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A B S T R A C T

One of the fields where DES show remarkable added-values is the synthesis of inorganic materials, in particular
nanoparticles. In this field, the inherent and highly-tunable nano-homogeneities of DES structure give origin to a
marked templating effect, a precious role that has led to the recent bloom of a vast number of studies exploiting
these new synthesis media to prepare nanomaterials and composite structures of various kinds. In this contribu-
tion, three examples of synthesis of nanoparticles containing zinc, using metal type-IV Deep Eutectic Solvents, a
pathway that has never been explored so far, is described. The prepared materials have layered shapes, and when
zinc nitrate is used as DES component, pure layered ZnO is obtained, forming nanometric platelets that assemble
to form flower-like aggregates. The prepared nanoparticles show intrinsic fluorescence, and are being further
studied to set up sensors for the detection of various contaminants.

1. Introduction

Zinc oxide (ZnO) is one of the inorganic compounds that have re-
cently gained the largest popularity, owing to the opto-electronic prop-
erties it possesses notwithstanding the relatively low cost, such as wide
band-gap and high exciton binding energy (3.35 eV and 60 meV, re-
spectively), piezoelectricity and intrinsic fluorescence [1–3]. These fea-
tures are highly desirable in several materials science fields and their
exploitation has led to a quite wide range of devices, like UV light emit-
ting diodes [4], UV lasers [5], gas sensors [6], photo-catalysts [7], su-
percapacitors [8] and photovoltaic devices [9–12]. In addition, ZnO has
found several applications in environment-related domains, as in the
photocatalytic degradation of contaminants [13], in the use as biocide
or as nanofertilizer in crop growing [14,15]. As it occurs quite often
with several types of nanomaterials and more specifically with metal
oxides, the properties are highly dependent on the microscopical struc-
tural properties and on the morphology of the molecules [16–24].

Overall, the synthetic strategies to obtain ZnO should consequently
take care of both aspects, namely they should lead to nanoparticles of
the desired size/shape at low cost and low environmental impact. Sev-
eral reports claiming the use of “green” room temperature conditions
that succeeded in pursuing these sustainability goals can be found in
the recent literature, and are reviewed in Donia et al. [25]. In the same
paper, a synthetic pathway using mild and ‘‘green’’ conditions with
water as reaction medium and low temperatures for the oxide forma-
tion and drying is reported, with the added value of controlling the
nanoparticles dimension by a simple control of the latter ones. In partic-
ular, it was found that a minimum temperature of 40 °C was needed to
obtain pure ZnO thus avoiding the co-presence of the hydroxide
Zn(OH)2, and that an increase in temperature led to particles of larger
size. A still quite non-ordinary method concerns the use of Deep Eutec-
tic Solvents (DES), a research strand in the field of nanoparticle synthe-
sis that has been blossoming for the last few years, with a very large
amount of investigations reported (several hundreds from 2020 until
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now). This topic has been reviewed in some recent articles [26–29], and
was the subject of a recent work by some of us [30].

These innovative materials gather several outstanding features, like
the simplicity of the preparation, their lack of toxicity, biocompatibil-
ity, but most importantly, along with these coveted aspects, DES are
characterized by an intrinsic inhomogeneity in their structure that can
be traced back to the filling of anions’ coordination shells and to the mi-
crosegregation of domains of different polarity [31–36], as well as to
the presence of holes in the structure [37]. All these features can result
in a marked templating effect which imparts peculiar shapes to the
product nanoparticles. In this contribution, we focus our attention on
systems belonging to an almost unexplored variant of Deep Eutectic
Solvents, namely LADES (Lewis Acidic DES) that are obtained by the
simple mixing of metal salts (like chlorides, nitrates, triflates, often hy-
drated) with hydrogen bond donors (HBD) such as urea or acetamide.
This family of compounds differs from other more common DES ob-
tained by mixing choline chloride or another similar quaternary ammo-
nium cation as hydrogen bond acceptor (HBA) [38] with Brønsted acids
acting as hydrogen-bond donors, like, e. g. carboxylic acids. Such com-
pounds could be termed as “BADES” (Bronsted Acidic DES) and belong
to “Type III” in the seminal paper on DES classification by Abbott et al.
[39], whereas LADES containing electrophilic metal cations and urea or
similar HBD systems are termed “Type IV” DES.

