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Abstract. The majority of particle synthesis methods are based on
nucleation and growth processes in solvents. Whereas the role of cap-
ping agents has been investigated extensively regarding control particle
size and shape, the unique role of the solvent is understood to a much
lesser extent. Compared to other polar solvents, e.g. water, ionic li-
quids (ILs) are unique because their properties can be fine-tuned pre-
cisely by appropriate choice and modification of cation and anion.
This makes ILs also interesting for particle synthesis. We present the
generation of zinc oxide (ZnO) in imidazolium ILs starting from mo-

lecular precursors. A hydrolytic, sol-gel based synthesis route is suit-
able to achieve nanocrystalline ZnO. We find by in-situ synchrotron
wide angle X-ray diffraction that in ILs an unusual ZnO phase with
a-boron nitride structure acts as an intermediate prior to crystallization
of the thermodynamically stable Wurtzite. This special mechanism
leads to organic-inorganic hybrid IL/ZnO nanoparticles with plate-like
morphology. Because of the large content of IL embedded in the ZnO
matrix the novel particles gain ionogel properties, e.g. ion conductivity
probed by impedance spectroscopy.

Introduction

Nanoparticle research has become an area of research of
enormous importance.l'! A change in properties compared to
the bulk can be observed for almost any material, either be-
cause confinement influences the electronic system, because
of a large surface to volume ratio or a special surface chemis-
try. This and the recent interest in the preparation of particle
superstructures is one reason,?! why there is a steadily increas-
ing interest in particles with a controlled shape.'!®3!

The well-known quantum size effect gives high relevance to
nanoparticles made from semiconductors. Among semi-
conductors certain metal oxides like titanium dioxide (TiO,)
or zinc oxide (ZnO) have shown to be of high relevance, which
can also be seen from the large number of articles and reviews
on these two materials.”! Both components contain abundant
and cheap elements, they are non-toxic and stable in air. They
are produced at the multi-ton scale as pigments, in rubber vul-
canization, as catalyst supports or in UV protection. They also
gained relevance in modern applications like for photovoltaic
cells, photocatalysts or sensors, and in most of these cases the
nanoparticle character of the materials is relevant. ZnO, unlike
TiO,, is a direct gap semiconductor, which leads to some ad-
ditional, valuable features.>!

* Prof. Dr. S. Polarz

E-Mail: sebastian.polarz@uni-konstanz.de

[a] University of Konstanz
Universititsstrasse 10
78457 Konstanz, Germany

[b] Department of Chemistry
Justus-Liebieg Universitdt Giessen
Heinrich-Buff-Ring 17
35392 Giessen, Germany

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/zaac.201600341 or from the au-
thor.

The latter argument is one of the reasons, why we became
interested in zinc oxide several years ago. We could establish
a very effective, molecular system [R!ZnOR?], as a single-
source precursor for zinc oxide.'®) ZnO can be obtained in
nanocrystalline form either by thermal treatment at moderate
temperatures (= 200-250 °C) or via a hydrolytic route offering
the advantages of sol-gel chemistry at temperatures close to
ambient. A notable advantage of the mentioned precursor sys-
tem is that with choosing different groups R' = Me, Et and R?
= Et, isoPr, tertBu. OEtOMe reaction kinetics for ZnO forma-
tion can be adjusted on the molecular scale.

One of the most frequent methods for nanoparticle synthesis
starts from a homogeneous solution of ions or precursors.”!
By adjusting conditions or the adding reactants nucleation and
growth is initiated. Capping agents or surfactants are used to
control growth and to prevent agglomeration. The solvent is
typically regarded just as a “beholder”, which only insignifi-
cantly influences nanoparticle genesis.’! The question how the
solvent manipulates the growth of particles is difficult to an-
swer, also because it is hard to find a materials source which
is soluble in different solvents. E.g. salts, which are used fre-
quently for the preparation of metal oxides, are well soluble in
water, but one cannot use them in apolar, organic media.

