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HIGHLIGHTS

« Magnetic cobalt ferrite NPs are dispersed as small clusters in EMIM TFSI up to 150 °C.
« The NPs are dispersed as small clusters in the polar solvent propylene carbonate.

« The NPs are stable in the mixtures of these solvents.

« Solvent removal by pumping followed by solvent addition highly reduces clustering.

ARTICLE INFO ABSTRACT
Keywords: Liquid thermocells are promising devices for the recovery of low-grade waste heat and its conversion into
Colloidal dispersion electricity. The present study proposes dispersing charged magnetic nanoparticles in liquids to improve

Magnetic nanoparticles

N thermoelectric conversion, due to their thermodiffusive and magnetic properties. Core@shell cobalt fer-
ITonic liqui

rite@maghemite nanoparticles (NPs) of various sizes with three different kinds of coatings are tested for

* Corresponding author.
E-mail addresses: anaaliceeq@gmail.com (A.A.A.M. Guerra), emmanuelle.dubois@sorbonne-universite.fr (E. Dubois), relex@unb.br (A.F.C. Campos).

https://doi.org/10.1016/j.colsurfa.2024.135233

Received 10 July 2024; Received in revised form 20 August 2024; Accepted 30 August 2024

Available online 10 September 2024

0927-7757/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/colsurfa
https://www.elsevier.com/locate/colsurfa
mailto:anaaliceeq@gmail.com
mailto:emmanuelle.dubois@sorbonne-universite.fr
mailto:relex@unb.br
https://doi.org/10.1016/j.colsurfa.2024.135233
https://doi.org/10.1016/j.colsurfa.2024.135233
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2024.135233&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.A.AM. Guerra et al.

Concentrated electrolytes
EMIM TFSI
Propylene carbonate

Colloids and Surfaces A: Physicochemical and Engineering Aspects 703 (2024) 135233

dispersion in EMIM TFSI (ethyl-methylimidazolium bistriflimide), an ionic liquid (IL) of high electrical con-
ductivity. Among the tested ligands, PAC,MIM*Br~ (1-(6-hexylphosphonate) 3-methyl imidazolium bromide)
emerges as the most efficient due to its phosphonic group. This ligand leads to dispersions of clusters of a

few dozen NPs in water and a few NPs in EMIM TFSIL. For improving both the viscosity and the electrical
conductivity, dispersions in binary mixtures of propylene carbonate (PC), a polar medium, and EMIM-TFSI
are further investigated with the sample based on NPs of ~ 9 nm diameter. Through a pumping and heating
procedure, stable dispersions are obtained with a subsequent reduction of the size of the NP clusters, down to
1 to 2 NPs in EMIM TFSI and a few NPs in PC and their binary mixtures. The mixture with an IL mole fraction
~ 0.2-0.3 and maximal electrical conductivity is a promising candidate for further thermoelectric investigations.

1. Introduction

Given the always increasing global energy demands and environ-
mental deterioration, the development of new solutions for sustainable
energy is mandatory. Considering this scenario, the use of thermo-
electric devices for the conversion of low-grade waste heat [1] into
electricity may be an interesting option [2]. However, its contribution
is relatively small compared to other sustainable sources due to the low
efficiency of converting heat into electricity, highlighting the need for
further investigation into new materials.

In this context, colloidal dispersions of charged nanoparticles (NPs)
are particularly notable, as both the NPs and the solvent can exhibit
promising characteristics for thermoelectric applications [3,4]. The
thermoelectric efficiency in these systems is particularly connected
to the thermodiffusion of the charged species. Among these disper-
sions, ferrofluids stand out (see [5] and Refs. therein) due to their
thermodiffusive and their magnetic properties, which offer the poten-
tial for enhancing thermoelectric efficiency by exploiting these char-
acteristics [6]. A study demonstrated that incorporating iron oxide
NPs into an aqueous dispersion improved thermoelectric efficiency by
approximately 30% [7].

Regarding the contribution of the solvent, it is preferable to choose
those capable of withstanding high temperatures, as this can improve
the efficiency of thermoelectric conversion [8-10]. Two promising
candidates are ionic liquids (ILs) and propylene carbonate (PC), each
representing opposite ends of the ionic character spectrum. ILs boast
higher conductivity as they consist solely of ions. However, they tend to
be more viscous than traditional solvents, which could pose challenges
to the electrochemical conversion process. Among ILs, EMIM TFSI
(ethyl-methylimidazolium bistriflimide) is especially attractive for ther-
moelectric applications due to its good sensitivity to electric fields [11],
high thermal stability, and lower viscosity compared to other ILs [12].
On the other hand, PC offers much lower viscosity but has a non-ionic
nature. Considering this, mixtures of IL and PC could serve as a viable
solution, achieving a balance between viscosity and electrical conduc-
tivity to enhance performance. Indeed, hybrid ionic liquid propylene
carbonate-based electrolytes have been developed to efficiently replace
classical organic solvents in batteries and supercapacitors [13,14].

In previous studies, stable colloidal dispersions of maghemite NPs
in pure ILs [15,16] and mixtures of the IL ethylammonium nitrate
and water [17] were obtained by precisely controlling the NPs/solvent
interface. Parameters such as the nature of the IL ions and the state of
the NPs surface (especially charge, and nature of ligand and counter-
ion) were found to be crucial for achieving stable colloidal dispersions.
This work aims to take a step further and investigate core@shell
nanoparticles with a cobalt ferrite core and a maghemite-rich shell.
These particles are particularly interesting because their core exhibits
much higher magnetic anisotropy, which can enhance thermoelectric
efficiency, as suggested by some modeling and simulation studies [18,
19]. Moreover, their shell provides long-term chemical stability and
high surface tunability, with a composition similar to that of previously
studied NPs.