By using LADES, the metal source necessary for the synthesis is in-
troduced in the system directly as a component of the DES mixture, at
variance with the more common procedures, where the metal salt is
added to a previously formed liquid system, as it occurs, for instance,
when metal oxides are solubilized in the protypical DES reline (the mix-
ture choline chloride:urea at 1:2 M ratio, a type III DES) to perform, for
instance, the electrodeposition of the metal or oxide [40–42], to synthe-
size composite systems [43–45] or directly nanoparticles [46–48].
Among the few examples of LADES reported, the majority of the studies
deal with chloride salts, like ChCl:2ZnCl2, ChCl:2CrCl3·6H2O and
ZnCl2:urea melts [49–51]. The last type of mixtures have been reported
to produce homogeneous and transparent liquid phases in a wide range
of ZnCl2:urea compositions (ranging from 2.5 to 4.5:10) and tempera-
tures, and have glass to liquid transition temperatures (measured by
DSC experiments) as low as −20 °C [52], though in Abbott et al. work
dedicated to metal-containing eutectics the lowest freezing temperature
(-9°C) was observed for 1:3.5 mixtures [53]. Few examples of mixtures
of different types were reported, like some nitrate-amide eutectics [54],
such as LiNO3:acetamide 22:78 (1:3.54), which was recently employed
within electrochemical capacitors [55] and silver triflate:acetamide 1:4
(‘‘argentous’’ DES [56]), that was proposed to obtain silver nanocrys-
tals in large quantities.

In this work, we aimed at testing the different behaviour of three
commonly available zinc(II) salts, namely zinc chloride, zinc nitrate
hexahydrate and zinc acetate dihydrate, in obtaining a (DES) liquid
phase by mixing them with urea in the 22:78 M ratio already used in
ZnCl2:urea and LiNO3:acetamide studies referenced above, and in em-
ploying the latter liquid as reaction medium for the precipitation of zinc
hydroxide Zn(OH)2 / zinc oxide ZnO upon reaction with equimolar
quantities of NaOH (2 mol of NaOH per moles of zinc), with the final
goal of obtaining ZnO directly or after drying the hydroxide in mild
conditions. Actually, the urea:anion ratio (i. e. urea:chloride, urea:ni-
trate and urea acetate) used in this study, namely 3.54:2 = 1.57 urea
per anion - since all the salts contain divalent zinc cations and have the
general formula Zn:X2, X = anion) – is slightly smaller than the analo-
gous ratio in the prototypical DES reline (urea:choline chloride 2:1 = 2
urea per chloride anion). Regarding the precipitation of zinc as hydrox-
ide or oxide, several studies have shown that different types of zinc salts
can be obtained by precipitation at basic pH, depending on the condi-
tions and on the choice of the salt anion. Indeed, zinc has a marked ten-
dency of forming hybrid layered materials like Layered Double Hydrox-
ides (LDH, [57]) or Layered Hydroxide Salts (LHS) [58]. The first fam-