However, with ionic liquids (ILs) one has highly polar sol-
vents with organic character in stock, and ILs have also been
used in the literature for nanoparticle synthesis.®’ A small
number of papers have already applied ionic liquids for the
preparation of ZnO materials.l'®! We want to investigate if the
aforementioned ZnO precursor chemistry can be transferred to
ILs as a solvent, and if, for nanoparticles synthesis, special
phenomena can be observed. First, we check if the thermal
or the hydrolytic route is more suitable for ZnO nanoparticle
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generation. Next, we investigate the structure of the particles
and their formation mechanism in detail. Finally, relevant func-
tional properties of the materials as solid electrolytes are re-
ported.

Results and Discussion

Identification of Precursors and Thermal Decomposition
Route

First, it makes sense to check the compatibility of
[R'ZnOR?], precursors with ionic liquids as a solvent. Because
of their good commercial availability, we have selected imid-
azolium-based ILs as solvents for the current study.!''! This
system grants a high variability considering systematic varia-
tion of the alkyl-chain attached to the imidazolium ring and
different available anions. On the precursor side, keeping R' =
Me fixed, a series of compounds can be prepared with R? =
Me (1), Et (2), isoPr (3), Bn (4), EtOMe (5), (EtO),Me (6),
(EtO)sMe (7), and EtOisoPr(OMe), (8) by reacting ZnMe,
with the respective alcohol (see Chart 1). The synthesis was
checked by NMR spectroscopy and comparison to spectro-
scopic data from the literature and our own, past work (see
Supporting Information S1). A ZnO material prepared from,
for instance, [MeZnOisoPr], as a precursor and butyl-
methyl-imidazolium acetate will be termed ZnO-3bi in the fol-
lowing.
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Chart 1. Overview of molecular precursors and ILs, and route from
precursor to zinc oxide.

IL and the precursor were mixed and the suspension was
filtered. From NMR spectra taken from the solution, we ob-
tained a first impression about the amount of dissolved precur-
sor. As an independent technique, we also used thermogravi-
metric analysis under oxygen. One can calculate the amount
of precursor that had been dissolved in the IL by quantification
of the mass of the remaining ZnO. The substituents in the pre-
cursor have major impact on their solubility in the IL. More
hydrophobic compounds (1-3) hardly dissolve. In the case of
precursor (4), the remaining mass of ZnO after TGA treatment
(see Figure la) is 1.5 %, which means that g = m(precursor)/
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Figure 1. (a) TGA analysis in air for precursor (4; squares) and (5; circles) dissolved in IL (av). (b) Solubility in IL (av) for different precursors.
(c) Solubility depending on the length of the substituent attached to the imidazolium ring. (d) Solubility depending on the type of counterion.
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m(IL) = 3.5 % had been dissolved. The solubility could be in-
creased further, when the substituents of the precursor contain
polar groups as in the cases (5-8). E.g., a solution containing
q = 32% of precursor (as deduced from TGA shown in Fig-
ure la, b) could be obtained using compound (5). Also the
length of the alkyl-chain attached to the imidazolium ring (Fig-
ure 1c¢) influences solubility. Precursor (4) was used as a model
case. As expected, solubility increases, when the IL itself be-
comes more hydrophobic with longer alkyl chains. However,
it is surprising that (4) exhibits best solubility in IL (av) with
the shortest alkyl-chain. A hypothesis could be that the shorter
chains allow some m—7 interactions between the imidazolium
and the benzene ring. The IL counterion has an influence as
well as shown in Figure 1d. Obviously, the ability for coordi-
nation is a deciding factor. Acetate, which can coordinate to
7Zn>*, leads to very high solubility. Less coordinating IL anions
[e.g. BTA (v)] reduce the solubility. This section can be sum-
marized as follows: By adjusting the molecular architecture
of both the IL and the precursor one can obtain even highly
concentrated solutions. The precursors are sufficiently soluble
for the following materials synthesis attempts.