Thus, this study seeks to assess the impact of several parameters on
colloidal dispersions of core@shell magnetic NPs (CoFe,0,@y-Fe,03),
including NP composition and size, and the nature of the ligand used

to adjust the NP surface. These dispersions are examined in both pure
EMIM TFSI and PC, as well as their mixtures across different mole
fractions. Additionally, the effect of heating during NP surface function-
alization is investigated to determine its influence on ligand adsorption
and NP leaching. Various characterization techniques such as X-ray
diffraction (XRD), transmission electron microscopy (TEM), magnetic
measurements, Dynamic Light Scattering (DLS), and Small-Angle X-
ray Scattering (SAXS) are employed to evaluate colloidal dispersion
stability, with a specific focus on their potential for thermoelectric
applications.

2. Components
2.1. Nanoparticles

2.1.1. Synthesis

Initial samples of water-based ferrofluids containing CoFe,0,@y-
Fe,0; NPs of three different mean sizes were synthesized through a
well-established procedure [20], which can be divided into three main
steps. First, the cobalt ferrite core is synthesized by coprecipitation in
an alkaline medium. The NPs mean size can be roughly tuned by the
strength of the base used in this stage. As a general trend, the stronger
the base, the larger the mean size, while keeping the other synthesis
parameters constant [21]. The second step involves the formation of
the maghemite shell through a hydrothermal treatment with Fe(NO3);
solution. Finally, in step three, the NPs are peptized in water at pH ~ 2,
where they bear a positive structural surface charge of approximately
2 charges per nm? [22]. Here, ammonium hydroxide (NH,OH), methy-
lamine (CH3;NH,) and sodium hydroxide (NaOH) were used as bases
in the coprecipitation route to produce samples of increasing average
sizes, labeled as APCol, APCo2, and APCo3, respectively. The details of
the experimental conditions of the synthesis are described in Section 1
of the Electronic Supporting Information (ESI).

2.1.2. Characterization techniques

The crystalline structure of the NPs was examined using XRD. The
diffractograms were compared with standard reference patterns for
cobalt ferrite and maghemite, and the average diameter dyp of the
crystallites was calculated using the Scherrer equation.

The shape and size of the NPs were analyzed through TEM. Particle
sizes were measured using an image processing software, and the
resulting size distribution histograms were fitted with a log-normal
distribution function to determine a median size d;, and a polydispersity
index s.

To analyze the chemical composition of the NPs, flame atomic
absorption spectroscopy (FAAS) was used to measure iron and cobalt
concentrations (see ESI section 2.3). The proportion of the maghemite
shell was determined considering a core@shell model of composition,
i.e. a core of cobalt ferrite surrounded by an iron oxide shell [20].

Magnetization measurements were recorded with a SQUID magne-
tometer on dispersions of NPs coated with PAC{MIM*Br~ ligands (see
Section 3.1) in water around 1 vol% of NPs at room temperature (see
ESI section 2.4. for details). The average magnetization of the NPs is
determined from the extrapolation at infinite magnetic field at high
fields. u, being the permeability of vacuum, the dipolar parameter
Wy = p,m>nd®/6kT of NPs of diameter d is determined from the
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Table 1
NP’s characteristics :
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Cell parameter ((a)) and mean characteristic diameter (dyz) deduced from XRD experiments; Median diameter d, and

polydispersity index (s) deduced from TEM determinations; Fraction of maghemite shell (;—") deduced from FAAS measurements and thickness

N
e of the shell; saturation magnetization m, of the NPs and dipolar parameter ¥,, (see text for details).

Sample (a) (nm) dyg (nm) dy (nm) s :—* e (nm) mg (kA/m) mg (Am?/kg) Y
P

APCol 0.826 4.0 4.1 0.33 0.56 0.44 82 15.8 0.58

APCo2 0.830 7.4 8.9 0.28 0.28 0.35 229 43.3 12

APCo3 0.832 13.4 11.9 0.35 0.15 0.31 323 60.5 70

initial susceptibility y, i.e. the linear part of the low field magnetization
(< 800 A/m = 100 Oe), by ¥4, = 3x/®. For individually dispersed
objects (NPs or clusters), the dipolar interaction parameter ¥, is then
a characteristic of their size distribution and the value ¥, reveals their
capacity to form chains (¥y4 >> 87) or not (¥4y << 8x) due to dipolar
magnetic interactions [23].

2.1.3. Characterization results

Regarding the X-ray diffractograms (see Section 2.1 of the ESI), the
identified pattern corresponds to a spinel structure for all the three
samples. This observation is supported by the derived lattice parameter
values < a > presented in Table 1. The mean diameter dyy (given in
Table 1) is deduced from the peak broadening for the three samples.
Notably, the three very different mean sizes obtained here show that
the selected approach to control size proves to be successful.

The size distribution histograms derived from processing the TEM
images can be satisfactorily fitted with a log-normal distribution (see
Section 2.2 of the ESI). The median diameter d,, and the polysispersity
index s deduced from this fitting are presented in Table 1.!