ily of materials, of general formula [M2+1−xM3+x(OH)2]x+

(Am−)x/m·nH2O, consists of layers of octahedral ions possessing a
brucite-like structure where the divalent metal ions (M2+) are partially
substituted by trivalent cations (M3+), with anion and/or water mole-
cules occupying the interlayer space and balancing the positive charge.
In absence of trivalent cations, instead, it becomes possible to form
LHS, of general formula M2+ (OH)2-x(Am−)x/m·nH2O. More specifically,
Zinc Hydroxy Salts (ZHS) can be synthesized. In such type of layered
material, four octahedral sites are not occupied by Zn2+ ions, which are
placed, instead, in tetrahedral sites below and above each empty octa-
hedron. Furthermore, three OH– groups make up the base of the tetra-
hedron, whereas a water molecule is coordinated on its apex. Among
ZHS compounds, relevant to our study are zinc hydroxy chloride (ZHC)
[59], zinc hydroxy nitrate (ZHN) [59] and zinc hydroxy acetate (ZHA)
[60]. Powder XRD of these compounds have been reported; further-
more, the structure of crystalline ZHC, found in mineral Simonkolleite,
was investigated by single-crystal X-ray diffraction [61] and by infrared
spectroscopy. [62,63]. All the former diffraction profiles show the pres-
ence of intense peaks at low angles (2θ2θ≤10° using Cu radiation), that
are typical fingerprints originated by the correlation distance between
planes of the layered structure. A related issue influencing the precipi-
tation of zinc oxide/hydroxide is the co-presence of chlorine/chloride
moieties, for which zinc cations show large affinity, in the starting reac-
tant mixture/solution. Actually, it has been known for some time [64,
65] that the dissolution of ZnCl2 in water leads to the formation of oxy-
chloride (ZnClO) complex species, and a similar behaviour has been no-
ticed in DES as well in recent studies [66,67], which point out that the
dissolution of ZnO in choline chloride:urea 1:2 (reline, ChCl) leads to
the establishment of [ZnClO···urea] aggregates, whereas in the Type-IV
DES ZnCl2:urea 1:3..5, i. e. one of the three mixtures considered here
for ZnO nanoparticle synthesis, complex polychloro zincate anions like
[ZnCl3]−, [Zn2Cl5]− and [Zn3Cl7]− as well as [ZnCl]+ based cations like
[ZnCl(urea)]+, [ZnCl(urea)2]+ and [ZnCl(urea)3]+ were found [53]. In
a preliminary test performed in our lab before considering the use of
LADES we tried to precipitate ZnO from a 0.1 M Zn(NO3)2 Reline solu-
tion, by adding solid NaOH, but the flower-like nanoparticles obtained
(see supporting information) turned out to have the quite complex com-
position C30Cl1Zn7O28.

All the nanoparticles obtained by precipitation in DES were dried
and characterized by infrared spectroscopy (IR), powder X-ray diffrac-
tion (XRD) and scanning electron microscopy (scanning electron)
(SEM) . The results were compared with crystal phase data and with in-
frared spectra, where available. Finally, an additional photolumines-
cence study of the synthesized NPs was carried out, in order to assess
the effect of the observed morphologies on the emitted light.

2. Experimental

2.1. Synthesis

2.1.1. DES preparation
After performing preliminary test on minimal quantities, 2 g of each

of the following mixtures were prepared by weighing the appropiate
quantities of the two components, according to the 1:3.54 salt:urea mo-
lar ratio:

ZnCl2: urea (“ZCD1”, , negative control).
Zn(NO3)2:urea (“ZND1”).
Zn(CH3COO)2:urea (“ZAD1”).
The weighted quantities were promptly transferred into sealable

vials, in order to minimize humidity absorption. When the two compo-
nents were put in contact, in the first two systems (ZCD1 and ZND1) a
sluggish translucent agglomerate was formed quite rapidly, which be-
come more fluid and transparent upon gentle heating and stirring
(35–40 °C, 600 rpm) and remained liquid at room temperature (around
15–20 °C, see Fig. 1). As concerns ZAD1, the liquid phase was formed at
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Fig. 1. Liquid ZND1 at room temperature.

significantly higher temperature (after 80–85 °C) and the solid phase
was rereobtained immediately when the heating plate was switched off.
The solidification of ZDA1 was favoured by the glass container, espe-
cially if it was stretched with a glass stick. In any case, the formation of
water drops on the vial walls was noticed, probably coming from the
absorbed humidity or, possibly, from a partial desorption of crystalliza-
tion water molecules.

2.1.2. Precipitation reaction with sodium hydroxide
Equimolar quantities of solid NaOH (two moles of NaOH per mole of

zinc), finely powdered in advance in a mortar, were weighted and
added to the “hot” liquid mixtures under stirring. The temperatures
chosen were 60 °C and 85 °C for ZCD1/ZND1 and ZAD1, respectively. A
pearly precipitate appeared after few minutes, and the system was let
react for 20 min. In ZCD1, evolution of ammonia from the precipitate
was detected from the typical odour. The precipitate was washed with
20 mL of distilled water at least four times and centrifuged for 5 min at
3000 rpm after each rinse cycle. The washing procedure was stopped
when pH 7 was reached, signaling that the excess amounts of NaOH and
urea had been washed out.

2.1.3. Drying
The washed precipitate was collected from the vial and dried

around 40 °C in the open air, as in our “green” synthesis method re-
cently reported [25]. Water evaporation process was accompanied by a
change in the physical appearence of the system, that passed from
“shaving foam” to flaky consistency. The flaky appearence was more
pronounced for the powder obtained using Zn(NO3)2:urea DES.