Therefore, we tested next, if thermal decomposition of the
precursor dissolved in the IL would lead to ZnO and eventually
to colloidal nanoparticles. It can also be proven by TGA that
thermal decomposition of the ZnO precursors is typically tak-
ing place in the temperature range = 250 °C (see Supporting
Information S2).1°! Because the thermal stability of ILs can
be as high as 400 °C, it is expected that the thermal route
should be feasible. Although ZnO in the thermodynamically
stable Wurtzite modification has formed, as proven by powder
X-ray diffraction (PXRD), one also sees that the material is
very impure (Figure 2). The black coloration indicates the ma-
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Figure 2. (a) PXRD pattern of ZnO-5bv as prepared (7 caciion = 200 °C;
black curve) and after high-T treatment (7, = 1000 °C; grey curve).
The reference pattern of Wurtzite-ZnO is also shown (black bars at the
bottom). Photographic images of ZnO-5bv as-prepared (b) and after
high-T treatment (c).

terial contains significant amount of carbon, which cannot be
removed even after high-T treatment. Unfortunately, it be-
comes evident that the thermal route is not suitable for the
preparation of defined ZnO nanomaterials in ILs. The forma-
tion of carbon is not so surprising because others, for instance
Antonietti et al., have very successfully used ILs as precursors
for the preparation of various interesting carbon materials.!'?!
Because in the current work, we are not focusing on potential
ZnO/carbon composite materials, we do not follow this route
further.

Hydrolytic, Sol-gel Chemistry in ILs

As an alternative to the thermal procedure described before,
we tried if a hydrolytic route is more promising (see also
Chart 1). It is important to note that water is used here as a
reagent and not as a solvent. Ultimately all water is consumed
in course of the reaction. As a reference experiment, the pre-
cursor was converted hydrolytically into ZnO using an alterna-
tive solvent (acetone or tetrahydrofurane) under otherwise
identical conditions. The PXRD pattern of the prepared sample
is shown in Figure 3a. Mainly one can see only the scattering
of the sample holder. Only at 26 = 36° there is a shoulder
corresponding to a very broad signal in the range, where one
would expect the most intense peaks of Wurtzite ZnO. There-
fore, it can be concluded that only an amorphous product was
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Figure 3. (a) PXRD pattern of ZnO prepared without IL as a reference
(grey) and ZnO-5bii (black). The pattern of ZnO-Wurtzite is also
shown (grey bars). Background scattering from the sample holder is
marked with (*). TEM micrographs of amorphous ZnO formed in thf
(b) and nanocrystalline ZnO formed in the presence of an IL (c). Scale
bars = 100 nm. For ZnO-5bii measured at higher magnification see
Supporting Information S3.

Z. Anorg. Allg. Chem. 0000, 0-0

Wiley Online Library 3

© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLE



Journal of Inorganic and General Chemistry

/AAC

ARTICLE

www.zaac.wiley-vch.de

Zeitschrift fir anorganische und allgemeine Chemie

prepared, which is in good agreement to our previous results
about growth in organic solvents published by us in 2008.1°!
The finding of an amorphous phase fits to transmission elec-
tron microscopy (TEM) data shown in Figure 3b. Only, ill-
defined agglomerates of very small particles are seen.

When the IL is present during synthesis (Figure 3a; ZnO-
5bii), one can clearly identify the set of signals characteristic
for Wurtzite ZnO. In agreement to this, in TEM larger particles
are present. From images taken at larger magnification (see
Supporting Information S3) it also becomes clear that those
particles are crystalline. However, particle size and shape does
not seem to be much defined.

