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Compared to conventional solvents, ionic liquids (ILs) are highly recognized for their ability to enhance
the dispersion of nanoparticles (NPs). However, the thermal stability of the ILs-based nanocomposites
is a vital parameter for their processing applications. Here, we scrutinized the thermal stability of a series
of different imidazolium ion-based ILs before and after incorporating amorphous porous silicon (ap-Si)
NPs. The results show that regardless of the obtained quality dispersion, the thermal stability of the host
ILs was never regressed. The combination of ap-Si NPs and bmim-SCN (1-buthyl-3-methyl imidazolium
thiocyanate) induced highly dispersed framework with an enhanced thermal stability (�15 �C shift to
higher temperature). Likewise, the emim-BF4 (1-ethyl-3-methylimidazolium tetrafluoroborate) coated
the ap-Si NPs forming a very stable dispersion along with a good thermal stability (�8 �C shift). On the
other hand, the thermal stability of bmim-Ac (1-buthyl-3-methylimidazolium acetate) was not affected
owing to the high viscosity of bmim-Ac that limited the dispersion of ap-Si NPs at room temperature.
Throughout our study, we explored the intermolecular interactions using SEM, TEM, Raman spectroscopy
and XRD. We probed the thermal stability of the fabricated dispersions using TGA, and DSC as part of
characterization methodology.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee ofthe5thEuro-Mediterranean
Conference on Materials and Renewable Energies.
1. Introduction

Over the past decade, an enormous number of studies have
been devoted to the synthesis of architectural inorganic NPs in a
stable nanocomposite for multi-tasking nanomaterials as a new
thrust area of research [1]. However, a homogeneous distribution
of inorganic NPs in the host solvents is not always obtained due
to the poor compatibility of inorganic NPs in aqueous and non-
aqueous solvents. Moreover, the ability of solvents to preserve a
stabilized dispersions of NPs has proven to be problematic [2,3].
For any host medium, dispersion of NPs is an important state of
matter for fundamental research. However, maintaining a well-
dispersed stable state is very challenging for various NPs. The
extreme low solubility of many NPs reduces the quality of their
dispersions [4,5]. Furthermore, the characteristics of colloidal sys-
tems are often hampered by the spontaneous tendency of NPs to
aggregate [6], irrespective of the type of NPs employed to decrease
aggregation. Because of their high surface energy which dominates
their properties, NPs; especially small ones, need to be stabilized to
avoid their agglomeration [6].

In this regard, several processing methods have been used to
obtain a thermodynamically stable dispersion of NPs in solutions
including the use of surfactants, polymers, and dendrimers, to pre-
vent the self-aggregation of NPs [7]. When used, surface capping
ligands or polymers form a protective layer on the surface of the
NP which provides steric coverage, yielding products with suffi-
cient stability against aggregation. This surface coverage induces
a partial deactivation of surface activities, leading to a set of new
physicochemical properties compared to single-component parti-
cles [8,9]. Ionic stabilizers, in particular, are the best stabilizers
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for NPs. They adsorb strongly enough and meet the conceptions of
steric and electrostatic stabilization simultaneously [7,8].

In this context, ILs, a class of organic salts that are entirely com-
posed of cationic organic species and anionic inorganic or organic
species, have garnered a lot of interest as strong stabilizing agents
for NPs. They allow for having stable dispersions without the need
of additional stabilizers [10]. ILs are multipurpose materials that
retain distinctive unique properties such as wide liquid range,
low volatility, high ionic conductivities and wide electrochemical
window and high thermal stability [11–16].

They are also considered as promising green solvents because of
being environmentally benign with remarkably low toxicity. They
are now widely recognized as suitable catalysts and solvents for
synthetic chemical reactions, liquid-liquid extraction, gas separa-
tion, and recycling [10,14]. ILs can be especially ‘‘designed” for
the stabilization of NPs. To date, several stable dispersions of NPs
in ILs have been reported based on a large variety of different kinds
of NPs and ILs. Extensive recent studies have been reported on the
utilization of ILs, especially those based on imidazolium cation, for
the stabilization of colloids by varying the cation-anion combina-
tion [10,13,15,16]. The dispersion of NPs in ILs allows for the for-
mulation of novel ILs-based nanocomposite materials that
combine the properties and functionality of the NPs with the char-
acteristics of ILs. However, the effect of dispersing NPs on the ther-
mal behavior of the host ILs was not thoroughly investigated. In
general, studying the thermal behavior of ILs is vital for designing
new applications in catalysis and energy storage based on ILs [17].