In the framework of the core@shell model, the fraction of maghem-
ite shell is deduced from FAAS measurements. They are presented in
Table 1, where &g and @\, are respectively the volume fraction of
the maghemite shell and of whole NP. As it can be seen in Table 1,
the fraction of the shell decreases as the NPs size increases. This
result can be attributed to the material’s nanoscale characteristics,
wherein the surface-to-volume ratio is larger for smaller particles. The
corresponding thickness of the shell is of the order of the lattice size of
the spinel oxide.

Both the saturation magnetization of the NPs m, and the parameter
¥4, are given in Table 1. This latter characterizes NPs for APCol
as the magnetic interaction between NPs at contact is negligible in
front of kT. It represents an effective value of the dispersed clusters
(discussed later in the text) for APCo2 and APCo3 for which these
interactions are respectively close to kT and larger than kT. The huge
difference in magnetic properties due to the size of the NPs nevertheless
clearly appears. No chains are expected in APCol and APCo2, whereas
chaining of the bigger particles is expected in APCo3 as ¥4y >> 87 [23].

In conclusion, all the techniques point towards huge differences of
properties between the three synthesis APCol, APCo2 and APCo3.

2.2. Solvents

In addition to its specific role in the colloidal stabilization of the
NPs, the solvent composition can be chosen for its properties in regard
to a specific application. For thermoelectric uses, high temperature
stability, not too large viscosity and high electrical conductivity are
required. In this study, the magnetic core@shell nanoparticles are
dispersed in EMIM TFSI, a well-known ionic liquid used in a recent
work with different NPs [24], PC, and also in their binary mixtures.
PC is an interesting polar solvent used in batteries that boils at 242 °C
with a low viscosity of 2.5 mPa s at 20 °C and a dielectric constant
of 64. Thus, a systematic characterization of the viscosity and elec-
trical conductivity of these solvents as a function of temperature and

1 Note that the polydispersity index s obtained by TEM is always lower
than with other techniques because TEM fails to capture the full distribution
of sizes due to the aggregation induced by the sample’s preparation

n (mPa - s)

Temperature (°C)

Fig. 1. Viscosity of the EMIM TFSI + PC mixtures as a function of temperature for
different EMIM TFSI mole fractions (xy).
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Fig. 2. Electrical conductivity of the EMIM TFSI + PC mixtures as a function of EMIM
TFSI mole fraction (x;) at different temperatures.

composition is carried out. The goal was to find the optimal solvent
composition aiming for a good compromise between low viscosity and
high electrical conductivity to improve the thermoelectric properties of
the final colloid. The experimental details of procedures and equipment
used for the physico-chemical measurements are described in Section 3
of the ESI.

Fig. 1 exhibits the impact of IL proportion on the viscosity of
the binary mixture as a function of temperature (20 to 50 °C) for
different EMIM TFSI mole fractions (xy;). As expected, the viscosity
decreases with increasing temperature since the thermal energy makes
the molecules more mobile. The viscosity also reduces with increasing
PC amount, which is consistent with the disturbance of the ordered
structure of the IL by the PC molecules that insert themselves between
the IL ions [14,25].
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The electrical conductivity of the binary mixture is shown in Fig. 2
as a function of mole fraction xj;, at various temperatures from 20 °C
up to 50 °C. The addition of PC progressively reduces xj; and first
steadily increases the electrical conductivity of the system, down to
xy, values between 0.2-0.3, regardless the temperature in the whole
experimental range. This behavior arises from the effective solvation of
EMIM TFSI ions by PC molecules. The IL ions become gradually more
loosened because some of the cation-anion interactions are replaced
by strong H-bonds between the EMIM™ cations and PC [26,27]. Con-
versely, decreasing x;;, below 0.2-0.3, the electrical conductivity of the
binary mixture sharply decreases down to zero, due to the non-ionic
character of the PC solvent. This maximum of the conductivity around
xp, = 0.25 (50 °C) corresponds to a composition of 3 PC molecules for
1 EMIM TFSL, and in other units to a volume fraction of IL around 0.5
or a concentration of EMIM TFSI around 2 mol/L.

3. Solid/solvent interface
3.1. Choice of the ligand

Several surface ligands are tested to adjust the NPs’ surface prior to
their transfer into the IL, through a wet route proposed by Riedl et al.
in [24]%. In this process, the nitrate counter-ions, which compensate for
the positive surface charge of the NPs in the synthesized aqueous fer-
rofluids, are replaced with imidazolium-based ligands (see below and
Section 4 of the ESI). For this, NaOH solution of 0.1 mol/L is gradually
added until reaching the point of zero charge of the nanoparticles (pH
~ 7), which are then magnetically separated and washed several times
with ultrapure water to remove all ions. Following this, the ligands in
their acidic form are added until a pH of approximately 2 is reached
(with a ligand concentration ~ 75 mmol/L). If the ligand is appropriate,
the NPs are redispersed. To transfer the coated NPs in the pure IL,
equivalent volumes of NP dispersion in water and of pure EMIM TFSI
are mixed, the water being further removed by pumping at 0.0031
mbar for 24 h at room temperature

The colloidal stability of the final sample in EMIM TFSI is assessed
by comparing the hydrodynamic diameters (dj) acquired from DLS
measurements. More details about the equipment and experimental
conditions are described in Section 2.5 of the ESI.

