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he possibility to tune the physical

and chemical properties of nano-

scale materials through varying the
crystal size and shape is the major driving
force in nanoparticle research, providing
new opportunities for many technological
applications.! 3 However, this fascinating
effect also brings an additional challenge to
the synthetic chemist, because in addition
to being able to control the composition of
a product, its morphological characteristics
have to be manipulated in an, ideally, ratio-
nal and predicted fashion. Colloidal nonhy-
drolytic liquid-phase routes have been ap-
plied with great success to the size- and
shape-controlled synthesis of semiconduc-
tor nanoparticles in general,?>~* but also for
metal oxide nanostructures in particular.5’
In comparison to these well-established ap-
proaches, the use of microwave irradiation
represents a relatively new strategy in nano-
particle synthesis.2~'2 But the rapidly grow-
ing number of publications reporting
microwave-assisted routes to all kinds of in-
organic nanoparticles ranging from
metals'*'* to oxides,'> 28 chalco-
genides, 37 and phosphates®®* gives a
strong indication of their great capability
and versatility. In organic chemistry, micro-
wave irradiation has been applied for de-
cades as a powerful heating tool, leading to
short reaction times and improved
yields.*#! The particularity of microwave
heating is the volumetric nature of the
power dissipation in a dielectric, which
causes heating directly inside the sample.*'
This in situ mode of energy conversion leads
to a fast heating rate with minimized ther-
mal gradients, thus offering perfect condi-
tions for an efficient synthesis of inorganic
nanoparticles. The actual knowledge about
the influence of microwave irradiation on
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ABSTRACT A detailed study of kinetic and thermodynamic aspects in the microwave-assisted synthesis of
In0 nanoparticles from zinc acetate and benzyl alcohol is presented. The use of a nonaqueous sol—gel approach
provides the unique opportunity to investigate simultaneously the organic reaction, that is, the esterification
between acetate and benzyl alcohol, and the inorganic process, represented by the growth of the Zn0
nanoparticles. Monitoring both the formation of the organic species as well as Zn0 crystal size with time makes
it possible to directly correlate the kinetics of the organic side reaction with the growth kinetics of the Zn0
nanoparticles. The esterification reaction, which is the chemical basis for producing the monomers for Zn0
formation, was found to be first order. The growth of the Zn0 nanoparticles followed the Lifshitz—
Slyozov—Wagner model for coarsening, pointing to a diffusion-limited process. Comparison of the microwave-
mediated route with conventional heating showed that microwave irradiation greatly accelerates nanoparticle
formation by (a) facilitating the dissolution of the precursor in the solvent, (b) increasing the rate constants for
the esterification reaction by 1 order of magnitude, resulting in faster production of monomer and consequently
in an earlier nucleation event, and (c) increasing the rate constants kg for the crystal growth from 3.9 nm’/min

(conventional heating) to 15.4 nm/min (microwave heating).

KEYWORDS: benzyl alcohol - kinetics of nanoparticle formation - metal oxides -
microwave chemistry - nanoparticles - nonaqueous sol-gel synthesis - zinc oxide

metal oxide synthesis*? proposes that (i)
the fast heating increases the net rate early
in the process, (ii) the suppressed heating of
the reaction vessel minimizes the problem
of inhomogeneities caused by thermal gra-
dients, resulting in a more uniform reaction,
while generating a rapid and intense heat-
ing, (iii) the surface of oxides is covered by
microwave-absorbing hydroxyl groups,
thus changing the surface temperature
and producing local overheating.?’4243

In nonaqueous sol—gel routes to metal
oxide nanoparticles, organic reaction path-
ways play a crucial role.** Parallel to the for-
mation of the inorganic nanoparticles, the
initial organic species (i.e., solvent and or-
ganic constituent of the precursor) undergo
chemical reactions that are responsible for
supplying the oxygen for the metal oxide,
but also strongly influence particle size,
shape, surface/assembly properties and, in
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The study of growth mechanism and forma-
tion kinetics of particles has a long tradition in col-
loid chemistry (see for example the work by La
Mer,*47 Reiss,*® Nielsen,* or Sugimoto®°), and
more recently nanoparticles renewed the inter-
est of understanding the growth process in lig-
uid phase.>' 33 Especially lI-VI (CdS, CdSe) and

1=V (InP, InAs) semiconductor quantum dots
due to their size dependent luminescent proper-
ties allowed mechanistic studies by the use of op-
tical absorption spectroscopy or photo-
luminescence.>*% In this context, Peng et al. de-
scribed crystal size focusing and defocusing and
how the crystal growth can be opitimized by ad-
justing the monomer concentration.>® Other sys-

tematic studies were performed on transition

Reaction time [min]

heating at 120 °C.

