380 min. After-

wards, aggregation of the particles commenced and

the measurement was stopped. Regarding Figure 8b, it

can be seen that after an initial nonlinear phase the in-

crease of volume with time is constant.

Assuming diffusion-limited ripening and expressing

the Gibbs�Thomson equation via the first two terms

of a Taylor series, the change of the particle volume

with time can be described by the LSW theory:18

Thereby, the particle volume only depends on the

surface energy �SF, the molar volume Vm, the diffusion

coefficient D, the solubility of a flat surface cL
�, and the

temperature T. NA is Avogadro’s constant, and kB is the

Boltzmann factor. Thus, the ripening rates of the linear

regions can be calculated from the slopes of Figure 8b.

The nonlinear behavior for small particle sizes and in-

creased temperatures is not considered for these calcu-

lations. The reasons for this are that, on the one hand,

the approximation of the Gibbs�Thomson equation

becomes more invalid with decreasing particle size. On

the other hand, recent studies of Viswanatha et al. pro-

posed a deviation of the diffusion-controlled growth

within these regions due to counterions being ad-

sorbed at the particle surface19 or due to reaction con-

trolled growth.20 The derived ripening rates calculated

from the slope of the linear regimes are shown in Fig-

ure 9. The absolute values agree with literature values

for ripening rates of ZnO in ethanol at the given tem-

peratures.21 Evaluating the data with an Arrhenius law,

we describe the temperature-dependent ripening rate

as follows:

with an activation enthalpy for ripening of 116 kJ/mol.

This value is higher than the literature value of 38 kJ/

mol reported by Oskam et al.7 for the ripening of ZnO

precipitated with NaOH in 2-propanol. Hu et al.21

showed that the used solvent has a strong influence

on the ripening kinetics, and recent results of

Viswanatha et al.19 showed that Na� ions strongly in-

hibit the particle growth. In contrast, Meulenkamp8

found an increased growth kinetic in the presence of

Li�. Thus, the deviation in the activation enthalpy may

arise from different affinities of the different cations to

the nanoparticle surface as we use LiOH for the ZnO

precipitation.

Beside the activation enthalpy, the temperature-

dependent surface energies and mean solubilities of a

large ZnO crystal are determined. For this purpose, the

surface energy of eq 7 is coupled with a prefactor of

0.414 according to Mersmann22 and the diffusion coef-

Figure 10. (a) Temperature dependence of the global solubility. (b) Temperature dependence of the surface energy of ZnO
in ethanol.

d(x1,3
3)

dt
)

64·γSF·Vm
2·NA·D·cL

∞

9kBT
) const (7)

d(x1,3
3)

dt
) 3 × 10-20nm3

h
·exp(- EA

RT) (8)
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ficient is expressed via the Stokes�Einstein equation:

Thus the ripening rate only depends on the global
solubility cL

� of an infinitely large crystal and can be cal-
culated analytically from the experimentally deter-
mined ripening rates. The surface energy is determined
according to Mersmann from material specific
parameters:

The determined values for the surface energy and
the mean solubility are shown in Figure 10. The solubil-
ity increases betwe10en 10 and 50 °C by 2 orders of
magnitude from 1.7 
 10�13 to 2.5 
 10�11 mol/L (Fig-
ure 10a), whereas the surface energy decreases from
0.64 to 0.62 J/m2 (Figure b). Compared to the literature,
where theoretically estimated surface energies of mac-
roscopic ZnO between 0.1 and 0.7 J/m2 have been
reported,23�25 the values are quite reasonable. Our ap-
proach does not consider adsorption of ions at the par-
ticle surface. This effect might be included in the next
step by modeling the surface energy based on the
Gibbs adsorption isotherm as it was done in the case
of barium sulfate in water.26,27

CONCLUSION
An algorithm for the calculation of PSDs of ZnO

nanoparticles was developed. This method decom-
poses the measured absorbance spectrum into contri-
butions of narrow size fractions. It is based on literature

values for the complex dielectric function of the bulk

phase determined by ellipsometry and correlates the

measurement wavelengths with particle sizes by a TBM

approximation. The distinct contributions of the differ-

ent particle size fractions are obtained by decomposing

the measured spectrum stepwise from the largest to

the smaller wavelengths. The model was validated by

comparing the calculated PSD with the results of TEM

image analysis and by the analysis of bimodal distribu-

tions formed by mixing the suspensions with varying

volume fractions. Additionally, the algorithm was ex-

tended to the calculation of the particle solid concen-

tration by including a size-dependent mean extinction

coefficient � in the calculations. The applicability of the

model on the evaluation of ripening experiments is

shown, and unknown material properties, such as the

mean solubility of ZnO in ethanol at different tempera-

tures and the corresponding surface energies, are de-

rived without prior assumption of either value. How-

ever, our model is not limited to ripening experiments

but also applicable to the evaluation of transient nucle-

ation and growth kinetics using an absorbance spectro-

photometer that is present in most laboratories and is

comparatively cheap. These are key parameters with re-

gard to forming an understanding of the still unclear

mechanisms of ZnO particle formation. In addition, us-

ing our algorithm and given availability of bulk absor-

bance data and small, nonscattering particles, it is pos-

sible to derive PSDs from the absorbance spectra of

other semiconductor material systems. The evaluation

of the ripening and growth kinetics allows the determi-

nation of so far mostly unknown properties of nanopar-

ticles including size-dependent solubility, surface en-

ergy, and activation energy.

EXPERIMENTAL SECTION
Ethyl alcohol (99.98%, VWR, Germany) was used for the

preparation of all educt solutions. A 0.1 M zinc acetate dihy-
drate (ACS grade, 98.0�101.0%, VWR, Germany) precursor stock
solution was prepared and mixed with an equimolar amount of
lithium hydroxide (98%, VWR, Germany) at 20 °C, resulting in in-
stantaneous particle formation. Different particle sizes were ob-
tained due to the strong temperature influence on the ripening
behavior (Ostwald ripening) of ZnO6�8,21 by storing one-half of
an as-prepared ZnO suspension 3 days at �10 °C and one-half of
the same suspension at 20 °C.

Absorbance spectra between 250 and 400 nm were moni-
tored using a Cary 100 scan UV�visible spectrophotometer
(Varian Deutschland GmbH, Germany). DLS measurements were
recorded using the Zetasizer Nano ZS (Malvern Instruments Ltd.,
UK), and TEM images were made on a high-resolution instru-
ment (CM 300 LaB6/Ultratwin, Philips). Images (�50 particles)
were analyzed manually using the software Axio Vision (Carl
Zeiss Jena, Germany) with the diameter of a circle of equivalent
area to that of the measured particle being used as the particle
size. Neither washing nor any other postprocessing of the sus-
pensions was performed.
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