2.1.4. Instrumentation
The samples were analyzed in a Field Emission Microscope Zeiss Au-

riga 405, 1 nm nominal resolution (Oberkochen, Germany), mounting a
Gemini column and operating at 7 kV and equipped with a Bruker
Quantax energy dispersive X-ray spectroscope (Energy Resolution:
123 eV Kα of the Mn). Samples were observed under high vacuum
(10−5–10−6 mbar). The microanalysis, which allows the quantitative
determination of the chemical elements present in the sample, was car-
ried out at an increasing accelerating voltage E0 = 3, 5, 10, 15 keV.
Given the relationship between the accelerating voltage and the pene-
tration, x = 0.1 E0 1.5/r (r = 4.75 g/cm3), experiments at variable E0
allowed us to obtain a qualitative determination of the profile of the
composition.

Images were recorded on both fine powders precipitated from a
drop of water dispersions of the sample (drop-cast method) and on
small portions of the solid.

XRD patterns were collected in transmission geometry with an
X’pert pro X-ray diffractometer by Philips, using Cu Kα (λ = 1.5407 Å).
The measurements for each sample were repeated to get the accuracy in

the results and to check if there was any damage/degradation in the
structure due to radiation but the results were the same in all cases. Pri-
mary data were processed performing the necessary corrections for the
background and sample absorption, and the scattered intensity IEXP was
obtained. All the diffraction patterns were analyzed by a Rietveld pro-
cedure with the GSAS-II suite of programs [68]. Infrared spectra were
recorded with a Shimadzu Prestige-21 FT-IR instrument, equipped with
an attenuated total reflectance (ATR) diamond crystal (Specac Golden
Gate), in the range 400–4000 cm−1, with a resolution of 4 cm−1.

Photoluminescence (PL) excitation and emission measurements
were performed using a JASCO FP-8500 spectrofluorometer, equipped
with a 150 W xenon lamp as the source of excitation, operated both in
excitation and emission mode, with em and ex slits both set at 5 nm The
emission spectra of 1 mg/mL ethanol dispersions of the synthesized
solid samples were recorded at 330 nm excitation wavelength. The liq-
uids (dispersions and pure solvent) were contained in quartz cuvettes of
1 cm optical length. The final PL spectrum of each sample was cor-
rected for the background luminescence of the pure solvent (ethanol),
by subtraction.

3. Results and discussion

3.1. Characterization of ZCD1

The measured XRD spectrum of solid ZCD1 is reported in Fig. 2, top.
The structure of the particles obtained confirm the prediction regarding
the easy formation of oxychloride salts when Cl atoms (or ions) are pre-
sent in the solution. Actually, the XRD profile could be satisfactorily fit-
ted within the

Rietveld method in the range 10–90° 2θ, using the reflections mea-
sured in the crystal structure of Simonkolleite mineral, a Layered Hy-
droxy Salt having brutto formula Zn5(OH)8Cl2(H2O). The crystal struc-
ture data of this LHS system are a = 6.334 Å, c = 23.58 Å, Z = 3;