Three different ligands (see the drawn molecules in Section 4 of the
ESI) are tested here:

(i) SBMIM*TFSI~ (1-(4-butylsulfonate)-3-methyl imidazolium bistri-
flimide), from Solvionic, France
(ii) PACgMIM*Br~ (1-(6-hexylphosphonate) 3-methyl imidazolium
bromide), from Sikemia, France
(iii) PAC,MIM*Br~ (1-(6-butylphosphonate) 3-methyl imidazolium
bromide), from Sikemia, France, special synthesis on demand

This choice of ligands allows to sort out both the importance of the
nature of the negative group adsorbing on the NPs and the influence of
the side-chain length. Indeed the first ligand adsorbs on the positively
charged NP surface via its negative sulfonic group, while the two others
adsorb via their negative phosphonic group. Therefore, the first and the
third ligand only differ by the negative charged group, as they have the
same butyl side-chain. On the contrary the second and the third differ
by the side-chain length, keeping the same phosphonic negative group.

Although SBMIM*TFSI~ was successfully used with maghemite NPs
in [24], it here fails to stabilize the present cobalt ferrite NPs in EMIM
TFSI, whatever their size. However, PACiMIM*Br~ produces stable
dispersions in EMIM TFSI. As the two ligands differ by both their
negative group that adsorbs on the NPs (phosphonic or sulfonic) and
their side-chain length, PAC,;MIM*Br~ is tested in order to identify the

2 Note that the initial aqueous dispersions in nitric acid are not stable in
EMIM TFSI
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Fig. 3. Adsorption isotherms of PAC;,MIM* and Br~ onto the APCo2 NPs dispersed in
water (coating realized at 80 °C). For the definition of adsorbed Q, and free C,, see
Section 5 of the ESI

origin of the difference. As the dispersion of NPs is also achieved with
this shorter side chain similar to the one of the SBMIM#* zwitterion, we
conclude that the difference comes from the nature of the group that
attaches on the NPs’ surface. Note that such phosphonic ligands also
enable titrations of atoms that are not present in the solvent so that
the amount of molecules around the NPs can be studied.

3.2. Isotherms with PAC,MIM*Br~ in water

Because of the successful outcomes [24] previously achieved with
dispersions of maghemite NPs of diameter 8.7 nm, similar to those
of the present APCo2 sample, the adsorption isotherm determinations
are conducted only with the APCo2 sample. Moreover, taking into
account the previous tests on the ligands, the functionalization of the
APCo2 NPs by PAC,MIM*Br~ in water was chosen to evaluate the
coating stability, the adsorption capacity, and the effect of temperature
on the process. The experimental conditions are adapted from Djani$
et al. [28]. To assess the influence of temperature, another adsorption
test without heating was conducted using a sample prepared following
the conditions of Riedl et al. [24], at room temperature. The details of
all adsorption experiments are described in Section 5 of the ESI.

The equilibrium adsorption isotherms of PAC{MIM* and Br~ onto
the APCo2 NPs are depicted in Fig. 3. The surface coating at 80 °C
reaches a saturation regime at high concentrations, indicating a limit
adsorption capacity of approximately 0.5 mmol/g for PAC;MIM* and
2.25 mmol/g for Br~. Considering the NPs as isolated hard spheres,
this surface coverage corresponds to ~ 2.3 PAC;MIM*/nm? and »~ 10.5
Br~/nm?.

Regarding the unheated sample, one found a surface coverage of
~ 1.7 PACgMIM=*/nm?, indicating that the temperature has a minor
impact on the PAC;MIM* adsorption within the investigated range.
However, in the case of Br~, the coating reduced to ~ 1.1 Br~/nm?,
without heating. This behavior may be attributed to the tendency of
bromide ions to primarily form outer-sphere complexes with oxide sur-
faces, rendering the adsorption process more sensitive to temperature
variation [29].

The functionalization of iron oxide-based NPs with phosphonic
ligands in acidic media can partially dissolve the particle surface. It
mainly arises from the strong chemical interaction between the surface
iron ions with phosphonate groups [30], a process that can be affected
by the temperature of the coating process. Here, the results of the
leaching tests are reported in Section 5 of the ESI (Fig. S11), where the
mass fraction of leached iron and cobalt ions is plotted as a function of
the initial PAC;MIMBr concentration for heated and unheated samples.
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Fig. 4. Scattered intensity I(Q) in absolute scale normalized by the volume fraction
of NPs, &, for the three sizes of NPs with PAC;MIM* ligands on their surface (all
rescaled with the contrast of water). APCol and APCo3 are in the top graph, APCo2
is on the bottom graph. Black crosses: water samples at @y, = 0.1%, empty symbols:
water samples at @y, = 1%, full symbols: EMIM TFSI samples at &y, = 1%. Dotted
lines have a slope 2 marking an intermediate fractal dimension for the clusters in
water of APCol and APCo2 samples. For APCo2, a possible form factor calculated with
a lognormal distribution of spheres and based on the large Q’s region is added on the
graph (d, = 5 nm and ¢ = 0.45).

The leaching of cobalt is much lower than that of iron for all samples,
which may be attributed to the iron-rich external layer of the nanopar-
ticles. Concerning the impact of temperature, one can analyze the iron
leaching in both heated and unheated samples with the same ratios of
PAC,MIMBr concentration and nanoparticle mass (highlighted points).
The results show that the NPs coated at 80 °C leak approximately 3
times more iron than those at room temperature.