The mechanism of ZnO formation was investigated in fur-
ther detail by in-situ PXRD using high-intensity synchrotron
radiation. The results are shown in Figure 4a. Surprisingly,
early in the reaction, besides the expected signals for Wurtzite-
Zn0, a signal at ¢ = 22.9 nm™! corresponding to a lattice spac-
ing of 0.27 nm is most intense. This signal fits to an alternative
ZnO polymorph with a-boron nitride (a-BN) structure found
by us in 2010.17 In the meantime the phase could be con-
firmed by others, and theoretical reports support its existence.
With time one sees the BN-ZnO signal disappears and the W-
7ZnO signals become more and more pronounced. This indi-
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Figure 4. (a) Time-dependent, in-situ synchrotron PXRD measure-
ments for the formation of ZnO in ILs (bv) by the hydrolytic conver-
sion of molecular precursors (4). The reference signals for Wurtzite-
ZnO (W) are shown as black bars and of a-BN ZnO (BN) in blue.
The crystal structures of the a-BN ZnO (b) and Wurtzite-ZnO (W) (c)
are also given. Zinc atoms are grey; oxygen atoms are red. PXRD
pattern (d; * marks a signal from the sample holder) and TEM micro-
graph (e; scalebar 500 nm) of a-BN ZnO prepared in IL at 0 °C.

cates that the BN-ZnO is a direct precursor state for the ther-
modynamically stable zinc oxide phase (Wurtzite).!!*! Because
such a sequence has not been found in other solvents yet, it
seems a special feature of ILs is to at least partially stabilize
the 0-BN-ZnO modification. The latter hypothesis can be con-
firmed by lowering the reaction temperature (7' = 0 °C), and,
thus, lowering the conversion rate to the thermodynamically
stable W-ZnO.

In PXRD (Figure 4d) signals for W-ZnO are absent, and the
pure BN-ZnO phase seems to be present. However, closer in-
spection reveals that all signals with ¢ component are missing,
which is only consistent with a strict 2D growth of one BN-
ZnO layer. It should be noted, that also for other (semi-)con-
ductor materials 2D forms are observed and are in the focus
of current international research, most prominently graphite —
graphene.!'#! It can be concluded ILs have a high tendency to
stabilize the [002] lattice plane of ZnO, and this gives prefer-
ence to 2D growth stabilizing the BN modification. The 2D,
sheet-like character is nicely confirmed by TEM micrographs
shown in Figure 4e. However, also the a-BN form should not
be the center of the current paper. Nevertheless, one should
keep in mind ILs can be used to stimulate 2D growth of ZnO
nanostructures.

Growth Control and Ionogel Nanoparticles

Our next task is to study how the ZnO nanocrystal shape
can be controlled. First, we tested, if the choice of the IL anion
had an influence, and as an analytical tool we have mainly
applied PXRD (Figure 5a). This is possible, because in the
PXRD pattern one finds signals with crystallographic a,b com-
ponent only, for instance the (100), which contain information
about the extension of the nanocrystals in a and b direction
considering the intensity and width of the peaks. Quantitative
information can be obtained from full profile analysis of the

209
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Figure 5. (a) PXRD patterns of ZnO-5b materials with a systematic
variation of the IL anion. (b) PXRD patterns for ZnO-5bi samples
prepared at three different temperatures. (c) PXRD pattern for a varia-
tion of the precursor while keeping the IL (bi) constant. (d) Time de-
pendent absorption data (4 = 320 nm) for the reaction of precursor (8)
with water (squares), (6; circles) and (4; triangles).
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PXRD data. On the other hand, the (002) signal tells about the
growth of the nanocrystals in ¢ direction.

We find an increasing coordinating character of the anion
leads to a restricted growth of the particles in ¢ direction as
seen from the reduced intensity and increased width of the
(002) signal in Figure 5a. Crystallites in ZnO-5bv with the low
coordinating BTA anion have rod-like morphology with an as-
pect ratio dc/da,b = 1.6 (dc is the extension of the nanocrystal
in ¢ direction). The aspect ratio (0.3) of particles prepared
using acetate as an anion (ZnO-5bi) is characteristic for a
nanoplate morphology. The observed effect can be explained
by the polar character of the Wurtzite crystal structure. The ¢
axis is the polar axis, and thus without stabilization the [002]
lattice plane (e.g. composed only of Zn>*) has rather high en-
ergy. Consequently, ZnO has a natural preference for growth
in ¢ direction. However, when coordinating agents are present,
they can bind to the [002] lattice plane, stabilizing such sur-
faces.">1 Eventually, those surface are partially passivated, and
growth takes place preferentially in a,b direction. The assump-
tion that the described kinetic factors are important for the
growth of the nanoparticles can be confirmed by studying the
influence of temperature (Figure 5b). At higher temperatures,
when the reaction rate speeds up, the (002) signal becomes
slightly sharper, and this indicates that there is now a little
more growth in ¢ direction.

