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In this study, the synthesis and characterization of novel fluores-
cent ZnO nanopowder are reported. The reaction medium used for
the oxide precipitation procedure was choline nitrate, a compound
that is a liquid molten salt at room temperature. The purity of the
obtained ZnO was assessed through infrared spectroscopy studies
and X-ray diffraction analyses; its morphology was observed under
SEM, indicating the presence of nanometric spherical aggregates of
hexagonal nanocrystals (d ~ 23 nm), and the photoluminescence
spectrum yielded a broad band in the yellow region (578 nm). All
these properties were compared with those of ZnO nanoparticles
synthesised in a nitrate-urea deep eutectic solvent, wherein the
nanoparticles adopted bidimensional morphology; the XRD spec-
trum demonstrated a preferential orientation, and the fluorescence
peak moved in the orange wavelength range. Thus, we show that
the use of urea changes the system from an ionic liquid to a DES and
promotes a switch in the template effect from 0D to 2D.

Choline is one of the most important and most studied chemicals
in the last decades, as evidenced by the large number of literature
references (82 749 items found in a database search performed on
Feb 13th, 2025), and its properties span a vast number of
disciplines, ranging from medicine to materials science."™® Con-
sidering the properties of choline in the latter field, the molecule
has proven to be very apt at generating a series of systems with
outstanding properties. More specifically, it has been known for
quite a long time (since the 1960s) that it can give rise to low
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melting mixtures when combined with salts of organic acids, such
as salicylic acid,” a feature that was later exploited by some of us in
the preparation of some choline-carboxylate ionic liquids® and
finally extended to choline-amino acid anion ionic liquids (ChoAA-
ILs), whose physical properties (i.e. density, viscosity, and
refraction index) were thoroughly examined in a study,’ whereas
the structural features of the liquid phase were investigated in a
series of non-crystalline X-ray diffraction studies (EDXD)."*™"
The latter class of compounds has proven to be largely
harmless"® and biodegradable,'*'® possess remarkable solubi-
lity properties of lignocellulosic biomasses'®?® and drugs®' as
well as capture CO,.*>* The properties of choline-based sys-
tems are deeply rooted in the manifold intermolecular interac-
tions that the molecule can establish, including “hard” polar
interactions between the hydroxyl terminal group (e.g. hydrogen
bonds) and “softer” ones between the methyl(ammonium)
head, which has large extension and consequently low charge
density and is polarisable. Depending on the anionic partner,
the pool of interactions may result in either high melting-point
solids (e.g. choline chloride, m.p. = 302 °C) or liquid systems,
such as the aforementioned Cho-carboxylates or Cho-AA, and
the Cho-nitrate mixture that was employed in the present study.
Although the coupling between choline and the small chloride
anion is incapable of yielding a liquid system as a consequence
of the absence of a “lattice frustration” that is contrariwise
experienced when the partners are big and ““soft”, the presence
of this halide anion is crucial for the existence of another family
of soft-matter systems recently developed, namely, low melting
mixtures known as deep eutectic solvents (DESs). These com-
pounds, which after their discovery in the early 2000s, have
progressively become one of the most extensively studied topics
of chemical sciences, are characterized by a particularly low
melting point owing to the establishment of a wide and diverse
network of intermolecular interactions between their constitu-
ents, often comprising hydrogen bond acceptors (HBA) and
donors (HBD).>>*® Among all the classes of DESs described in
the literature, choline appears as prototype HBA in three of
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them, while chloride anion often acts as a hub of the interaction
network by interacting with choline and HBDs (e.g. urea and
acids).””*® Considering their relatively low toxicity, wide tem-
perature stability, ease of preparation (mixing of the solids and
only little heating are required) and high degree of structuring, IL
and DES liquid phases have been considered solvents to carry out
a large number of chemical reactions in the organic and inor-
ganic domains.” In the latter, DESs and ILs have proven to be
very effective in the synthesis of metal and metal salt
nanoparticles,’>*" with the added value of imparting specific
shapes to the reaction products, profiting from the template
effect derived from the microscopic inhomogeneities of the
medium. This feature is highly dependent on even small differ-
ences under the conditions (type of DES, additives, etc.).** In our
group, the DES approach was recently applied to the synthesis of
zinc oxide nanoparticles,*® obtaining for the first time nanoplate-
lets (size 10 nm in the shorter, 100 nm in the longer edge) by
employing a DES containing hydrated zinc nitrate and urea in
1:3.5 and 1:7 ratios (liquid around 35-40 °C) as the starting
reagent, followed by the precipitation of Zn(OH),/ZnO after
NaOH addition under mild conditions (¢ = 60 °C).>* The reaction
was partially successful by employing zinc acetate instead of
nitrate, but it required higher temperatures. If the reaction is
carried out starting from the chloride analogue (ZnCl, : urea DES
at the same ratio), nanoparticles of zinc chloride hydroxide
monohydrate are obtained. The presence of chloride ions in
the zinc salts obtained in the oxide synthesis starting from ZnCl,
with alkali hydroxides as precipitating agents was described in
several examples of water-based reactions.®® Furthermore, in
some preliminary studies performed in our lab, it was evidenced
that the addition of NaOH to choline chloride:urea 1:2 DES
containing zinc nitrate led to chloride co-precipitation. The
interference of chloride in oxide synthesis may therefore be
considered a general limitation. Thus, we attempted to substitute
chloride with nitrate, which proved to be a good component
when mixed directly with urea, to obtain a chloride:nitrate system
(Cho-NO3) as the starting component, which could possibly be
mixed with urea to prepare a DES, in case a liquid phase (of ionic
liquid type) was not achieved.