L

selected cases, even composition and crystal structure.
The high sensitivity of organic reactions toward micro-
wave irradiation makes it obvious to combine nonaque-
ous sol—gel with microwave chemistry, thus poten-
tially providing a way to control the formation of
inorganic nanoparticles through influencing the or-
ganic reaction pathways. Results in this direction have
already been published for the preparation of various
metal oxide nanoparticles such as ZnO, Fe;0,4, CoO,
MnO, and BaTi0;.27%

Although nanoparticle research made immense
progress in the past few years, the development of ra-
tional synthesis strategies remains one of the major
challenges. Only a detailed knowledge about nanopar-
ticle formation, including not only chemical and crystal-
lization mechanisms, but also thermodynamic and ki-
netic aspects, will make it possible to prepare a targeted
compound in a predicted way. In the case of nonaque-
ous sol—gel chemistry, nanoparticle formation was up-
to-now mainly described by the chemistry (reactivity
and concentration of the chemical species involved)
and by thermodynamic parameters like temperature
and, to a lesser extent, pressure. The chemistry is clearly
dominated by organic reaction pathways, leading to
the situation that the reactivity of the precursor-solvent
system has to be carefully adjusted to obtain crystal-
line metal oxide nanoparticles with the desired compo-
sition. However, in addition to these parameters, also
the study of kinetic aspects is required, involving time-
dependent analysis and quantification of both the or-
ganic species and the inorganic solid present in the lig-
uid phase. It is obvious that a detailed knowledge of
the growth mechanism and the various rate constants
represent the basis for controlling the particle size, for
optimizing the synthesis protocol, and for developing a
rational synthesis planning.

VOL.3 = NO.2 = BILECKA ET AL.

35  Mmetal oxide nanoparticles. A kinetic study of the
formation of iron oxide demonstrated that both
“heating up” and “hot injection” could be ex-
plained by the same theoretical framework based
on the La Mer model.>” Zinc oxide has been inves-
tigated in great detail by the group of Searson et
al.”®7%2 but also by others,535 taking into account the
effect of organic ligands, solvent, and reactant concen-
trations. Other kinetic studies were performed on tung-
states,?’ Mo03,% Ti0,,% or Sn0,.” However, growth ki-
netics under microwave irradiation has hardly been
investigated. Examples in this direction include en-
hanced oriented attachment processes in the case of
Gd-doped ceria,?? or the influence of microwave fre-
quency on the particle morphology of BaTiO5.28

In this manuscript we highlight kinetic and thermo-
dynamic aspects in the microwave-mediated, nonaque-
ous sol—gel synthesis of ZnO, including a comparison
between microwave and conventional heating, to find
out why microwave-mediated approaches are so fast.
The growth of the ZnO nanocrystals has been analyzed
by using isothermal kinetic analyses. The combination
of IR spectroscopy as quantification method for the or-
ganic monomeric species in solution with X-ray diffrac-
tion for following the crystal growth makes it possible
to simultaneously monitor the organic and inorganic
pathways. A series of experiments was performed to
elucidate the crystal growth mechanism and to study
the influence of several parameters such as concentra-
tion, temperature, and heating mode. We show that the
crystal size in microwave-assisted nonaqueous sol—gel
routes is dependent on both the organic reaction as
well as on the crystal growth mainly due to coarsen-
ing. Acceleration of the reaction under microwave irra-
diation was observed to be due to improved dissolution
of the precursor and faster kinetics of both the organic
esterification reaction and the inorganic crystal growth.
The kinetic and thermodynamic data gained from these
experiments sets the basis for a better understanding
of nanoparticle growth, which can directly be used for
the controlled adjustment of the crystal size. On the
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Figure 2. (a) Gas chromatogram of the final organic reaction solution with two elution peaks at 12.94 and 13.95 min corresponding to
benzyl alcohol and benzyl acetate, respectively. (b) Ester elimination reaction as a result of a nucleophilic attack of benzyl alcohol on zinc
acetate, finally resulting in the formation of benzyl acetate and zinc oxide.

longer term, however, these findings represent an im-
portant step toward the development of generally valid
concepts for a rational and predictable synthesis
planning.