We also checked, if the alky-chain attached to the imid-
azolium ring has any influence on the shape of the nanocrys-
tals, but this was not the case (see Supporting Information S4).
On the other hand, the reaction kinetics of the precursor re-
garding hydrolysis and formation of ZnO has a significant in-
fluence (Figure 5¢). With a bandgap of E = 3.3 eV bulk ZnO
develops an adsorption edge at 4 = 390 nm. Due to the quan-
tum-size effect, for small nanoparticles as in the case here,
there is a blue-shift to smaller wavelengths. Nevertheless, one
can now follow the formation of ZnO using in-situ UV/Vis
spectroscopy at a fixed wavelength (e.g. 4 = 320 nm; see also
Supporting Information S5). The measured absorption values
can be plotted as a function of time (Figure 5d) revealing infor-
mation about the respective reaction rate. In the shown series
precursor (8) reacts fastest, and this leads to a notable growth
in ¢ direction as seen from the (002) signal in PXRD (Fig-
ure 5d). The precursor reacting slowest (4) gives rise to the
ZnO particles with the most pronounced nanoplate mor-
phology (¢ = 0.2). Indeed, in TEM and scanning electron
(SEM) micrographs shown in Figure 6 one observes plate-like
particles.

In addition to PXRD and the hexagonal cross-section also
the lattice planes appearing in HRTEM (Figure 6c; for a larger
image see Supporting Information Figure S6) indicate that the
particles are crystalline. Final proof is given by electron dif-
fraction (ED) as shown in Figure 6e. The diffraction pattern is
characteristic for Wurtzite-ZnO with only one crystal domain.
The orientation of the particle in the electron beam was per-
pendicular to the crystallographic ¢ axis. Thus, the main
growth direction is in a,b direction, which is consistent with
the aforementioned studies by PXRD (see Figure 5).

(e) [110]

[100]«  «[010]

(f) »
[100]

[010]

Figure 6. SEM micrographs of ZnO-4bi (a; scalebar = 100 nm), (b;
scalebar = 40 nm). TEM micrograph (c,d) and ED (e,f) of one individ-
ual, hexagonal particles before and after longer exposure to the elec-
tron beam.

However, there are several inconsistencies. Most obvious is
that the particles are extremely sensitive against the electron
beam (see Figure 6¢ and d). For crystalline ZnO particles such
sensitivity is not known. Particles containing significant
amount of organic constituents are often not stable in the elec-
tron beam, which is a first indication that this in not pure ZnO.
Big vacancies are rapidly “etched” into the particles, giving
them an interesting nanostructure. The remaining particle, ac-
cording to ED (Figure 6f), is still containing ZnO with the
same crystallographic orientation. Some further factors are un-
usual. The size of the hexagonal nanoplates is obviously in the
range 50-100 nm (a,b direction). In SEM, for particles lying
in another orientation, one can estimate the thickness (¢ direc-
tion) to be 10—15 nm (see Supporting Information Figure S7).
These values are in disagreement with particles extensions ob-
tained from PXRD via peak width analysis (D, = 15 nm; D,
= 4-5 nm). Therefore, from PXRD one would have expected
smaller particles than actually seen in TEM. Our conclusion is
that the particles seen in TEM are not pure ZnO. TGA mea-
surements of ZnO-5bi and ZnO-5bii are given in Figure 7a.