In this work, we studied the dispersion quality of amorphous
porous silicon (ap-Si) NPs in imidazolium-based ILs and their;
ap-Si NPs, effect on the thermal behavior of the host ILs. Like
numerous other semiconductor NPs, ap-Si NPs exhibit a net elec-
trodynamic attraction and experience quantum confinement
effects leading to exciting properties [13,18–21]. Recently it was
shown that the dispersion of ap-Si NPs in imidazolium-based ILs
has widened the electrochemical window of the incorporated ILs
and enhanced the electrical conductivity [15]. The thermal stability
of those dispersions, however, remains unexplored. Moreover,
despite the versatile applications of IL-NPs nanocomposites, the
dispersion mechanism for NPs in ILs remains still unclear. For this
purpose, we have investigated in-depth the dispersion mechanism
of ap-Si NPs in ILs, where the ILs-NPs interactions are highly favor-
able. We also investigated how the properties of these new
nanocomposite formulations had affected the thermal stability of
the ILs.

2. Experimental section

2.1. Materials synthesis

Amorphous porous silicon nanoparticles (ap-Si NPs) were pre-
pared using a developed stain etching method.[22,23] ap-Si NPs
suspensions were fabricated through etching (1 0 0) single crystal
silicon wafers (p-type boron doped, Addison Electronics). The
wafers were laser-cut into rectangular strips. The silicon strips
were submerged in an etching bath composed of 4.71 g anhydrous
iron(III) chloride (98%, Alfa Aesar) dissolved in a mixture of 18 ml
of hydrochloric acid (32%, Fischer Scientific) and 42 ml of hydroflu-
oric acid (49%, Fluka). The strips were left in the etching bath for
13 h, after which their surface became matte black. We cleaned
the etched strips by rinsing them with deionized water (Millipore)
followed by absolute ethanol (Sigma Aldrich). We dried the etched
strips under a nitrogen stream. Afterward, we submerged the
etched strips in toluene (Chromasolove grade, Fischer Sci.), and
sonicated them for 45 min using a VWR Ultrasonic Cleaner sonicat-
ing bath. We then used a LabConco RapidVap vacuum evaporation
system to evaporate the ap-Si NPs solutions.
Product yields were estimated to be approximately 0.4 mg of
ap-Si NPs per cm2 of the etched silicon. The quantum yield of the
nanostructures dispersed in toluene was found to be around 50%.
The synthesized particles were found to be hundreds of nanome-
ters in size.

We suspended the dried ap-Si NPs in three different ionic
liquid formulations (99% purity, Sigma-Aldrich). Each glass
vial contained 0.036 g of ap-Si NPs in 3 ml of ILs, i.e.,
1-butyl-3-methylimidazolium thiocyanate (bmim-SCN), 1-ethyl-
3-methylimidazolium tetrafluoborate (emim-BF4) and 1-butyl-3-
methylimidazolium acetate (bmim-Ac), respectively.

2.2. Instrumentation

Dispersions of ap-Si NPs-containing ILs were handled in an
argon-filled MB GB 2202-C acrylic glove box (MBraun). We
scanned our samples using a Horiba X-Ray fluorescence analyzer
(XRF). The working power was 30 kV. The preset time was 100 s
with current value of 0.05 mA and 3XGT:1.2 mm processed under
full vacuum mode. Scanning electron microscopy (SEM) images
were taken using a Nova NanoSEM 450 scanning electron micro-
scope (FEI) working in the secondary electrons mode at a voltage
of 2 kV and a resolution of 2 nm. High-resolution transmission
electron microscopy (HRTEM) micrographs were taken using an
FEI Titan Krios CT-TEM at an operating voltage of 120 kV. The
porosity measurements were conducted at �196 �C with an ASAP
2420 (Micromeritics) 6 ports volumetric analyzer.

