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Abstract: Ethylammonium nitrate (ionic liquid) based ferrofluids with citrate-coated nanoparticles
and Na™ counterions were synthesized for a wide range of nanoparticle (NP) volume fractions ()
of up to 16%. Detailed structural analyses on these fluids were performed using magneto-optical
birefringence and small angle X-ray scattering (SAXS) methods. Furthermore, the thermophoretic
and thermodiffusive properties (Soret coefficient St and diffusion coefficient Dy,) were explored
by forced Rayleigh scattering experiments as a function of T and ®. They were compared to the
thermoelectric potential (Seebeck coefficient, Se) properties induced in these fluids. The results were
analyzed using a modified theoretical model on St and Se adapted from an existing model developed
for dispersions in more standard polar media which allows the determination of the Eastman entropy
of transfer (Syp) and the effective charge (ng f ) of the nanoparticles.

Keywords: ionic liquids; thermodiffusion; Seebeck coefficient; thermogalvanic applications

1. Introduction

Ferrofluids are a class of colloidal suspensions (also known as nanofluids) made of magnetic
nanoparticles (NPs) dispersed in non-magnetic media. Owing to the superparamagnetic nature
of individual particles and the magnetic interactions among them, ferrofluids exhibit unique
and reversible properties under an external magnetic field, making them an attractive smart
material for rheological (dampers [1] and sealings [2]), thermal (hyperthermic or heat transfer
fluids [3]) and photonic (optical switches, all-optical magnetic sensing and controlling devices [4])
applications. Their application potential will be further extended to extreme environments, e.g., in
electrospray thrusters [5] for rockets or in high-vacuum seals for microelectronic device fabrications [6],
if nanoparticles (NPs) can be dispersed in carrier fluids with reduced flammability and vapor tension,
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and high thermal stability. Room temperature ionic liquids (RTILs) are molten salts which are liquid
near room temperature and satisfy such physicochemical properties. Their high ion concentrations also
lead to high electrochemical stability (see for an example, [7]) and high ionic conductivity. For these
reasons, RTILs are considered a promising “green” candidate to replace more classical and dangerous
organic solvents in many fields, including ferrofluids.

However, the large ion concentrations in ionic liquids renders classical theories (e.g.,
Poisson-Boltzmann) and experimental techniques developed for colloidal dispersions in weak
electrolytes inapplicable. Consequently, the synthesis of ionic-liquid based colloidal dispersions
not limited to ferrofluids, was quickly recognized as a formidable challenge to both fundamental
science and engineering. Nevertheless, several examples of RTIL-based ferrofluids have been achieved,
as summarized in Table 1.

Table 1. Examples of room temperature ionic liquid (RTIL)-based ferrofluids reported in the
literature. BMI = 1-n-butyl-3-methylimidazolium, EMI = 1-ethyl-3-methylimidazolium ethyl-sulfate,
BF,= tetrafluoroborate, EtSO; = ethyl-sulfate, NTf, = (trifluoromethanesulfonyl)imide, Ac =
acetate, SCN = thiocyanate, EAN = ethylammonium nitrate, CMI = 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, C¢sMI = 1-hexyl-3-methylimidazolium.

RTIL Nanoparticle Year Reference
BMI-BF, v-Fe; O3 and CoFe; Oy 2009 [8]
EMI-EtSO, Fe304 2011 [9]
BMI-NTf; v-Fe; O3, Fe3O4 and CoFe; O, 2012 [10]
EMI-Ac, EMI-SCN, BMI-BF4, EAN v-Fe; O3 2011 [11]
EAN v-FepOs 2015 [12]
CrMI-NTf, Fe;0y4 2015 [13]
EMI-NTF, v-Fe; O3 2018 [14]
CgMI-BF, Fe304 2018 [15]

Successful synthesis of such RTIL based colloidal suspensions has also paved the way for their
use in electrochemical energy applications, such as batteries, fuel cells and solar cells [16]. One
example of emerging electrochemical applications of ionic liquids [17], colloidal suspensions [18-20]
and their combinations is that of thermo-electrochemical (TE) cells. In a TE-cell, two inter-dependent
thermoelectric phenomena, the thermogalvanic reactions and the Seebeck effect (induced by the
thermodiffusion of charged particles), convert thermal energy into electricity. (The Seebeck effect
describes a thermoelectric energy conversion phenomenon occurring in the solid-state materials. The
analogous process in liquids (thermogalvanic cells) was first called the “temperature coefficient” [21].
However, in recent years, the term Seebeck coefficient has been widely applied to both solids and
liquid systems [22]. To be in-line with this trend, herein we also employ the term “Seebeck” to delineate
the thermoelectric potential generation across two electrodes in thermogalvanic cells, due to both the
oxido-reduction reactions and the internal thermoelectric field.) The thermodiffusive behaviors of
colloidal particles are most often expressed in terms of the Soret coefficient St, the proportionality
coefficient between the concentration gradient and the temperature gradient in the fluid. In ionic,
aqueous ferrofluids, the magnitude and the direction of St are known to depend strongly on the ionic
environment; i.e., the pH level, the counterion types and concentrations, the effective charge number
of individual particles, etc. Despite such complex natures, the existing theoretical models [23-27]
have been successfully applied to describe experimental observations [28-31] in the case of colloidal
suspensions prepared in weak electrolytes. The link between the thermodiffusive motion and the
resulting Seebeck potential has also been verified in ferrofluids based on weak electrolytes [18,19].