Fig. 2. ZCD1 PXRD spectrum (top panel), sample SEM image (bottom panel,
left), Simonkolleite layered crystal structure (bottom panel, right).
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V = 819.28 Å3, accounting for the large separation between the layers
(c axis); the calculated density is 3.36 g cm−3 and the space group is R-
3 m (rhombohedral with hexagonal axes). A sketch of the crystal is
shown in Fig. 2, bottom panel (right). Once fitted in the nanoparticle
system, these parameters were refined to a = 6.31803 Å,
c = 23.60071 Å V = 815.866 Å3, with calculated den-
sity = 3.383 g cm−3 The SEM images taken from the drop-cast solid
show the presence of aggregates of platelets containing hexagonal
nanoparticles of variable dimensions, ranging from 100 to 800 nm. The
microanalysis performed on these SEM images, reported as additional
material, shows the evident presence of chlorine, compliant with a LHS
containing Cl like Simonkolleite. The infrared spectrum of ZCD1, re-
ported in Fig. 3, bottom (black line), was compared with that of solid Si-
monkolleite [62] and with the patterns of the two DES precursors ZnCl2
[69] and urea. The similitude with the mineral spectrum is high in the
500–1200 cm−1 range, while new features appear beyond, namely in
the 1400–1600 cm−1 range, and, most remarkably, at 2282 cm−1,
where an evident peak appears. Owing to these features and ruling out
the presence of unreacted ZnCl2 and urea, given the lack of correspon-
dence between peaks, the spectrum could be reasonably assigned to
traces of DES co-precipitated with the oxychloride. Indeed, in a recent
study on ZnCl2:urea 1:3.5 DES Solorzano et al. [69] described the pres-
ence of a peak at 2224 cm−1 that was assigned to coordination bonds
between urea carbonyl group and zinc (chloride), with the concomitant
marked red-shift of urea C O stretching down to 1622 cm−1; the
peaks falling the 1500–1400 cm−1 range were attributed to N H and
C N bending normal modes. Noteworthy, the presence of this conta-
mination in ZCD1 could not be evidenced in the analysis of XRD spec-
trum, probably owing to the amorphous nature of the solid, whose dif-
fraction contribution was buried in the background.

4. Characterization of ZND1

The measured XRD spectrum of solid ZND1 is reported in Fig. 4. The
pattern contains few peaks in the range 10–90° 2θ, and is the typical
spectrum of pure hexagonal ZnO, containing the central intense “triad

Fig. 3. ZCD1 infrared analysis: Simonkolleite mineral (top panel), ZCD1 (bot-
tom panel, black), ZnCl2 (bottom panel, magenta), urea, (bottom panel, or-
ange). The top panel image was adapted from ref [62] (L. Sithole et al., Si-
monkolleite nano-platelets: Synthesis and temperature effect on hydrogen gas
sensing properties, Applied Surface Science 258 (2012) 7839–7843 upon per-
mission.

Fig. 4. ZND1 PXRD spectrum (top panel), sample SEM image (bottom panel,
left), zincite (ZnO) Wurtzite-type crystal structure (bottom panel, right).

peaks” at 31.8, 34.4 and 36.3°, corresponding to [1,0,0], [0,0,2] and
[1,0,1] reflections. The pattern was very well fit with Rietveld method
using the published zincite structure [70], which is shown in the right
part of the bottom panel of Fig. 4. The fitted parameters were
a = 2.92027 Å, c = 5.21949 Å, V = 38.548 Å3, den-
sity = 7.011 g cm−3, space group P 63 m c. With respect to zincite crys-
tal data reported in the database (a = 3.2495 Å, c = 5.2069 Å,
V = 47.615 Å3, d = 5.676 g cm−3, the obtained nanoparticles are pre-
dicted to have a stretched a axis and larger density, though this could
well result from parameters overfitting. The SEM images, reported in
Fig. 4, show that the powder is composed of layered nanoplatelets with
longer dimension around 100 nm and smaller dimension around 10 nm
(estimated). The nanoparticles form flower-like assemblies with dimen-
sions extending up to 5–10 μm (see lower magnification images in the
supporting information). The EDX microanalysis of SEM images (see
supporting information, Fig. S2) showed that the nanoparticles con-
tained only zinc and oxygen atoms with corresponding ZnO composi-
tion whereas the inspection of ZND1 infrared spectrum, which is re-
ported in Fig. 5 overlayed with the patterns of the two precursors (zinc
nitrate hexahydrate and urea) confirmed the high purity of the ob-
tained solid. Actually, the plot shows only very small traces of absorbed
humidity (OH stretching band around 3400 cm−1) and negligible con-
tributions from nitrate residuals (antisymmetric and symmetric stretch-
ing modes at 1468 and 1387 cm−1) and from traces of zinc carbonate
(due to the reactions with environmental CO2) at 900–880 cm−1 can be
pointed out.