RESULTS AND DISCUSSION

The formation of inorganic nanoparticles in solu-
tion involves the two processes nucleation and growth.
Both the nucleation and growth greatly affect the par-
ticle size, size distribution, and morphology. According
to classical theory, nucleation as a key step is induced
by supersaturation conditions in the reaction solution.
The peculiarity of nonaqueous sol—gel chemistry is that
the supersaturation results from an organic reaction;
that is, the monomers, defined as the chemical subunits
contributing to crystal growth by condensation onto
or dissolving from the nanoparticle surface, are pro-
vided by an organic reaction. The strong relation be-
tween the inorganic polymerization and the organic
condensation reaction in nonaqueous sol—gel chemis-
try makes it necessary to discuss both pathways in the
same context. The formation of ZnO can be divided into
several sequential steps: (I) precursor solvation, (Il)
monomer formation by an esterification reaction, (lll)
nucleation, and (IV) crystal growth:

k

esterification

k

kso\vanon nucleation

solid

P

Pdissolved Mdissolved

k

growth

Mn(solid) Mn+m(so|id)
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P is the precursor, M is the monomer, and Ksopyations
Kesterifications Knucleations aNd Kgrowtn are the rate constants
for zinc acetate solvation, ester elimination reaction,
nucleation, and growth, respectively. Thermodynami-
cally, the growth of nanoparticles can be described as
a sequence of thermodynamic barriers composed of
four successive transition states separated by E,solvation,
Eaesteriﬁcation, Eanucleation, and Eagrowth, representing the acti-
vation energy for precursor solvation, monomer forma-
tion, nucleation, and growth, respectively.

In the case of ZnO nanoparticle formation, the first
step consists of the dissolution of zinc acetate in ben-
zyl alcohol, which initiates the monomer formation
through an ester elimination reaction between the
acetate molecule and benzyl alcohol. Benzyl alcohol as
solvent and reactant is present in large excess, so that
the reaction can be considered as pseudo-first-order:

diZn(DAc] _

dt k

esterification[zn(”)Ac]

The relationship between the rate constant of the ester-
ification reaction Keserification and the temperature is
given by the Arrhenius equation:

—E esterification)
a

kesterification = Ae( RT

where A represents the pre-exponential factor,
E.esterificationjs the activation energy, T is the
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Figure 3. (a) Time-dependent evolution of the crystal size (green curve), yield of ZnO powder (black curve), and zinc acetate concen-
tration (red curve) at 120 °C. (b) TEM overview image of ZnO nanoparticles obtained at 120 °C after 3 min (inset: HRTEM image of one

particle).

reaction temperature, and R is the ideal gas
constant.

The crystal growth process can be discussed in an
analogous way to the esterficiation reaction. Because
nucleation and growth are in the case of ZnO domi-
nated by coarsening effects (Ostwald ripening),%® that
is, growth of larger crystals at the expense of smaller
ones, the mathematical approach developed by
Lifshitz—Slyozov—Wagner (LSW) can be applied. The
LSW theory describes a diffusion limited growth behav-
ior, in which either mass transport or reaction at the in-
terface is the rate-limiting step.%8%° The modified LSW
theory, taking additionally the volume fraction of the
precipitate into account,”® provides the rate law for dif-
fusion limited coarsening r* — r3 = kgownt, predicting
that the average particle size cubed is proportional to
the time t (r, is the average initial particle radius at t =
0). By plotting r* against t a linear dependency, with the
slope corresponding to kgrowth, Should be found in the
case of diffusion controlled particle coarsening. Further
details about Ostwald ripening theory and (modified)
LSW theory can be found elsewhere.”’

Microwave heating in combination with nonaque-
ous sol—gel chemistry provides a perfect model sys-
tem for the investigation of nanoparticle formation in
liquid phase. On the one hand, it is possible to influence
the organic reactions occurring in parallel to nanoparti-
cle formation by applying microwave irradiation, and
on the other hand, these organic reactions can easily be
understood on the basis of simple organic chemistry
principles. In this work, we studied the growth of zinc
oxide nanoparticles using isothermal kinetic analysis. IR
spectroscopy was used for the quantification of benzyl
acetate as organic product of the ester elimination pro-
cess, and XRD was used for following the evolution of
crystal size. The correlation of benzyl acetate formation

NTA NS ] ;
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with XRD data makes it possible to directly connect
the kinetics of the organic side reaction with the growth
kinetics of the ZnO nanoparticles. The ZnO nanoparti-
cles were prepared by reacting zinc(ll) acetate with ben-
zyl alcohol in the microwave at temperatures ranging
from 120 to 180 °C. Additionally, ZnO syntheses were
carried out at 120 °C in a conventional laboratory oil
bath (without using microwave irradiation) under oth-
erwise identical reaction conditions. Comparison of
these two heating procedures makes it possible to draw
some general conclusions regarding the effect of micro-
wave irradiation on the formation of ZnO nanoparti-
cles. It is important to note that all the syntheses de-
scribed in here resulted in the same and only products,
namely ZnO nanoparticles with the zincite structure

on the inorganic side, and benzyl acetate on the or-
ganic side.