Unfortunately, the literature devoted to the choline:nitrate
system is quite scarce. Different procedures were followed to
obtain it, and the authors described it sometimes as a solid and
some others as a liquid. Following a chronological order, Jia et al.
in 2014°° synthesized it by neutralizing a commercial choline
hydroxide solution through the dropwise addition of HNO; in an
ice bath, followed by water removal through distillation and final
drying under vacuum; the product was described as an ionic
liquid melting at 29 °C and successfully used as battery electrolyte
while embedded in chitosan. Later on,*” Cho-NO; was prepared
by a metathesis reaction between choline chloride and sodium
nitrate in methanol, encompassing the removal of sodium chlor-
ide from the reaction mixture. The obtained Cho-NO; was dried
in an oven under a vacuum at 50 °C for 48 h although it is not
stressed too clearly if the salt was liquid or solid because its
intended final use was as a water electrolyte solution for super-
capacitors, and only the concentration used is reported. In,*® a
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similar anion exchange reaction of choline chloride and sodium
nitrate was carried out in ethanol by obtaining the “ionic liquid”
choline nitrate. Another type of metathesis reaction was per-
formed by Schrade et al,*® who started from a choline chloride
solution, precipitated the chloride as AgCl by adding Ag,O and
treated the filtrate choline hydroxide with HNO; until reaching a
neutral pH; the mixture did not solidify because the electrolyte
solution was the final aim. Alternatively, a DES Cho-NOj;:ethylene
glycol starting from the solid salt was employed in a gold electro-
deposition study,*® where the authors prepared it by neutralizing
the choline oxide solution with nitric acid; the product was finally
“dried under vacuum and recrystallized from absolute ethanol”.
In our study, we initially consider the neutralization reaction
of choline hydroxide solution (approx. 45 wt%) with nitric acid, but
given the large uncertainty about the actual concentration, we
preferred to follow the metathesis pathway by dissolving 2.51 g
(18 mmol) of choline chloride in the minimum quantity of hot
ethanol (around 5 mL) and adding equimolar sodium nitrate
(1.523 g) to the mixture. The reaction was conducted in boiling
ethanol under reflux at 105 °C for 2 h. At the end, the precipitated
solid NaCl was removed from the flask; the liquid phase was first
treated using the rotary evaporator at 50 °C and then frozen at
—18 °C. An amorphous solid was obtained, which rapidly melted
into a viscous brown liquid at room temperature. To remove the
interference of ambient humidity and its contamination, the
system was freeze-dried at low temperature and pressure
(=70 °C and 300 mTorr) and stored in a desiccator. Again, the
solid compound turned into a liquid at room temperature; there-
fore, we decided to use the compound in this form (ionic liquid)
without the addition of urea. The liquid was first characterized by
infrared spectroscopy (Fig. 1) that confirmed the presence of both
choline and nitrate typical vibrational modes and was finally
introduced in the reaction round-bottom flask, where two moles
of sodium hydroxide per mole of zinc were added under vigorous
stirring at 60 °C, as already performed in previous studies in
aqueous solutions®® and nitrate:urea DESs.*® Quite rapidly, ie.
within 5 minutes, the liquid turned into an opalescent white
suspension. The sample was illuminated by a portable commercial
UV torch (emission maximum around 365 nm) and a bright yellow
luminescence could be noticed. After 15 minutes, the vial was
removed from the oil bath, and its content was transferred into
20 mL tubes. The milky precipitate (Fig. 1, left panel), slightly