Raman spectra were acquired by Horiba Jobin Yvon LabRaman
HR 800 with a5sX10 integration time. A 532 nm solid-state laser
was used as an excitation source. The typical laser power at the
sample position was �4 mW. To avoid the heating effect, a new
innovative DuoScan technology was adopted, which scans the laser
beam across a 20 � 20 lm2 area with the help of a combination of
scanning mirrors. Powder X-ray diffraction (XRD) was performed
on a Bruker D8-Advance diffractometer using Cu-Ka radiation
(1.54 Å) with LynxEye 1-D detector. The working power was
40 kV/40 mA with divergence slit of 0.50/1 mm. The stability of
ap-Si NPs in different ILs was further investigated by thermogravi-
metric (TGA) and differential scanning calorimetry (DSC) analyses
using STA 449 F1 (Netzsch) analyzer at a temperature range of 30–
500 �C. The heating rate was 10 �C/min under a nitrogen flow.

3. Results and discussion

We were able to produce large amounts of amorphous porous
silicon using electrolytic stain etching, which was proven to be a
fast, simple and cost-effective synthesis route [22,23]. The XRF
spectrum of our samples Fig. 1 showed that silicon was the most
dominating element (�99 at.%) with some traces of iron (0.69 at.
%). The iron is mostly from the iron salt used during etching.

The SEM micrographs revealed a high-density of the stain-
etched ap-Si NPs Fig. 2a. The magnified image clearly shows the
relatively round shapes of the ap-Si NPs with a size distribution
in the range of 50–400 nm. Unevenly distributed agglomerated
spherical particles were also present [23]. The HRTEM micrograph,
depicted in Fig. 2b illustrates the shapes, the size variation and the
porous structure of ap-Si NPs as observed in the prepared suspen-
sions. Most of the NPs were composed of a lacey network of
nanometer scale bridges which connect larger aggregates of differ-
ent sizes dispersed in toluene solution. Obviously, the NPs with lar-
ger size grow at the cost of smaller one due to higher surface free
energy. Furthermore, the Brunauer-Emmett-Teller (BET) porosity
measurements see Fig. 2c. Confirmed the highly porous structure
of ap-Si NPs observed in the TEM. The fabricated NPs have an aver-
age surface area of 135 m2/g, with an average pore size of 2.5 nm.
This large surface area causes the creation of dangling bonds,



Fig. 1. Measured X-ray fluorescence of amorphous porous silicon nanoparticles.

Fig. 2. (a) SEM micrograph of ap-Si NPs. A higher magnification image is shown in the inset. (b) TEM image of an array of ap-Si NPs. The corresponding SAED pattern in the
inset demonstrates the amorphous structure of our NPs. (c) The pore volume vs. pore width spectrum of ap-Si NPs indicates a small mesoporous structure.
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which may be the driving force behind the crystalline-to-
amorphous phase transition during the etching process. The
phase-transition is also confirmed by the absence of well-defined
diffraction rings in the SAED pattern inset of Fig. 2b of the synthe-
sized ap-Si NPs.

However, the formation of NPs is a very complex process. It
involves nucleation, growth, coagulation, and flocculation, all of
which are influenced significantly by the addition of ILs. They play
an alternative solution to avoid the aggregation phenomena due to
their surfactant-like structure. Nonetheless, further analysis of dis-
persion of NPs in ILs is needed to provide a better fundamental
understanding of the dispersion mechanism. This is essential to
support emerging applications of ILs in NPs synthesis, chemical
reactions involving NPs, and in hybrid materials that incorporate
ILs and NPs.