Both materials contain significant amounts of volatile con-
stituents (Am = 17.5%; 12.3 %). The temperatures of the main
mass-loss determined from the first derivative of the TGA data
(T =281 °C and T = 352 °C) correlate well with the decompo-
sition temperatures of the pure ILs (see also Supporting Infor-
mation, Figure S8). The assumption that the materials and, thus
also the particles, contain significant amount of IL is con-
firmed by IR measurements shown in Figure 7b. All character-
istic vibrations of IL (bi) are present in ZnO-5bi. There is a
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Figure 7. (a) TGA (black) and first derivative (grey) of ZnO-5bi
(circles) and ZnO-5bii (squares). (b) FT-IR spectra of pure IL (bi) as
a reference and of ZnO-bi.

small shift in the wavenumber of the carboxy group (1570,
1380 cm™') and of the imidazolium ring (1173 cm™"), which
can be explained by a notable interaction of the anion and the
cation of the IL with the metal oxide surfaces. That there is a
high tendency for the binding of ILs to metal oxides fits to
other observations reported in the literature.!'® Considering
that the density of ZnO is 5.61 grem™ and of IL (bi) only
1.005 grcm™ means that for a material with 17.5 mass-% IL
roughly 50 % of its volume is actually the IL. This value fits
nicely to the impression we get from Figure 6d.
Organic-inorganic hybrids between high content of ILs and
metal oxides are known in the literature with silica as the inor-
ganic constituent as so-called ionogels.['”! The silica forms a
gel-like, solid matrix, and the IL is confined in the pores of
this gel. To the best of our knowledge neither ZnO ionogels
nor ionogel nanoparticles have been reported in the literature
yet.[!8] One of the advantageous properties of ionogels is that
they can be applied as a solid ion-conductor material.l'®! If
the materials presented in the current study truly have ionogel
characteristics, we also have to expect ion conductivity. An
appropriate method to study ion conductivity of solid materials
is impedance spectroscopy.!?®! The Nyquist plot of a represen-
tative case (ZnO-4bi) is shown in Figure 8a. Compared to the
pure IL (Figure 8b) all materials prepared in the current study
have a lower ionic conductivity, which is not surprising since
the materials are not anymore liquids but solids. However, for
ZnO-5bii, which contains rod-like ZnO nanocrystals the slope
of temperature dependent data is almost the same than for the
pure IL. This shows that the mechanism of ion conduction is
presumably very similar. For the plate-like, hexagonal ionogel
nanoparticles the initial ionic conductivity is roughly two or-
ders of magnitude lower, which can be explained by the
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Figure 8. (a) Impedance spectrum (Nyquist plot) for ZnO-4bi. (b)
Temperature dependency of ionic conductivity for pure IL (bi) (grey
stars) as a reference, ZnO-5bii (black circles) and ZnO-4bi (black tri-
angles).

stronger attachment of the IL to the surfaces. However, it is
remarkable that the slope of the temperature dependent data is
much larger. Because the slope is connected to the activation
barrier of ionic transport this can be seen as a clear sign, that
the special nano-architecture presented herein leads to a new
mechanism of ion movement.

Conclusions

Summarizing the insights achieved up to this point, we can
postulate a formation mechanism for the ionogel nanoparticles
(see Scheme 1). The hydrolytic conversion of the molecular
precursors in the presence an imidazolium-based IL is kinet-
ically controlled. Instead of the thermodynamically stable
Waurtzite modification ZnO forms in the form of the o-BN
modification. A key for the stabilization of 0-BN ZnO and the
preference for 2D growth in crystallographic a,b direction is
the strong interaction of the IL (cation and anion) with the
surfaces of the inorganic matrix. Then, transformation into the
more stable W-ZnO takes place, but significant amount of IL
remains attached to the [002] surfaces. One can imagine that
this process results in primary nanocrystals with an anisotropic
surface chemistry: Organic and hydrophobic, where the IL is
located, and inorganic and polar, at the sides. A secondary
structure can now form by self-assembly of the small nano-
crystals via oriented attachment, leading to larger particles
with ionogel-character. The generation of such larger supracry-
stals by oriented attachment is in line with the literature for
other organic-inorganic hybrid particles.’?!! Ultimately, when
every nanocrystal is in a defined position in space, such super-
structures have also been named mesocrystals.!??! It could be
shown that the mesocrystals achieved in the current state repre-
sent solid electrolyte in the form of nanocrystals.
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Scheme 1. Formation mechanism of IL-ZnO hybrid nanocrystals with
ionogel properties.