From the previous results, the coating of the NPs at higher temper-
atures increases leaching and does not significantly affect the surface
coverage with PAC,MIM*. Thus, in further experiments involving the
elaboration of samples in EMIM TFSI, PC and their binary mixtures, the
functionalization of the NPs was carried out at room temperature.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 703 (2024) 135233
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Fig. 5. Top: Scattered intensity I(Q) from SAXS, in absolute scale rescaled with the
contrast of propylene carbonate (PC) for all samples in the EMIM TFSI/PC mixtures,
before and after heating, for @y, = 1% (APCo2). x;; is the mole fraction of ionic liquid
in the mixture. The symbols are given in the legend (see Fig. S10 in ESI for a zoom
on small Qs). Bottom: DLS of the same samples, with a rescaled X-axis in order to
compare the different solvents removing the effect of the variation of refractive index
and viscosity.

4. Dispersions of NPs coated with PAC;MIM=® in different solvents

The dispersions of PAC;MIM=*-coated NPs in the different solvents
are studied in detail to assess the quality of the dispersions, their
ageing, and the interaction between the dispersed objects. After a first
evaluation of the dispersions by DLS as above, SAXS is performed to get
a more precise information on the nanoscale ordering (See section 2.6
in ESI for details). Nanoparticles from the APCo2 sample were dispersed
in all tested solvents and mixtures, whereas NPs from the APCol and
APCo3 samples were dispersed only in water and pure EMIM TFSI.

4.1. Dispersions in acidic water
The NPs coated with PAC¢MIM* are dispersed in water at pH »~

2 and hold a positive charge. DLS shows clusters, the smaller are the
NPs, the larger are the clusters (see Table 2). The radius of gyration R,
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determined from the SAXS measurements on the most dilute sample
(@np = 0.1%) leads to the same conclusion.

Clusters, like the present ones with a fractal dimension of the order
of 2 (see Fig. 4), have been observed in aqueous dispersions rather
similar to APCol and APCo2 while varying the pH and salt concentra-
tion [31]. Those clusters were issued from Reaction Limited Colloidal
Aggregation (RLCA) [32] which is a universal process, independent of
the detailed chemical nature of the colloidal system.

In APCo3, the NPs are much bigger and are able to produce chains
and loops due to the large value of the dipolar magnetic interaction
parameter [33], leading to a very different situation.

However here, no conditions can be reached to directly obtain the
form factor of the dispersed NPs. A possible form factor for APCo2
is plotted in Fig. 4 bottom, based on the intensities at large Q’s. The
comparison of the intensities at low Q’s for the most dilute sample and
this form factor gives an approximate number of aggregation N,,, of
40 to 50.

From Fig. 3-left of the previous study [31], a N, can also be
evaluated using the present measurements of R,. The estimated values
of N, given in Table 2, also show clusters of a few dozen of NPs.

The series of 4 concentrations measured (0.1 to 3 vol%, diluted
keeping the ligand concentration constant) show that there is a re-
pulsion between these clusters, stronger for smaller NPs. (see Fig. 4
and Fig. S7). This is consistent with the long-term stability of these
dispersions of clusters.

4.2. Dispersions in pure ionic liquid EMIM TFSI

The samples are produced according to the process described in
Section 3.1. The final volume fraction in the IL is thus known as well
as the concentrations of all the introduced species.

In order to assess the coating stability post-transfer to the IL, the
amounts of PACsMIM* and Br~ were determined around the NPs after
ultracentrifugation for APCo2, resulting in 0.52 and 0.06 mmol/g, re-
spectively (see experimental details in Section 5 of the ESI). This surface
coverage corresponds to ~ 2.4 PAC,MIM*/nm? and ~ 0.3 Br~/nm?,
which is very close to the limit adsorption capacity for PAC;MIM*
in water, but much lower for Br~, which seems to desorb from the
solid/liquid interface in the IL. These results indicate that the coating
with PACgMIM* is robust and improves in EMIM TFSI medium.

After the transfer to the IL, the size of the clusters is all the more
reduced as the individual NPs are smaller, according to both DLS and
SAXS (Table 2 and Fig. 4). Moreover the sizes of the dispersed entities
are very close for the different samples, both from DLS and SAXS.

From a series of volume fractions, the interobjects interactions
appear very weak (see Fig. S8). Note that APCo3 dispersions are not
fully stable at ®@yp = 1%, with a small precipitate appearing with time.
This is consistent with previous studies that showed the difficulty of
stabilizing larger particles at large concentrations [34].

Heating the sample APCo2 at 150 °C during 2 h® reduces further
the R, from 26 nm to 13 nm (see Fig. 4 bottom). Finally, according to
SAXS measurements, the sample is stable for one year at least, with a
N, Of the order of 1 to 2.

4.3. Dispersions in propylene carbonate (PC)

The samples in pure PC cannot be prepared in the same way as
the IL-based ones because PC vaporizes while pumping. Moreover,
heating a PC/water mixture with the NPs destroys the solvent, that
becomes very viscous. This probably results from the opening of the
carbon ring as observed in this family of molecules [35], here enhanced
by the presence of oxide NPs. The only possible path was therefore
to try an intermediate powder state. Water is first removed from an

3 Heating in close vessels, thus not removing water.
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Table 2

Sizes (in nm) obtained either from DLS (hydrodynamic diameter d,) on @y, = 1%
dispersions or from SAXS (radius of gyration R,) on ®yp = 0.1% dispersions. The
particles are all coated with the PAC,MIM*, thus the particles in water appear positively
charged with bromide counterions. The N, is deduced from R, and Fig. 3-left of [31],
both in water and in IL.

agg

Solvent Parameter APCol APCo2 APCo3
Water dy (nm) 101 72 47
Water R, (nm) 61 55 36
Water N yge ~25 ~20

L dy (nm) 59 50 45

IL R, (nm) 29 26 28

L Noge ~4 ~3

Table 3

Sizes determined from the dispersions in the different solvents after heating at 150 °C
(particles APCo2). The radius of gyration R, is extracted from SAXS (@y, = 0.1%) and
the hydrodynamic diameter d; is obtained from DLS (&, = 1%).