The effect of ILs on the morphology of ap-Si NPs in ILs are
depicted Fig. 3. A well-dispersion of �100 nm ap-Si NPs was
observed within the whole bmim-SCN matrix Fig. 3b. The TEM
micrograph of the ap-Si NPs in emim-BF4 also showed a good dis-
persion of NPs within the IL along with some aggregation into lar-
ger blobs Fig. 3c. Further analysis showed a distinct surface layer of
the IL (emim-BF4) surrounding the ap-Si NPs. However, in the case
of bmim-Ac, large aggregates and stacks of ap-Si NPs were
observed all over the IL matrix Fig. 3d.



Fig. 3. HRTEM images of ap-Si NPs before and after dispersion in ionic liquids: (a) pristine ap-Si NPs, (b) ap-Si NPs/bmim-SCN, (c) ap-Si NPs/emim-BF4, and (d) ap-Si NPs/
bmim-Ac.
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We used Raman spectroscopy and XRD to better understand the
dispersion mechanism of ap-Si NPs in ILs, and to probe the effect of
adding ap-Si NPs on the structure of the host ILs.

The spectral range of the characteristic Raman band of the three
bare ILs see Fig. 4 showed various characteristic peaks associated
Fig. 4. Raman spectra of blank (a) bmim-SCN, (b) emim-BF4 and (c) bmim-Ac.
with IL structures. The cations demonstrated strong Raman signals
in the C–H stretching region in the range from 300 to 3300 cm�1,
where the two ILs containing [bmim]+ cations exhibited a similar
pattern with methyl antisymmetric vibrational modes dominating
the spectrum. Based on the anion type, the anion-cation interac-
tion is indicated by different intensities for the same vibrational
mode. Every specific anion is accompanied by a frequency shift
and appearance of new modes.

A small difference in the CHx stretch vibrational mode of
[emim]+ cation was observed in the range from 2800 cm�1 to
3300 cm�1, indicating the presence of weaker bonds compared to
[bmim]+. This is attributed to the only one methylene group pre-
sent in the ethyl ligand of the [emim]+ cation rather than three
methylene groups present in the butyl chain of the [bmim]+ cation.

The pure bmim-SCN salt displayed five strong C–H overlapped
peaks between 2700 cm�1 and 3200 cm�1. The peaks at
2870 cm�1 and 2968 cm�1 can be assigned to the CH3 symmetric
and antisymmetric modes. The CH2 antisymmetric vibration at
2913 cm�1, the CH3 (symmetric) Fermi resonance at 2941 cm�1

and the band pointing at 2960 cm�1, are due to CH3 antisymmetric
modes. The peaks at 3103 cm�1 and 3163 cm�1 are for antisym-
metric and symmetric stretch vibrational modes of HC(4)-C(5)H
of bmim-SCN, while the peak shown at 3114 cm�1 is assigned to
the stretch vibrational mode of C(2)-H. The N-CH3 stretching vibra-
tion is at 3000 cm�1. The Raman scattering signal at 2041 cm�1 for
thiocyanate (SCN�) is relative to the symmetric vibrational mode
of the anion [24].

The Raman spectrum of bmim-Ac shown in Fig. 4b has almost
the same peak positions except the ones corresponding to the
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anion. The peaks centered at 1582.4 cm�1 can be associated with
the stretching frequencies of C@O. In contrast, weaker bands
around �2940–2990 cm�1 were observed for the [emim]+ and
are assigned to the CHx stretching of the ethyl chain and methyl
group. In Fig. 4c strong Raman signals is observed at 754 cm�1

and 1121 cm�1 corresponding to stretching vibration of the B-F
bonds in BF4, related to the structure of the anion [24].