N

. d |
Fig. 1 ZCHNI1 synthesis: precipitate at the end of the reaction in the DES
(left) and after water rinsing and drying (right).
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fluorescent, was washed with distilled water for a total of 7 rinsing
per centrifuge cycles (3500 rpm, 5 min). The pH of the super-
natant water was checked at all stages, and the washing proce-
dure terminated when pH 7 was reached, indicating that the
surplus of urea and NaOH had been removed. In the final step,
the precipitate was centrifuged at a higher speed (4500 rpm),
rinsed with ultrapure water, and finally left to dry at 50 °C,
leading to a white powder (Fig. 1, right panel), which was called
ZCHNI1 (zinc oxide synthesised in choline nitrate). The compo-
sition of the choline nitrate intermediate and the synthesised
powder was assessed with infrared spectroscopy, obtaining the
spectra reported in Fig. 2, where the pattern of solid choline
chloride is added for comparison. The analysis of the spectra
confirms that the choline nitrate system absorbs large quanti-
ties of water immediately after the freeze-drying process, as
indicated by the large peak centred at 3380 cm ', which is
attributed to OH-stretching of hydrogen bond water clusters and
by the HOH bending peak falling around 1600 cm™ . Moving to
lower wavenumbers, the spectrum is dominated by the very
intense antisymmetric N-O stretches at ~1370 cm ™', and many
other narrower peaks, mostly contributed by choline fragment
vibrations, appear in that region. In particular, the comparison
with the choline chloride spectrum®' shows the coincidence
between several peaks, notably those at 1479, 1054 and 952 cm™ ",
ascribable to various CH bending modes. Regarding the spectrum
of the solid product, the prominent feature recorded at the right-
most side of the spectrum (peaked at 478 cm™ ") can be assigned to
Zn-O stretching, and the other shallow peaks at 3300, 1500 and
700 cm™") may be assigned to vibrational modes of water mole-
cules absorbed on the surface (O-H stretching, O-H bending and
L2 librations, respectively,” while the absorptions at 1400 and
887 cm ! can be traced back to the stretching and bending of
carbonate ions*® possibly owing to zinc carbonate traces originat-
ing from the reaction with atmospheric CO,. The powder was then
investigated with X-ray diffraction. (Fig. 3 and 4c). In the first
step, a qualitative comparison with literature database patterns
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Fig. 2 ATR infrared spectra of the reaction medium (choline nitrate,
black), CHNI1 product (ZnO nanoparticles, red) and solid choline chloride
(blue dots).
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Fig. 3 Power XRD spectrum of ZCHNI1 (black dots) with Rietveld fitting
based on ZnO (zincite, cyan line). Vertical digits refer to hkl planes of the
crystal.

was performed, pointing out that the measured diffraction profile
agrees very satisfactorily with the typical triadic fingerprint of
Waurtzite-type crystal structures (hexagonal space group P6smc).
In ZnO, this spatial arrangement gives origin to the three easily
spottable diffraction signals around 32, 34.5 and 36 degrees, which
were observed in the present case at 31.80, 34.47 and 36.29
degrees. These reflections correspond to d-spacings 2.814, 2.602
and 2.475 A and originate from reflections from 100, 002 and 101
families of crystal planes, respectively. Therefore, the crystallo-
graphic data of the zincite mineral (100% ZnO) were employed in
the ensuing fitting procedure carried out with the GSAS-II suite of
programs.** The single-crystal phase data were downloaded from
the American Mineralogist crystal structure database with crystal-
lographic information files (CIF) format Mineral.*” The simulated
powder pattern was fitted to experimental data with the Rietveld
method in the range of 25-90 degrees, considering that no signals
were observed before 30 degrees; by convoluting the reflection
peaks, each was modelled as pseudo-Voigt function with asym-
metry*® and using a 3-term Chebyshev polynomial of the first kind
as background. The weighted-profile R factor (wR) of the fitting was
29.6%, with y* = 2815 and R = 22.16%. The optimized cell
parameters were «,f = 3.256 A, y = 5.212 A, o, = 90 deg, y =
120 deg, volume = 47.863 A, and density = 5.647 g cm™>; the
refined fractional coordinates were Zn 0.333 0.667 —0.022;
0 0.333 0.667 0.367. Additionally, the crystallite dimensions were
estimated to be in the low nanometric range (fitted value 23.4 nm)
according to the Scherrer equation®” ¢ = K4/ cos 0, which relates
the average size ¢ to the radiation wavelength 4, to the scattering
angle 0, and to the half of the maximum intensity (FWMH),
denoted as f. Once the composition of the sample had been
ascertained, the structural and optical properties of this form of
newly synthesized zinc oxide in ionic liquid were compared with
those of another type of ZnO recently prepared by our group using
zinc nitrate-based DES (code ZND1 = zinc oxide from nitrate
DES).* In detail, the ZCHNI1 XRD spectrum was compared with
that of ZND1 (see ESL for details), FE-SEM microscopy studies
were carried out to evaluate the morphology of the sample, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of ZCHNI1 (a) and ZND1 (b). Powder XRD (c) and fluorescence spectra (d) of the two samples (ZCHNI1: red; ZND1: blue).