The synthesis in the microwave oven was performed
with a microwave irradiation source consisting of a
magnetron tube operating at 2.45 GHz with a power
output that can be varied between 0 and 300 W. The so-
lutions were rapidly stirred by a magnetic stir bar to en-
sure high homogeneity. To prevent thermal gradients
the reactions were carried out in 5 mL tubes. The tem-
perature profile consists of thermal ramping, heating at
the set-point and thermal quenching. Figure 1 shows a
typical temperature, pressure, and output power pro-
file for a reaction at 120 °C, demonstrating a rapid
heating-up period of 1.2 min to the set point of 120 =
4 °C.Then, the reaction is cooled down to room temper-
ature by a compressed air flow within 1 min. The heat-
ing up and cooling down periods were kept identical for
all samples.

The chemical composition of the reaction solu-
tions after removal of the ZnO precipitate was deter-
mined by GC—MS (Figure 2a). Independent of the re-
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Figure 4. (Panels A) Benzyl acetate formation: (A1) FTIR spectra of the carbonyl bands of benzyl acetate after different reac-
tion times; (A2) zinc(ll) acetate concentration vs reaction time for different temperatures, fitted to an integrated first-order
rate law; (A3) plot of In(C/Cy) vs time for benzyl acetate formation for different temperatures; (A4) Arrhenius plot In Kesterifica-
tion Vs 1/T. (Panels B) ZnO crystal growth: (B1) Evolution of the normalized (110) reflection of the XRD pattern of the zincite na-
nopowder with time at 160 °C; (B2) plot of the ZnO crystal size vs reaction time; (B3) crystal radius r* vs reaction time; (B4) Ar-

rhenius plot for the coarsening process.

action temperature and heating mode, only benzyl
alcohol (elution peak at 12.94 min) and benzyl ac-
etate (elution peak at 13.95 min) were detected. The
presence of benzyl acetate clearly proves that the
formation of the ZnO nanoparticles involves an es-
ter elimination mechanism (Figure 2b), in agreement
with previous reports.**’2 The intensity of the ben-
zyl acetate peak, and thus the benzyl acetate con-

centration, increased with extending the reaction
time.

Figure 3a nicely illustrates the relation between the
yield of formed ZnO powder (black curve), crystal size
(green curve), and zinc acetate concentration (red
curve) at 120 °C for different irradiation times. FTIR spec-
troscopy was used to quantify the benzyl acetate con-
centration in solution, and from this value the remain-
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Figure 5. Effect of precursor concentration (green, 0.5 M; black, 1.5 M) at 120 °C
on (a) ZnO crystal size vs time, (b) crystal radius cubed vs time.

ing zinc acetate was calculated. The spectra show, due
to the polar environment caused by the solvent benzyl
alcohol,” two well-defined bands at 1740 and 1717 nm
(see below), which can be assigned to the (=0 vibra-
tion of the ester, and which do not overlap by any of the
benzyl alcohol absorption peaks. The yield was simply
determined by weighing the precipitated powder. The
crystal size was extracted from the (110) reflection in
the XRD pattern by Scherrer analysis. It takes about 5
min of irradiation time at 120 °C to obtain phase-pure
ZnO nanoparticles with crystal sizes of 8—9 nm (Figure
3a, green curve). Precipitates collected before were not
phase pure and contained considerable amounts of
zinc acetate. Between 5 and 35 min of irradiation time,
the crystal size grows continuously to 15—16 nm, and
zinc acetate is consumed due to the esterification reac-
tion occurring parallel to ZnO formation. Its concentra-
tion drops from the initial concentration Co (Co = 100%,
defined as the residual concentration of zinc acetate af-
ter the thermal ramping step) to about 35—40% within
18 min, from when on it remains constant (Figure 3a,