Fig. 5 shows a comparison between the Raman spectra of blank
ILs and ap-Si NPs/ILs nanocomposites. The presence of the charac-
teristic vibrations of ILs in the ap-Si NPs/ILs nanocomposites indi-
cated that ILs’ structures were not damaged during the irradiation
process. The dispersion of ap-Si NPs in bmim-SCN did not induce
any significant change in the positions of the characteristic peaks
of [bmim]+ compared to blank imidazolium moiety, suggesting
that the incorporation of ap-Si NPs did not change the chemical
structures of bmim+. However, the characteristic peak of SCN anion
observed at 2050 cm�1 in blank IL (bmim-SCN) was shifted to
2087 cm�1 as a result of the addition of ap-Si NPs Fig. 5a. This shift
was attributed to a complexation between the thiocyanate ions
and the traces of iron (Fe) impurities present in the stain etched
ap-Si NPs as evidenced by the XRF. The obtained reddish dispersion
of ap-Si NPs in bmim-SCN see inset of Fig. 5a confirmed this attri-
bution. (Note that thiocyanate used to be known as rhodamine
because of the red color of its complexes with iron [25,26].) This
finding indicated a strong interaction between the anionic part of
the IL (emim-SCN) and ap-Si NPs yielding a new adduct between
the Fe(III) in the center of the complex and the thiocyanate ions
{(Fe[SCN]6)3�}.

The Raman spectrum of emim-BF4/ap Si NPs composite, shown
in Fig. 5e indicated the dual contribution from both ap-Si NPs and
IL. The characteristic bands of [emim]+ were shifted compared to
those observed in the spectrum of blank emim-BF4. While remark-
able and prominent shifts in the B-F band toward higher wave
numbers were observed. In particular, a 12 cm�1 red shift in the
BF4- symmetric stretching mode was experienced for the nanocom-
posite with respect to the band frequency of the pristine emim-BF4.
This could be an indication of the established interaction between
the substrate and the probe molecule. These changes are probably
Fig. 5. Raman spectra of (a) bmim-SCN/ap-Si NPs mixture, (b) blank bmim-SCN, (c)
bmim-Ac/ap-Si NPs mixture, (d) blank bmim-Ac, (e) emim-BF4/ap-Si NPs mixture,
and (f) blank emim-BF4. Notice the induced red color as a result of adding ap-Si NPs
to bmim-SCN. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
due to the action of imidazolium ring and the anionic part; both of
them experience a different environment in the mixture as com-
pared to that in blank IL.

An explanation for the observed shifts is that the emim-BF4
structure had to hinge their order after dispersing the NPs, which
in return provided sufficient energy to stabilize the ap-Si NPs. It
is well known that ILs with the general formula emim-X or
bmim-X (X = BF4�, PF6�, N (CN)2�, Tf2N�) provide stabilization to a
wide range of NPs [27,28]. Thus in the case of emim-BF4, the imi-
dazolium rings are linked by hydrogen bonding with the fluoride
atoms in BF4- . Thereby, the addition of ap-Si NPs resulted in the
reduction of the interactions between [emim]+ and [BF4]� leading
to an increase in the free ions concentration inducing a red shift
of the anion and cation Raman spectral bands.

In contrast, the Raman spectrum of dispersed ap-Si NPs in
bmim-Ac Fig. 5c. Did not show any changes in Raman peaks’ posi-
tions or intensities. The high viscosity of bmim-Ac restrained the
dispersion of ap-Si NPs which prevented further experimental
investigation for their performance.

XRD characterization was used to investigate the dispersion
characteristics of solution-blended nanocomposites see Fig. 6.
Fig. 6. XRD pattern of (a) neat ap-Si NPs and ap-Si NPs re-isolated from ILs, (b)
blank emim-BF4 and ap-Si NPs in emim-BF4, and (c) blank bmim-SCN and ap-Si NPs
in bmim-SCN.
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X-ray patterns of neat NPs confirmed the amorphous structure of
ap-Si NPs and exhibited intense reflexion between 20� and 30�
2h with the most intense reflexion (1 1 1) at 28�.