5. Characterization of ZAD1

The XRD pattern measured for ZAD1 is reported in Fig. 6. The pro-
file is quite complex, though some key features can be pinpointed. The
peaks originated from ZnO hexagonal Wurtzite structure are visible
though they are not the majority contribution to the spectrum. The re-
flections of pure urea [71] and di-hydrated zinc acetate [72], the two
components of the DES reaction medium, seem to contribute to the
spectrum, though a proper fit could not be attained. A temptative com-
position assignment from the fit, based on the presence of unreacted
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Fig. 5. ZND1 infrared analysis: ZND1, blue; zinc nitrate hexahydrate, magenta;
urea, orange.

species, would be ZnO 58 %, 30 % acetate and 12 % urea. Yet, a further
analysis could help in the elucidation of this complex pattern. Though
numerical data are not availaible, from the visual comparison of the
published PXRD spectra of zinc hydroxy acetate/ZnO mixtures (fig. S7
of the paper by Moezzi et al describing the transformation of ZHA (zinc
hydroxy acetate, Zn5(OH)8(CH3CO2)2·2H2O) into ZnO [60], that is re-
ported in Fig. 6, central panel)), with ZAD1 pattern it appears evident
that the two spectra share several features, namely the peaks at 12 and
15°, as well as the series of peaks falling around 18, 23, 28 and 38–43°.
This point would suggest, therefore, that a non-negligible fraction of
ZHA is co-precipitated with ZnO in the solid, together with some urea
and acetate residuals. The analysis of ZAD1 IR spectrum (red line of Fig.
7) gives further hints about this complicated composition. Indeed, also
for ZAD1 a neat peak appears in the 2200–2300 cm−1 region, that could
be, again, assigned to urea carbonyl-zinc interactions, like all the pat-
tern in the 1500–900 range which is almost superimposable with that of
ZCD1. Furthermore, some key features belonging to the acetate moiety
appear, namely the largest wavenumber peak of the very evident dou-
ble doublet fingerprint (around 1550 cm−1) and the absorption near
620 cm−1, that can be ascribed to carboxylate anion stretching and out-
of-plane normal modes [73]. Besides the powder X-ray pattern, also in-
frared patterns evidence the presence of a sizeable percentage of ZnO in
the mixture, considering the Zn-O stretching peak around 500 cm−1

that is significantly clearer in ZAD1 than in ZCD1. All these findings
seem to support the co-precipitation of different phases when zinc ac-
etate is used as DES component in the reaction conditions examined, i.
e. besides the sought--for zinc oxide, large quantities of ZHA and some
non-negligible fractions of zinc acetate are found in the nanoparticles.
Regarding the microscopy study (Fig. 5, left panel) also ZAD1 seems to
be composed of layered platelets typical of LHS/LHD family of com-
pounds, of dimension 200–500 nm, though having edges less sharp
than ZCD1. The elemental microanalysis of the particles shows, differ-
ently from ZCD1, the presence of N atoms (Fig S5, supplementary
material). This would suggest that urea or DES residuals are larger in
ZAD1 than in ZCD1, although the infrared spectrum of the latter can be
explained only taking into account the presence of additional contribu-
tions of N-containing fragment, either the DES or residual urea, with re-
spect to simonkolleite mineral pattern that lacks the relative features.
The ATR-IR spectra of the three samples are reported together in Fig. 7.

6. Photoluminescence spectra

ZnO is a direct band gap II-VI semiconductor (Eg≃ 3.40 eV) at room
temperature, with a large exciton binding energy (around 60 meV).
Such electronic features facilitate excitonic stimulated emission and

Fig. 6. ZAD1: Measured PXRD spectrum (top panel); Zinc hydroxy acetate/ZnO
mixture powder X-ray spectrum (image taken and adapted upon permission
from [54], Amir Moezzi, et al, Zinc Hydroxyacetate and Its Transformation to
Nanocrystalline Zinc Oxide, Inorg. Chem. 2013, 52, 1, 95–102. Copyright
{2013} American Chemical Society (central panel); Sample SEM image (bottom
panel).

give origin to a large variety of optical properties, including a near-
band-edge emission in the UV region (3.3777 eV / 367 nm) ascribed to
free exciton recombination and other broad violet, green, and yellow
emission bands [74], which have been ascribed to the interplay of vari-
ous intrinsic defects, such as zinc and oxygen interstitials (Zni, Oi), oxy-
gen vacancies (Vo), zinc vacancies (VZn), and antisites (OZn) [75]. The
positions and intensities of the latter visible emission bands are largely
dependent on the size of the nanoparticles/nanocrystals [76], which
are obtained following various synthesis routes [77,78], owing to dif-
ferent quantum confinement effects; this issue can be profitably ex-
ploited to tune the emission with the aim of producing optical devices
of technological interest. Regarding the synthesized solids, that are all
white under the solar light, when they are observed with the naked eye
while irradiated with a 365 nm UV lamp, an intense yellow lumines-
cence is observed for ZND1, a less intense yellow flare comes from
ZAD1, while ZCD1 shows a feeble bluish-white emission (Fig. 8). There-
fore, to give further insight on the possibility of using of using ZCD1,
ZND1 and ZAD1 as fluorescence probes, we investigated the emission