X Rg (nm) dy (nm)
0 (PC) 19 25
0.14 17 26
0.25 14 23
0.35 14 33
0.67 14 41
1 (EMIM TFSI) 13 43

aqueous dispersion of NPs coated with PAC;MIM* (see Section 4.1) by
pumping (0.0031 mbar, 24 h, room temperature) before adding PC.
Visual redispersion of the NPs is obtained after heating few minutes at
80 °C.

The scattered intensity for APCo2 is plotted in Fig. 5 and evidences
some aggregation at low Q’s. Heating 2 h at 150 °C destroys these
clusters and leads to an apparent R, slightly larger but close to the
value obtained in the pure EMIM TFSI after heating (see Table 3).

PC is a polar solvent with a dielectric constant of 64. Given the
amount of adsorbed ligand molecules and the total number introduced,
the free ligand concentration is around 0.05 mol/L and the NPs are
positively charged with bromide counterions. It means that the elec-
trostatic contribution effectively stabilizes the NPs in PC, with some
steric contribution due to the size of the ligand.

4.4. Dispersions in mixtures of EMIM TFSI and PC

Several compositions EMIM TFSI/PC are chosen according to the
conductivity measurements on the pure solvents, for which the max-
imal conductivity is obtained with mole fractions x;;, = 0.2 to 0.3
depending on the temperature (see Fig. 2).

In order to avoid drying the NPs by pumping, the mixtures are
produced by adding PC in a concentrated dispersion in EMIM TFSI
at @yp = 3%.* A volume fraction @\p = 1% is reached for several
compositions: xj;, = 0.14, 0.25, 0.35 and 0.67. Whatever the value of
x1., the samples look stable by eye and DLS confirms that the objects
are rather small. Note that the rescaled SAXS scattered intensities are
superimposed on large Q’s, which shows that the individual NPs are not
modified. Interestingly, adding PC in EMIM TFSI creates some clusters,
evidenced by the low Q upturn, as in pure PC obtained with the dried
NPs (see Fig. 5-top).

However, after 2 h of heating at 150 °C, the aggregation is reduced.
In Fig. 5 bottom, the correlation functions from DLS are plotted as a
function of t-Q? /5 where Q is the scattering vector and # the viscosity of
the solvent. This allows removing the influence of the refractive index

4 1t is simply produced by adding Viyuwmresi = Viwer/3 during the phase
transfer instead of an equal volume (see Section 4.2). There is no heating step.
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and of the viscosity, which differ in the different solvents. The shifts
between the curves are thus only due to a difference in the apparent
sizes of the objects. It evidences a decrease of the d;; when heating:
the correlation functions with empty symbols are always on the left
of the ones with full symbols, the higher shift occurring for pure PC.
The tail of the correlation function for pure EMIM TFSI at long times,
evidencing some bigger clusters, also disappears after heating. All these
results are confirmed by SAXS (Fig. 5 top). As for the pure solvents, the
heating step improves the dispersion state of the NPs, breaking some
small clusters.

The comparison of SAXS intensities at 1 vol% of NPs and 0.1 vol%
evidences a repulsive interaction between NPs, within the hypothesis
that the clusters are not modified by dilution (see Fig. S10 in ESI). The
apparent sizes extracted from DLS are equal to or lower than the value
in the pure IL. The R,, gathered in Table 3, decrease from pure PC to
pure EMIM TFSI. This discrepancy between the two techniques cannot
be explained solely by the interactions, therefore clusters may depend
on the dilution, remaining however constituted of few NPs in the range
explored.

5. Discussion
5.1. Influence of the ligands

The first surprising result is the impossibility to stabilize the cobalt
ferrite NPs here with the SBMIM* ligand, regardless of their size. This is
unexpected, as this ligand effectively stabilizes iron oxide NPs of similar
size up to 200 °C and over extended periods [24]. Only the phosphonic
based molecules stabilize these cobalt ferrite NPs. Note that they also
stabilize the iron oxide ones [36], for which no major difference of
behavior appears when moving from the sulfonic to the phosphonic
anchoring group.

Another difference between the iron oxide and the cobalt ferrite
NPs is the material of the core, as their surfaces are quite similar
due to the same surface treatment applied at the end of the synthesis.
The core@shell NPs are predominantly composed of cobalt ferrite
since their iron-rich layer is very thin, less than the lattice parameter
of the spinel structure (Table 1). This difference in composition can
impact the interparticle attractive interactions. The Hamaker constant
for cobalt ferrite (~ 4 x 10719 J) [37,38] is slightly higher than for
maghemite (x 2.3x10~'? J) [39], resulting in stronger attractive van der
Waals interaction. Moreover, cobalt ferrite NPs present higher magnetic
anisotropy than maghemite for a similar NPs’ diameter (see ESI for
details, section 2.4., Fig. S6), which can enhance the contribution of
the magnetic dipolar interactions inside the clusters, especially for the
largest NPs. It remains however a small contribution compared with
the van der Waals interaction. These factors may contribute to the
main contrast behavior of the two types of NPs, observed in the initial
aqueous acidic dispersions: there is indeed no aggregation with the iron
oxide NPs dispersed in the media of similar compositions.