X-ray patterns of neat NPs compared to the NPs isolated from
ionic liquids after dispersion see Fig. 6a. Suggest that neither the
structure nor the sizes changed after the dispersion of ap-Si NPs
in the ionic liquids. Fig. 6b and c exhibited a single broad diffrac-
tion peak between 20� and 40� 2h. This is not unprecedented and
can easily be assigned to the liquid-like structure of the ionic liq-
uids. There was no significant shift in the diffraction peaks that
Fig. 7. Thermogravimetric analysis (TGA) (left) and differential scanning calorimetry (DS
SCN, (b) & (e) are for bmim-BF4, and (c) & (f) are for bmim-Ac. (For interpretation of the re
article.)
could be assigned to the dispersed ap-Si NPs Fig. 6c showed that
the ap-Si NPs were highly distributed in the bmim-SCN; one can
notice that from the observed positive enhancing effect as a of
the presence of ap-Si NPs. This enhancement implies that, owing
to the ap-Si NPs, the composite sample has more ordered arrange-
ment than the bare IL. This result indicates that the introduction of
thiocyanate can effectively promote stability of ap-Si NPs. As men-
tioned above, thiocyanate has a tendency to form a complex with
Fe impurity [29,30], thus preventing contact with ap-Si NPs, and
thereby suppressing their aggregation. Dispersion in bmim-SCN
C) (right) measurements of ILs w/wo (black/red) ap-Si NPs. (a) & (d) are for bmim-
ferences to color in this figure legend, the reader is referred to the web version of this



Scheme 1. A schematic illustration of iron-thiocyanate complexation [Fe (SCN)6]3�
in the vicinity of ap-Si NPs in the case of bmim-SCN/ap-Si NPs nanocomposites.

Scheme 2. Schematic representation of a structural organization of ap-Si NPS in
emim-BF4.
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can be seen as a quick efficient purification method for ap-Si NPs
from iron impurity. This attribution is in good agreement with
TEM images Fig. 3.

For nanocomposites prepared in emim-BF4, a less degree of
enhancement was found compared to those prepared in bmim-
SCN, which can be attributed to the fact that the order is less. How-
ever, owing to the known intrinsic high electronic affinity between
fluorine and silicon, and in addition to the steric bulk structure of
ILs, it is suggested that emim-BF4 can create an electrostatic and
steric stabilization of ap-Si NPs [27,28], The strong affinity and
attraction between fluorine to silicon stabilized the ap-Si NPs dur-
ing the dispersion process. This would explain the role played by
the thick layer surrounding the ap-Si NPs Fig. 3c.

The thermal stability of the ILs-based nanocomposites is the
most important parameter for their processing applications. Thus
it was very instructive to further characterize their thermal degra-
dation behavior. The effect of incorporating ap-Si NPs on the ther-
mal stability of ILs was investigated using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC).

The TGA and DSC measurements of the blank bmim-SCN before
and after adding ap-Si NPs are shown in Fig. 7a and d. In case of
blank bmim-SCN, a single-step weight loss was observed from
the TGA curve starting from 250 to 325 �C. However, shifted weight
loss was observed when ap-Si NPs were mixed with bmim-SCN.
The weight loss observed at higher temperatures (�15 �C) could
be attributed to the strong chemical interaction between SCN
and iron impurity present in the vicinity of NPs. The complexation
between iron and thiocyanate was beneficial in improving the
thermal stability of ionic liquids as can be seen in Fig. 7a. It is obvi-
ous that ap-Si NPs became well dispersed in bmim-SCN medium.
The TGA results were supported by the corresponding DSC thermo-
gram showing a single endothermic peak at 295 �C (IL) that was
shifted to 309.5 �C after the adding the ap-Si NPs. This clearly indi-
cated that the addition of ap-Si NPs to bmim-SCN promoted tran-
sition to a more stable phase.

In contrast to bmim-SCN, emim-BF4 coupled with ap-Si NPs did
not show such a chemical interaction. TGA and DSC results Fig. 7b
and e showed that the bare emim-BF4 was rather stabilized by
physical adsorption of ap-Si NPs into the matrix. The TGA and
DSC spectra of emim-BF4 containing ap-Si NPs showed a slight
shifting of �8 �C compared to bare IL. By stabilizing the NPs,
emim-BF4 restricted their movement making the nanocomposite
more compact and stable. Thus the scission of emim-BF4 at certain
temperatures are hard and the degradation temperature of the
composite shifted to higher temperature. Therefore, the interfacial
interactions play an important role in the degradation of ILs
nanocomposite. It should be noted that in all ILs, the first stage
of weight loss from room-temperature to 200 �C was attributed
to the removal of moisture. Furthermore, in the case of bmim-Ac,
the IL w/wo ap-Si NPs showed higher decomposition temperature
as shown in Fig. 7c and f. TGA clearly indicated that there was no
weight loss up to 320 �C which usually corresponds to degradation
of IL but total loss is commenced at around 485 �C. Due to the vis-
cous nature of bmim-Ac, the interaction between NPs and IL was
almost negligible and it was basically overlapping all over the
TGA and DSC spectra. Consequently, it was confirmed that in terms
of stabilization, bmim-SCN and emim-BF4 are the most compatible
with ap-Si NPs among the three chosen ILs.