5



CO
RR

EC
TE

D
PR

OO
F

L. Gontrani et al. Inorganica Chimica Acta xxx (xxxx) 121268

Fig. 7. ATR infrared spectra of the samples. ZND1: blue line, ZCD1: black line;
ZAD1: red line.

Fig. 8. Photoluminescence of the three solid samples. ZND1: left; ZAD1: center;
ZCD1: right. The excitation was performed with a 365 nm UV lamp.

spectra of their ethanol dispersions, using a 330 nm excitation beam.
The results of the measurements are shown in Fig. 9. As it can be seen,
all the three systems have a violet fluorescence peak around 420 nm
(ZCD: 419, ZND1: 421, ZAD1: 422), while in ZND1 and ZAD1 the distri-
bution is bimodal, the former having an intense emission band centered
at 577 nm (yellow) while the latter shows an evident shoulder in the
500–700 nm range. Almost no intensity can be observed for ZCD1 in
that region. The blue-violet or bluish-white emission has been reported
in the literature for other minerals having layered structure [79], like

Fig. 9. Photoluminescence spectra of the synthesized samples in ethanol disper-
sion (1 mg/mL) under 330 nm excitation (Xe lamp).

the forefather brucite Mg(OH)2 [80] or the zinc-containing hydroxyz-
incite Zn5(CO3)2(OH)6 [81]. The luminescence data obtained from
ethanol dispersion comply satisfactorily with the colors observed by the
eye in the solids, considering the possible effect of the solvent on the
emission [82].. TThe study will be further extended by including more
quantitative photoluminescence measurements on solid samples and
will be reported in a forthcoming paper.

7. Conclusions

In this work, we have reported for the first time the synthesis of zinc
oxide nanoparticles in Type-IV DES. The liquid phases are easily ob-
tained by simply mixing the zinc salt with urea in 1:3.54 ratio under
stirring. Heating the mixture to 85 °C was required for zinc acetate,
while the other two zinc salts considered (zinc chloride and zinc ni-
trate) lead to DES liquid around room temperature. The method de-
scribed appears to be a convenient way to introduce the metal in the
system directly, without requiring addition of metal salt to the DES be-
fore the precipitation. In the three cases considered, the product forma-
tion was accomplished by adding solid NaOH to the DES mixture under
stirring at the lowest possible temperature at which the mixture re-
mained liquid. Three different solid systems were synthesized: high pu-
rity ZnO nanometrical layered particles were prepared using Zn(NO3)2;
zinc hydroxychloride nanoparticles were obtained from ZnCl2:urea
DES, whereas a complex mixture containing both zinc oxide and zinc
hydroxy acetate was formed using zinc acetate as DES component.
Compared to the nanoparticles obtained in water with other low-
temperature or “green” methods, that lead to spherical nanoparticles,
the new procedure described for zinc nitrate DES allows the obtainment
of layered ZnO nano-platelets in a very straightforward manner, with
no need of complex procedures. An added value of the obtained NPs is
their quite strong yellow photoluminescence, which could pave the way
for their use as fluorescent probes.

Further investigations on this subject are planned, in order to assess
if the use of other non-basic anions as DES IV components (except chlo-
ride, that has proved to be inappropriate, given the strong tendency of
forming oxychloride salts), like, for instance, sulphate, perchlorate, tri-
fluorosulphonate, etc can be employed to prepare ZnO and/or other
metal oxide nanoparticles of desired morphology. Exploration of HBD
different than urea is envisaged. Further studies on the effect of
nanoparticle morphology on the photoluminescence properties of these
systems are planned, in order to tune the emission wavelengths, the in-
tensity and the temperature response, with the final aim of developing
and optimizing the employment of these nanoparticle systems in the
field of sensoristics.
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