One important difference between the ligands is nevertheless the
stronger interaction of the phosphonic group with the oxide surfaces
compared with the sulfonic groups [30]. These authors showed that a
ligand with both a sulfonic and a phosphonic group attaches with the
phosphonic part on barium hexaferrite platelets due to a stronger inter-
action with the iron for this phosphonic group. This latter can attach on
the oxides by different mechanisms depending on the material, pH, and
reaction conditions [40], the bonding being covalent or partly covalent.

Finally, the phosphonic group/iron interaction is stronger than the
sulfonic/iron one, which should improve the coverage of phosphonic
molecules on the iron layer of the cobalt ferrite NPs. Phosphonic ligands
may also better succeed to cover the NPs’ surface despite the initial
clusters, and also help to break them.
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Table 4

Results from the Karl-Fisher titrations of the water extracted in a furnace at 150 °C.
The raw solvents are those used for the preparation of the dispersions of Section 4.
NPs are here APCo2 and the ligand is the PAC;MIM®. See text for details.

Sample ppm Weight % vol %
Propylene carbonate (PC) 10 0.001 0.0012
EMIM TFSI (IL) 43 0.0043 0.0065
IL H,0 saturated 7500 0.75 1.13
IL H,0 saturated redried 744 0.074 0.112
NPs+ligand in IL (after pumping) 800 0.08 0.12
Dried (NPs+ligand) in PC 1800 0.23 0.27

5.2. Remaining water

Although EMIM TFSI is rather hydrophobic, it can dissolve some
water while PC is much more hygroscopic [41]. Moreover, the process
of preparing the samples raises questions about the water content at
the end, an amount that can have a huge impact on the properties,
especially at the solid/solvent interface [42]. Could it explain here the
formation of clusters when adding PC in EMIM TFSI before heating?

The water has been determined by heating the sample at 150 °C in
a furnace connected to a Karl Fisher electrochemical cell (Metrohm, see
Section 2.7 of the ESI for details). Table 4 gathers the results that are
given in ppm classically used, in weight percentage and also in volume
percentage to be able to compare the different solvents getting rid of
the differences in densities. The raw solvents are those used for the
preparation of the dispersions of Section 4. The values obtained from
the IL dispersions after pumping (0.0031 mbar) to remove the water
are provided in the third part of the table. This process is applied to
produce the colloidal dispersions in the IL EMIM TFSI, not in PC (see
Section 4.3).

The original solvents are quite dry. However, EMIM TFSI takes 1.13
vol% of water after 24 h in contact with moisture, equivalent to 0.63
mol/L or 1 water molecule for 6 EMIM TFSI. When this mixture is
pumped to remove the water (0.0031 mbar, 24 h, room temperature),
the content decreases back only to 0.112 vol%, which corresponds to 1
water for around 60 EMIM TFSI. During particles transfer to the ionic
liquid, EMIM TFSI is mixed with the acidic aqueous dispersion of coated
NPs, followed by pumping. The final water content (0.12 vol%) is very
close to this latter value, meaning that the water here comes from the
solvent, and that the NPs do not retain much water.

On the contrary, when the particles are transferred to PC, they are
first dried before adding PC solvent. In this case, the final water content
is higher, and the water mostly comes from the NPs, as the PC is very
dry.

The addition of PC to the concentrated EMIM TFSI-based colloidal
dispersion decreases the water content because PC contains very little
water. Thus, water is unlikely to be the cause of the aggregation in the
mixtures as the water amount in pure PC is larger than in the mixtures.
Note that heating at 150 °C improves the dispersion. However, since
the samples are heated in sealed bottles, water cannot escape, there-
fore the observed changes cannot be attributed to the water content.
Instead, these changes could only result from a reorganization of the
solid/liquid interface at high temperatures, implying water or not.
Although studying the localization of water after separating the NPs
from the solvent would be interesting, it falls beyond the scope of this
article.

5.3. Clusters

Dispersed stable finite-size clusters are a characteristic of the cobalt
ferrite NPs studied here. They exist in all the tested conditions, however
their size differs and two levels of clusters seem to exist. To summarize,
there are rather large clusters in water, in the initial acidic samples
without ligands (see Section 2.1.1) and in aqueous samples with the



A.A.AM. Guerra et al.

L AR RET] AR TT] B TA AR R TT] R

1.0 H =
® Water
H EMIM TFSI
0.8 A EMIM TFSI heated L
' o.. v Dried NPs redispersed
- iy in water
x=) ¢
8 0.6- % -
=
c
.
=}
©
® 0.4 L
S
O
0.2 H -
A
O'()_I IIIIIIII T lllllll[ T IIIIIIII T IIIIIIII 'I_
10" 10%° 107 107

time.q /n(m°.Pa'.10%

Fig. 6. DLS of dispersions at @y, = 1% coated with the ligand PAC,MIM* for APCo2
NPs. Red circle: dispersion in water after the coating with the ligand. Green squares:
dispersion after the transfer to EMIM TFSI (no heating). Blue triangles: dispersion in
EMIM TFSI after heating at 150 °C; Violet inversed triangles: redispersion in water of
coated NPs dried by pumping (see text for details). The X-axis is renormalized as in
Fig. 5 so that the shifts between the curves only depend on the change of apparent
size.

ligands (see Section 4.1, Fig. 4 and Fig. S7). They are then constituted
of few dozens of NPs (see Table 2), interacting together through a
repulsive force (see Fig. 4). After transfer to EMIM TFSI or PC, these
clusters are significantly reduced (see Table 2 and Fig. 5) with low
inter-clusters interaction (see Fig. S8). Further heating in these two
solvents and their mixtures decreases their size even more, resulting
in clusters of only a few NPs (see Table 3).