A schematic representation of the aforementioned surface com-
plexation of SCN� to iron atoms in the vicinity of ap-Si NPs is
depicted in Scheme 1. We propose that this surface complexation
led to the strong red coloring and was responsible for the good dis-
persion of ap-Si NPs.

Furthermore, a unique adsorption structures for emim-BF4 on
ap-Si NPs were also proposed (see Scheme 2). The anionic part
BF4- interacts with the surface of ap-Si NPs forming a negatively
charged layer. The Raman spectra showed that a cationic part
appeared above this negatively charged layer, forming a double
layer structure. However, it seemed to be far from the surface,
which justified the smaller change in the imidazolium ring behav-
ior compared to the anionic part [31–33].

4. Conclusions

We studied the behavior of different dispersions of ap-Si NPs in
ILs. It is well known that dispersing NPs in any solvent without
capping ligands or surfactants is not a straightforward task.
Nonetheless, ILs were rediscovered as alternatives to common
organic solvents. They could be alternatives to such ligand layers
without adding any additional stabilizers, surfactants or capping
ligands, while retaining the NPs morphology. In this work, our
ap-Si NPs remained intact upon dispersion as shown by the XRD
analysis of the ap-Si NPs extracted from ILs.

When dispersed in the chosen ILs, the ap-Si NPs/ILs became
well-organized and nanostructured in the case of some ILs, while
in other cases it was difficult to study their behavior due to many
limiting factors. Building upon the implications of the aforemen-
tioned experimental findings, we were able to schematically
demonstrate the effect of different ILs on the dispersion quality
of ap-Si NPs as well as their stability (see Scheme 3). Scheme 3



Scheme 3. A schematic representation of nonstructural dispersion of binary mixtures made of ap-Si NPs in different ILs.
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illustrates how the ILs can play a determinant role in dispersion
properties of NPs.

On one hand, the ap-Si NPs were able to form well-dispersion
with bmim-SCN. The interaction between residual iron impurity
and the anionic moiety resulted in formation of iron thiocyanate
complexion inducing highly dispersed framework. While in the
case of emim-BF4, the dispersion of ap-Si NPs was affected by the
contribution of electronic affinity and steric bulk behavior of the
emim-BF4. The ap-Si NPs were stabilized and the ensuing struc-
tures revealed the formation of a layer of the IL on the NPs surface
via weak parallel coordination. This was attributed to an electro-
static stabilization.

On the other hand, the dispersion of ap-Si NPs in bmim-Ac
induced unwanted aggregation of ap-Si NPs and did not cause
any alterations, which emphasizes the fact that in case of high vis-
cosity one should not expect any change. Thus, such ILs with rela-
tively high viscosity are not considered as dispersants for
nanostructured substances.

It is important to remark that, in addition to highlighting the
dispersion quality as a result of changing the containing IL, this
study provides new insights on the thermal stability of IL-based
nanostructured semiconductor suspensions, particularly ap-Si
NPs suspensions, highlighting a new promising field of study. Such
pronounced thermal stability would expand the span of applica-
tions in which those ILs-NPs nanocomposites could be employed.
Certainly, potential applications of ILs in the fabrication of electro-
chemical devices, such as lithium batteries, dye-Sensitized solar
cells, fuel cells, supercapacitors, light-emitting electrochemical
cells and field effect transistors, could be extended to the class of
obtained nanocomposites formed by ap-Si NPs and ILs.
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