472 A“t%\&) VOL.3 = NO.2 = BILECKA ET AL.

red curve). The yield of ZnO increases with time, but
reaches a maximum value of about 80% after about 18
min and then also remains constant. A closer look at the
three curves reveals some expected, but nevertheless
remarkable correlations between the three parameters
crystal size, synthesis yield, and zinc acetate concentra-
tion. The fact that nanocrystalline ZnO particles are
formed only after about 5 min of microwave irradia-
tion, when approximately 25% of the zinc acetate is al-
ready transformed into benzyl acetate, underlines the
importance of the esterification reaction for producing
the monomers required for ZnO nucleation. Compari-
son of the yield with the zinc acetate concentration
shows an inversely related behavior with comparable
kinetics. With decreasing zinc acetate concentration,
the ZnO yield increases and both values become con-
stant after 18 min; that is, the system reaches a dynamic
equilibrium between the dissolved monomer mol-
ecules and the solid metal oxide. Interestingly, the crys-
tal size still increases with irradiation time, indicating
that Ostwald ripening becomes the only growth mode
for longer reaction times.

Figure 3b shows a TEM overview image of the ZnO
nanoparticles synthesized at 120 °C, together with a
HRTEM image of one ZnO nanoparticle as inset. The
particle diameters range from 10 to 25 nm, which
agrees well with the XRD data. The HRTEM image
proves the single crystalline nature of the particles.

The esterification reaction of the acetate molecules
with benzyl alcohol to benzyl acetate represents, as
mentioned before, the chemical basis for the genera-
tion of the ZnO nanoparticles. Because the organic re-
action pathway is inseparably connected to nanoparti-
cle formation, kinetic data for the organic reaction is
also highly relevant for the ZnO system. The relation-
ship between the organic esterification reaction with
the inorganic crystal growth is graphically summarized
in Figure 4, presenting the organic and inorganic data
next to each other. The four panels on the left-hand
side (A) refer to the organic side, whereas the four pan-
els on the right-hand side (B) illustrate the inorganic
part.

First, we will discuss the time dependence of the es-
terification reaction (panels A). The esterification plays
a crucial role for the nucleation and growth kinetics of
the ZnO nanoparticles. The quantity of the reactive
monomeric species is directly related to the benzyl ac-
etate concentration; that is, by measuring the benzyl ac-
etate concentration in solution with time, one gets an
estimation of how much reactive monomer is available
for ZnO formation. The change of the benzyl acetate
concentration with reaction time was monitored by
FTIR, recording the carbonyl vibration of the ester in
the range of 1650 to 1800 cm™'. As an example, Figure
4 A1 shows the time dependence of the carbonyl bands
at 120 °C. The intensity of the bands, and thus the con-
centration of benzyl acetate, increases with increasing
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reaction time. The kinetic study was done by perform-
ing the synthesis at 120, 140, 160, 170, and 180 °C, re-
spectively, under otherwise similar conditions. The cor-
responding concentration profiles for zinc acetate are
plotted in Figure 4A2. The initial ramping stage compli-
cates the kinetic analysis, because isothermal condi-
tions are not possible at the beginning of the reaction.
Therefore, the initial zinc acetate concentration C is de-
fined as the one obtained after the thermal ramping
step, and only the isothermal part of the reaction is con-
sidered. For this reason, the starting concentrations are
different for the different temperatures. At higher reac-
tion temperatures, most of the zinc acetate is already
consumed after the ramping due to faster reaction
rates. The benzyl acetate concentrations decrease expo-
nentially, as expected for a first order reaction, until
reaching a nearly constant value of about 0.1 mol/L af-
ter 20 min for all temperatures except for 120 °C, which
takes longer than 30 min to reach the minimum.

On the basis of the integrated rate law In(C/Cy) =
(—Kesterificationt), IN(C/Cy) is plotted against the reaction
time at different temperatures in Figure 4A3. Linear re-
gression with a deviation of less than 2% confirms the
first-order rate law and thus allows the determination of
the rate constants Kegerification fOr different temperatures
directly from the slopes of the straight lines. The as-
obtained kinetic values, summarized in Table 1, range
from 0.173 to 0.682 min~, increasing with tempera-
ture. It should also be mentioned that the precursor is
only poorly soluble in benzyl alcohol, and therefore the
contribution of the dissolution of zinc acetate cannot
be neglected. Even though no detailed kinetic study
was performed on the dissolution process, it could be
observed that at 120 °C zinc acetate is completely dis-
solved after 3 min of microwave irradiation. Conse-
quently, the observed reaction rates for benzyl acetate
formation are a combination of precursor dissolution
and esterification rates.