Experimental Section

Chemicals: Starting compounds were purchased from Sigma Aldrich
and Iolitec. Solvents were dried prior to use with common procedures.
Tonic liquids were dried under vacuum at 80 °C for 10 h. All reactions
were performed using Schlenk technique.

Preparation of ZnO precursor [MeZnOR],: The organometallic pre-
cursors were prepared according to a previously published procedure
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by reacting the desired alcohol with dimethylzinc.[°! Because of the
pyrophoric nature of dimethylzinc special caution should be adopted.

Thermal Decomposition of ZnO-Precursor: [MeZnOEtOMel,
(0.1 mL) precursor was mixed with ionic liquid (1 mL). The mixture
was transferred in a ceramic-ship and treated in a tube furnace in a
nitrogen or oxygen flow (0.2 L-min") at 200 °C for 1 h. Nanoparticles
were collected by centrifugation (10000 rpm) and washed 2 times with
5 mL acetone.

Preparation of ZnO-IL Nanoparticles: ZnO precursor (0.13 mmol)
was dissolved in ionic liquid (1 mmol). For decreasing the viscosity
of the solvent small amounts of acetone can be added. The initiation
of the sol-gel process took places with the injection of H,O (0.3 mL).
The mixture was stirred at room temperature for 3 h. Nanoparticles
were isolated by centrifugation (9000 rpm) and washed 2 times with
acetone (5 mL).

In-situ WAXS/SAXS Measurements: In-situ WAXS/SAXS analyses
were done at Beamline 5.2 in Elettra Synchrotron Facility (Trieste,
Italy). The monochromatic wavelength of the beam was 0.077 nm and
the used energy 16 keV. The data was obtained by using a WAXS
detector Pilatus 100 k and a SAXS detector Pilatus3 1 M. Reactions
were done in  glas-capillaries from  Hilgenberg = GmbH
(80 mm X 15 mm) with a thickness of 0.1 mm. WAXS/SAXS measure-
ments were carried out in-situ and time resolved with a resolution of
1 pattern per minute.

Characterization: X-ray diffractions were performed with a Bruker
AXS D8 Advance diffractometer using Cu-K,, radiation. Particle sizes
were determined by using topas-software and Debye-Scherrer
(Le-Bail-Fit). UV-VIS-Kinetic measurements were done with a Varian
Cary 50 scan UV/Vis spectrophotometer. FT-IR spectra were obtained
with a Perkin-Elmer Spectrum 100 with ATR measurement unit. TGA-
measurements were performed with a STA (Simultane Thermo Ana-
lyse) Modell 429 from Netzsch. 'H and '3*C NMR spectra were ob-
tained with a Bruker 400 MHz spectrometer and the software Mes-
trenova. (HR)-TEM images were acquired with a JEOL, JEM 2200FS
at an accelerating voltage of 200 kV. SEM images were acquired with
a Zeiss Crossbeam I1S40XB instrument operating at 4 kV. Impedance
spectroscopy measurements to determine the ionic conductivity were
performed with a Zahner IM6. The amplitude was set to 50 mV and
the frequency range of 1 Hz to 1 MHz was used.

Supporting Information (see footnote on the first page of this article):
S-1. Molecular characterization of precursors. S-2. Thermal properties
of precursors. S-3. TEM of ZnO5bii. S-4. Variation of alkyl chain. S-
5. In-situ UV/Vis data. S-6. HRTEM of ZnO4bi. S-7. SEM data of
nanoplates. S-8. TGA of pure ILs.
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