fluorescence measurements were undertaken to investigate the
powder photoluminescence. A noteworthy feature of the powder
XRD pattern is the presence of a larger significant degree of
orientation of the triad peaks in ZND1 compared to ZCHNI1.
Indeed, the intensity profile of the triad (medium-low-high) is very
similar to the progression observed in bulk crystalline ZnO or in
samples composed of spherical nanoparticles,*® indicating no
preferential directions and isotropic crystal growing, while in
ZND1, the central peak, relative to the 002 crystal plane, is
intermediate and not the lowest peak (see Fig. 4c inset). This
anisotropy was quantified in the Rietveld fit using the March-
Dollase ratio;'® additionally, cell dimensions appear slightly
enlarged (all diffraction peaks shifted to the left); in particular,
the c axis rises to 5.220 A (see ESL for details). The difference in
anisotropy predicted by XRD is verified by the analysis of SEM
images (Fig. 4a and b), where it can be noticed that ZCHNI1
(Fig. 4a) is composed of nanometric spherical aggregates of pseudo
0D hexagonal nanocrystals (estimated average dimension 43 nm),
while in ZND1 (Fig. 4b), flower-like aggregates of 2D pleated
nanosheets are found, with only one nanometric lateral dimension
(average dimensions: 28 nm (short), 296 nm (long); distance
histograms are reported in the ESIt). The different morphologies
are reflected in the visible luminescence spectra, as depicted in
Fig. 4d. Among the various striking optoelectronic properties of
ZnO, its photoluminescence is particularly noticeable because
several emission wavelengths can be obtained, some of which
show remarkable temperature-dependent features.>® This beha-
viour may be explained by the high and varied levels of defectivity
in the systems,”"*> and the strong luminescence observed in the
yellow (% 2.0 eV) to red (1.7 eV) regions is linked to oxygen-related
defects, including interstitial oxygen and dislocation. In the

© 2025 The Author(s). Published by the Royal Society of Chemistry

spectra measured for ZCHNI1 and ZND1 (Fig. 4d) dispersed in
ethanol (see ESL for further details), it appears clear that the more
rounded ZCHNI1 NPs lead to smaller wavelength yellow emission
peaked at 578 nm, whereas the longer ZND1 nanosheets (at least
in the longitudinal direction) give rise to a stronger orange
fluorescence centred at 600 nm. Additionally, both samples share
some emission peaklets in the blue-violet range of around 410-
430 nm owing to zinc interstitials or vacancies.”® A naked-eye
comparison can be appreciated, as illustrated in Fig. 5, which
shows the emission of the two samples (ZCHNI1 on the left side,
ZND1 on the right side) in ethanol dispersion (left panel) and as
powders (right panel). A plausible explanation for the different
morphologies observed can be traced back to the strong templat-
ing effect of urea molecules operating in ZND1 synthesis. Despite
the apparent geometrical similarities of nitrate anions and urea
(both planar trigonal moieties), in the dipolar urea, the highly
positive charge density resides on the amino group’s side of the

Fig. 5 Luminescence of ethanol dispersions (left panel) and solid powders
(right panel). In each picture, ZCHNI1 appears on the left side and ZND1 on
the right. The powders were illuminated using a portable UV torch (lamp
maximum power at 365 nm).
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molecule® and favours the deposition of ZnO molecules onto
the planar scaffold in a bidimensional fashion, while the nitrate
anion is rather “soft” with non-high negative charge density
(9 € mm3);>* a similar low charge density and isotropic structur-
ing behaviour may be hypothesised for the bulky and highly
polarisable choline cation so that the choline + nitrate combi-
nation does not impart topological bias to the diffusion of zinc and
hydroxide ions in the liquid. Conversely, urea produces a marked
structural ordering, resulting in the observed planar templating
effect; this ordering was experimentally observed in neutron
diffraction studies of choline chloride-urea 1:2 deep eutectic
solvent liquid phase (reline).>® A comparable templating effect
involving the establishment of an ordered mesoscopic phase was
recognized in some other inorganic materials, such as the sheet-
like cuprous oxide nanoparticles obtained in water solutions with
added polymers (see Fig. 9 of ref. 55 and ref. 56).

Conclusions

In summary, this contribution sheds light on how it is possible to
easily synthesise nanometric ZnO powders of spherical morphology
with a choline nitrate ionic liquid and describes how the nano-
morphology can be tuned from 0D to 2D by substituting the choline
cation with urea in the reaction mixture, which changes from ionic
liquid to DES. Further studies on other quaternary ammonium
ionic liquids and DES are underway to corroborate our hypothesis.
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