The temperature dependence of the rate constants
follows the Arrhenius equation. Figure 4A4 shows a
plot of the natural logarithm of the rate constants
Kesterification Versus the inverse temperature. The activa-
tion energy E,eficaton can be calculated from the slope
(divided by R) of the Arrhenius diagram and amounts
to about 37 kJ/mol. The pre-exponential factor A, found
at the intercept, is 9.5.

Now we will have a closer look at the time and tem-
perature dependence of the inorganic crystal growth
(panels B). The evolution of the crystal size can easily be
followed by the peak broadening in the XRD pattern.
Figure 4B1 shows the change in peak broadening of the
(110) reflection of ZnO nanopowders obtained at 160 °C
after different reaction times, clearly proving a narrow-
ing of the reflection, and thus a growing crystal size,
with reaction time. Figure 4B2 plots the obtained crys-
tal sizes for the different reaction temperatures versus
time, giving evidence that the crystal sizes increase with

www.acsnano.org

reaction time and with temperature. After 10 min of ir-
radiation, for example, the crystal size is roughly 11 nm
at 120°C, 14 nm at 140 °C, and 20 nm at 160 °C; that is,
the crystal growth is faster at higher temperatures. On
the other hand, Figure 4B2 also shows that the growth
rate of the ZnO nanoparticles is initially fast, but slows
down with increasing crystal size. The LSW plot in Fig-
ure 4B3 results, as a matter of fact, in a linear depen-
dence of the radius cubed on the reaction time. This re-
lationship strongly supports a growth model for ZnO
based on the LSW theory for coarsening; that is, the
crystal growth occurs by a diffusion-limited process.
The rate constants Kgrowth can directly be determined
from the slopes of these straight lines, varying from 15.4
nm3 min~" at 120°C to 191.8 nm* min~" at 180 °C. The
complete set of values is summarized in Table 1. The
temperature dependence of the growth rate constants
also follows the Arrhenius equation (Figure 4B4). Linear
regression performed on the data in Figure 4B4 results
in In kgrowth = 21.3 — 60/T, which means that the activa-
tion energy is 60 kJ mol~! and the pre-exponential fac-
tor Ais 21.3.

In addition to the reaction temperature and time,
also the effect of different concentrations was studied
at 120 °C. At this low temperature, the ramping effect
on lowering the precursor concentration during
heating-up is the smallest. Figure 5a shows the aver-
age crystal size versus time at two different precursor
concentrations, 0.5 M (green curve) and 1.5 M (black
curve). In both cases, the size increases with aging time;
however, larger crystals are formed at higher concentra-
tions. A plot of r* versus time based on the LSW analy-
sis (Figure 5b) proves that change of concentration
does neither affect the linearity nor the slope of the
lines, which means that the rate constant for coarsen-
ing is independent of the initial precursor
concentration.

Comparison of the kinetic and thermodynamic data
from our experiments (see also Table 1) with literature
results shows that the activation energy of 37 kJ/mol for
benzyl acetate formation in our system is close to the
values of 30—45 kJ/mol, which were reported for
zeolite-catalyzed esterification reactions of benzyl alco-
hol with acetic acid (activation energy without catalyst:

TABLE 1. Summary of the Data Obtained for the Growth of ZnO

Nanocrystals from Zinc Acetate in Benzyl Alcohol Involving an Ester

Elimination Reaction Using Microwave and Conventional Heating

ester elimination

heatingmode  temperature [K]  yield [%]  Kester. [MiN™"]  Fie=1omim [NM]  Kgrouen [N - min~"]
microwave 393 n 0.173 5.8 15.36

413 77 0.306 7.5 32.08

433 78 0.477 10.5 90.19

443 77 0.682 1.5 142.71

453 122 191.81
conventional 395 0.0142 3.9
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Figure 6. Comparison of benzyl acetate (a, c) and ZnO formation (b, d) using microwave (red) and conventional heating
(black) at 120 °C. (a) Zinc acetate concentration vs reaction time, (c) corresponding first order kinetic plot. (b) Radius of the
ZnO nanocrystals vs reaction time, (d) r* vs time according to the LSW model.