If heating at 150 °C clearly has some impact in EMIM TFSI and
PC, which can result from an interfacial reorganization and/or by the
thermal change on the magnetic properties of the NPs, the reduction
of aggregation after removing water by pumping is quite unexpected.
The influence of the pumping step is therefore also tested in water on
the NPs coated with PACMIM* ligand. Note that this pumping does
not remove all the water: the remaining water is the amount reported
for PC in Table 4, and is of the order of one water layer on the NPs’
surfaces.

These dried NPs coated with the PAC;MIM* ligand are not only
easily redispersable in water but moreover also with much smaller
clusters! This is clear from the renormalized DLS (Fig. 6) and from the
SAXS measurements (See Fig. S9 in ESI). Both techniques show that this
aqueous dispersion of dried NPs and the heated dispersion in the pure
IL have rather similar nanostructures.

This low-pressure step can thus remove some component that is
neither removed by the washing steps while modifying the surface (see
Section 3.1), nor removed by dialysis in acidic medium, also tested.
Another option is a breaking of the clusters due to the increase of
the ionic strength in the intermediate concentrated states during the
drying process. This argument has been mentioned in literature to
explain why particles can sometimes be redispersed after drying [43].
However, dispersibility is neither systematic nor easy to predict and
some additives are often necessary to enable redispersion. Dispersions
post-drying similar to the initial state have been reported but we are
not aware of an improvement in the dispersions as evidenced here.

5.4. Ionic liquid-solvent mixtures

In the EMIM TFSI/PC mixtures, the solvent evolves from a polar
molecular solvent to a salt, resulting in a medium composed solely
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of ions. In pure solvents, interparticle interaction is electrostatic with
some steric contribution in PC and results from the layering of ions
at the solid/solvent interface in EMIM TFSI. Most studies on mixtures
in the literature show colloidal aggregation, such as in mixtures of
hydrophilic ionic liquids and water [44-47] or hydrophobic ones and
water [47]. Recently some of us reported stable iron oxide NPs on the
whole range of composition in ethylammonium nitrate (EAN) / water
mixtures, showing that the short range organization at the solid-liquid
interface can be sufficient to keep the NPs separated [17]. It appears to
be the same situation here, meaning that is was not a unique exception.

Here, the interparticle interaction appears to be slightly repulsive
on the whole range of compositions of the mixed solvents, within the
hypothesis of clusters independent of the concentration, which differs
from the case of EAN/water mixtures. The interparticle interaction
was indeed slightly attractive in a range of compositions, however no
clusters were formed [17].

6. Conclusion

Cobalt ferrites nanoparticles with a maghemite shell synthesized by
hydrothermal coprecipitation are successfully dispersed into the ionic
liquid EMIM TFSI, the polar solvent propylene carbonate and their
binary mixtures.

The water-based dispersions of typical 9 nm diameter NPs are first
tested with three different surface ligands, and the behavior of these
NPs appears rather different from the one of pure maghemite [24].
First, they are dispersed in water as small clusters of 25-50 NPs, prob-
ably due to the higher Hamaker constant for cobalt ferrite compared to
maghemite, with some possible contribution of the magnetic interac-
tions for the largest NPs. Such dispersions exhibit repulsive interaction
between clusters. Moreover, only the ligands with a phosphonic group
enable proper dispersion in EMIM TFSI, with a surface coverage around
2.4 molecules/nm? of NP surface.

With the phosphonate PAC,MIM*Br~ (1-(6-hexyl phosphonate) 3-
methyl imidazolium bromide) as ligand at the NP/solvent interface,
stable colloidal dispersions are obtained in EMIM TFSI as well as in
pure PC. The mixtures of EMIM TFSI and PC have been characterized:
while the viscosity decreases by PC addition in the ionic liquid, the
electrical conductivity presents a maximum at xy;, ~ 0.2 — 0.3, resulting
from the balance between viscosity and ion concentration.

Stable colloidal dispersions were achieved for all tested composi-
tions, regardless of the salt concentration. This is noteworthy, as the
literature on ionic liquid/solvent mixtures typically reports flocculated
dispersions. In contrast, the obtained colloids remain stable for at least
several months, as tested with a nanoparticle volume fraction of 1%.

In these non-aqueous solvents, the NPs are dispersed as smaller
clusters compared to their dispersion in water, consisting of only a few
NPs. This reduction in aggregation is experimentally achieved through
a low-pressure pumping step (0.0031 mbar) that removes water and a
subsequent heating step at 150 °C. Both steps can modify the organiza-
tion of the solid/liquid interface in nature and/or in structure, to obtain
an equilibrium state that is not attainable at room temperature using
the initial synthesis processes. The remaining water molecules appear
to be removed from the NPs’ surface in the ionic liquid and cannot
explain the aggregation in the EMIM TFSI/PC mixtures.

The dispersions at the maximal electrical conductivity are promising
candidates as complex liquids for the investigation of thermoelectricity
in liquid thermocells. However, it will be necessary to explore the
detailed role of several parameters, such as the remaining water content
or the interaction with the surface of the thermocell electrode.
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