57 kJ/mol).”* In contrast to that, the same authors pre-
sented rate constants in the range of 0.004—0.011
min~! (at 120 °C for different zeolites), which are 1 or-
der of magnitude smaller than Kegterification Of 0.173 min™
found in this work for the same temperature. On the in-
organic side, that is, growth of ZnO, Oskam et al. re-
ported an activation energy of 34 kJ mol~" for coarsen-
ing of ZnO nanoparticles in the zinc acetate—2-
propanol system under basic conditions.® This value is
considerably lower than the 60 kJ/mol found in here.
On the other hand, the rate constants Kgrowth Of
0.25—3.2 nm>/s are much larger in our case than the
ones of Oskam et al.,%® which are in the range of
1074—10"2 nm?/s. But one has to keep in mind that
the rate constants are strongly temperature depend-
ent and Oskam et al. performed their experiments at
much lower temperatures (0—75 °C). Therefore, com-
parison of our data with literature values is question-
able, because of the completely different reaction sys-
tems and conditions. A meaningful comparison is only
possible within the same system, and this is also the
best way to find answers, why microwave-mediated
processes are so fast. For this purpose, experiments
were carried out in an oil bath preheated at 120 °C (con-
ventional heating) under otherwise similar conditions.
The obtained results are summarized in Figure 6. Simi-
lar to microwave heating, the dissolution of the precur-
sor represents an important part of the process.
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Whereas complete solubilization of the precursor is ob-
served in the microwave after 3 min, it takes 15 min in
the case of conventional heating. The faster dissolution
rate of the precursor clearly contributes to the shorter
precipitation time of ZnO under microwave irradiation
(5 min) in comparison to conventional heating (30 min).
However, microwave irradiation also clearly affects the
organic esterification reaction. The change of zinc ac-
etate concentration at 120 °C versus time shows a big
difference between microwave (red curve) and conven-
tional (black curve) heating (Figure 6a), which conse-
quently leads to rather different rate constants (Figure
6¢). For conventional heating, Kesterification iS 0.0142 min~
(matching well with the zeolite-catalyzed esterification,
see above), and for microwave heating it is 0.124 min~’,
which corresponds to a kinetic enhancement of almost
1 order of magnitude. Faster esterification also means
faster increase in monomer concentration, thus sug-
gesting that nucleation occurs earlier for microwave-
heated samples. In addition to the esterification reac-
tion, also the crystal growth is considerably enhanced
by microwave heating (Figure 6b). The corresponding
rate constants Kgrowtn, Obtained from LSW analysis, are
15.36 nm> min~" for microwave heating and only 3.9
nm3 min~" for conventional heating (Figure 6d), which
means that crystal growth under microwave irradiation
is about four times faster. A recent work by Jhung et
al. on the microwave-mediated synthesis of micro-

1
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porous materials has also shown that microwave irra-
diation accelerates both the nucleation and growth,
however with a more pronounced effect on the nucle-
ation stage.”®

CONCLUSIONS

The formation of ZnO nanoparticles from zinc ac-
etate and benzyl alcohol proceeds along several con-
secutive steps that involve organic as well as inorganic
reactions. The esterification reaction producing benzyl
acetate and the monomeric species on the organic side,
and nucleation and growth of ZnO on the inorganic
side, represent inseparable and fundamental processes
on the way to nanoparticle formation. In this particular
case here, the dissolution rate and coarsening effects
also contribute greatly to the kinetics of ZnO formation.
As a conclusion of our results, we can suggest the fol-
lowing growth model for the formation of ZnO nano-
particles. The esterification reaction is responsible for
producing the monomers, presumably zinc hydroxo
species. Nucleation of ZnO clusters only occurs when
the monomer concentration reaches supersaturation;
that is, the organic esterification reaction represents the
key step as well as the bottleneck of the nucleation pro-
cess. And it is exactly this esterification reaction that
can greatly be accelerated by microwave irradiation.
The fact that the crystal growth follows the LSW theory
nearly from the very beginning, and that within the
same temperature no sudden change in the growth
rate was observed, indicates on the one hand that
monomer formation (as a result of the esterification re-
action) does not influence the growth rate, and on the
other hand, that the growth follows a single growth re-
gime, which is clearly dominated by a constantly ongo-

EXPERIMENTAL SECTION

Materials. Zn(ll) acetate (99.99%) was used as ZnO precursor
and anhydrous benzyl alcohol (99.8%) as solvent. Benzyl ac-
etate (purum, 99.0%) was used for FTIR calibration. All the chemi-
cals were purchased from Sigma-Aldrich and used as received.

Synthesis. The typical synthesis of the ZnO nanoparticles was
performed by dissolving T mmol of zinc acetate in 5 mL of ben-
zyl alcohol in a glovebox under Ar atmosphere (O, and H,0O < 0.1
ppm). The reaction mixture was transferred into a 10 mL glass
tube and sealed with a Teflon cap. During microwave heating,
the reaction mixture is stirred with a stir bar. To study the influ-
ence of time and temperature in the microwave, the heat treat-
ment was performed in a temperature range of 120—180 °C with
irradiation times of 30 s—35 min. The precipitate was separated
from the liquid phase by centrifugation, washed with ethanol
and diethyl ether, and dried at 60 °C overnight. The powders ob-
tained were weighed to determine the yield, ground in a mor-
tar, and used for the XRD measurments to identify the crystal
phase and size. The mother solutions were kept for GC-MS and
FTIR measurements. The detailed microwave heating protocol
was as follows: During a typical run, the organic reaction is initi-
ated by increasing the power to 300 W and rapidly heating the
solution to the required temperature. The reaction temperature
is kept constant when the reaction times were changed. The re-
action is stopped by thermal quenching by a compressed air

www.acsnano.org

ing Ostwald ripening. Also the coarsening is greatly af-
fected by microwave irradiation. Liquid—solid
interfaces with specific dielectric constants were re-
ported to be sensitive toward local overheating, which
improved the mass exchange at the surface, and thus
contributed to an increased growth rate.?#243 This
statement is supported by the observation that the ini-
tial high microwave power rapidly drops once the reac-
tion is initiated (cf. Figure 1). In addition to the esterifi-
cation reaction and the crystal growth, microwave
irradiation also accelerates ZnO formation by improv-
ing the thermal ramping, resulting in a fast heating of
the reaction mixture, and the dissolution of the precur-
sor in benzyl alcohol. Although this aspect was not
studied conclusively, our results suggest that the accel-
eration effect of microwave irradiation is mainly based
on kinetic rather than on thermodynamic factors, be-
cause no experimental indication was found that the
activation energy for ester formation or for crystal
growth was significantly lowered. Although our experi-
ments are based on very simple kinetic and thermody-
namic models new insights into fundamental and gen-
eral principles of nanoparticle formation using
nonaqueous sol—gel chemistry can be gained, includ-
ing the role of microwave irradiation on the reaction
rates. Although reaction parameters such as
precursor—solvent reactivity, precursor concentration,
reaction time, and reaction temperature are well-known
to influence the size and shape of nanoparticle, these
effects can partly be rationalized on the basis of this ki-
netic study and might contribute to the development
of a predictable synthesis planning for metal oxide
nanoparticles.

flow. The temperature and the pressure are controlled by an IR
thermometer and a pressure sensor, respectively.

Instruments and Characterization. The MW experiments were con-
ducted using a CEM Discover reactor operating at a frequency
of 2.45 GHz. X-ray powder diffraction studies (XRD) were per-
formed on a Philips PW 1800 diffractometer in reflection mode
using a Cu Ka radiation and equipped with a postsample mono-
chromator. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy were performed on
a Philips CM30ST instrument (LaBs cathode, operated at 300 kV,
point resolution of 2 A). The samples were ground and then sus-
pended in ethanol. One drop of this suspension was deposited
on a 400-mesh carbon-coated copper grid. To minimize agglom-
eration of the nanoparticles the copper grid was placed on a fil-
ter paper. Gas chromatography coupled to mass spectrometry
(GC—MS) was performed on a ThermoQuest Trace MS quadru-
pole instrument equipped with a 60 m X 0.25 mm Zebron ZB-1
ms (Phenomenex) column. Helium was used as carrier gas (flow
rate of 0.8 mL/min, split ratio 1:500). The oven temperature was
maintained isothermal at 40 °C for 5 min, then increased by
20 °C/min from 50 to 250 °C. The scan rate of the mass spectrom-
eter was 2.5 scans/s over the m/z range of 10—300. Fourier trans-
form infrared spectroscopy (FTIR) study of the remaining solu-
tions was done in the wavelength range of 4000—400 cm™'
using a Nicolet 5 SXC spectrometer. The spectra were recorded
by absorption mode at 4 cm™" interval and 32-times scanning.
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The background spectrum was obtained against benzyl alcohol.
To get the concentration of benzyl acetate an external calibra-
tion curve based on the Lambert—Beer law was obtained by
measuring the absorption of benzyl acetate in benzyl alcohol
with the concentrations of 0.021, 0.04211, 0.07018, 0.21056,
0.2807, and 0.4211 mol/L.
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