In the fledgling research involving RTIL-based ferrofluids (IL-FF), however, the thermodiffusive
behaviour of colloidal particles and their impact on the thermoelectric potential generation is still
unknown. Here we present a detailed investigation of a simple IL-FF system made of citrate-coated
maghemite NPs, typically 7 nm in diameter, dispersed in ethylammonium nitrate (EAN) with Na*
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counterions (EAN-FF). To the best of our knowledge, this is the first time a systematic study of
the colloidal structure of IL-FF in a wide range of volume fractions of NPs (up to 25 vol%) and
their thermodiffusion properties, are reported. Furthermore, to test the pertinence of IL-FFs in
thermoelectrochemical applications, we have performed the Seebeck coefficient and the power-output
measurements in these EAN-FFs and compared to the colloidal nanoparticle (NP) thermodiffusion
behaviour with a help of existing theoretical model.

2. Review on the Former Works Dealing with Colloidal Dispersions in EAN

Among colloidal dispersions in lonic Liquids [8,32], dispersions of ionic maghemite nanoparticles
(NPs) in ethylammonium nitrate (EAN) can be seen as a colloidal model system [33], as it is based on
two components already extensively studied separately in the literature.

2.1. Ethylammonium Nitrate

EAN is a room temperature protic ionic liquid, in which a pH scale can be defined [34,35]. At room
temperature, the permittivity of EAN is 26.2 and its Bjerrum length Ip equals 2.1 nm. Its viscosity is
known as a function of temperature [36]; it is 37.4 mPa.s at 22 °C. EAN molecules form a network of
hydrogen bonds, similar to that of water [37], and the small ethyl chain induces a sponge-like structure
in the bulk EAN with polar and apolar domains [38]. Addition of salts in the EAN, such as lithium
nitrate [39,40], zinc chloride [41] and cerium nitrate [42], shows that they are located in the polar
domains and surrounded by nitrate anions.

Close to a negatively charged surface, the sponge-like structure of EAN becomes lamellar. In the
first layer, the charged polar heads of EA™ remain close to the negative charges on the surface and
the tails associate together. Several, less organized layers are formed above the first one until the bulk
sponge structure is recovered, as seen experimentally for example by AFM [43].

2.2. Maghemite Nanoparticles and Their Aqueous Dispersions

The maghemite nanoparticles were synthesized following the Massart’s method [44,45] by
coprecipitation in strongly alkaline aqueous media of Fe?" and Fe3* salts. Their mean size ranges
typically between 6 and 12 nm. At the end of the synthesis process, aqueous dispersions of NPs with
hydroxyl surface groups are obtained at pH = 2 in nitric acid. The NPs are positively charged due
to the properties of the iron oxide (pH = 7 corresponds to the point of zero charge) and this charge
(typically two positive elementary charges per nm?) is compensated by counterions.

An exchange of surface groups [46,47], replacing hydroxyl groups by citrate ones, leads to
negatively charged NPs at pH = 7 (with two negative elementary charges per nm? and with a point
of zero charge at pH = 2). In that case, a size sorting of the NPs [48] can be performed by taking
advantage of a phase separation process to reduce the polydispersity in the size of the synthesized
NPs. The colloidal stability of such dispersions has been extensively studied by small angle scattering
of X-rays and of neutrons [49-51]. It strongly depends on the ionic strength of the dispersions [52].

2.3. Properties of the Dispersions of Maghemite NPs in EAN

NP’s dispersions in EAN were obtained by mixing an aqueous dispersion of NPs with pure EAN,
and then removing the water by freeze-drying; thus, never drying the NPs alone as a powder [33].
It has been shown in [33] that the structure of the interface between the solid nanoparticle’s surface and
the liquid solvent carrier is a key point for the colloidal stability of the system. In particular, Figure 1
illustrates the fact that (from a macroscopic point of view) a structural charge of the NPs in the initial
aqueous system is necessary to be able to disperse the NPs in EAN, in the absence of steric interparticle
repulsion with polymers. Hydroxyl coated NPs introduced in EAN from an aqueous system at their
point of zero charge flocculate and they are only dispersible if the pH of the initial aqueous dispersion
is low. For their part, stable dispersions of citrate coated NPs are obtained using aqueous dispersions
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at pH =7, with Na™ counterions. If it is mandatory that the introduced NPs have a large structural
charge to be able to obtain stable dispersions in EAN, this charge can be either positive or negative.

Figure 1. Samples in EAN after removing water by freeze drying. (a) The sample was initially in
water at the point of zero charge (pH = 7 for hydroxyl coated nanoparticles (NPs)); a flocculate is
obtained with no NPs dispersed in EAN; (b) Hydroxyl coated NPs with ClO, counterions: the sample
was initially in water at pH = 0.2; a partial dispersion was obtained; (c) citrate coated NPs with Na™
counterions, the sample was initially in water at pH = 7; a dispersion was obtained.

Another important point for getting concentrated monophasic dispersions in EAN is the mean
size of the NPs [12,53], as it strongly influences the contribution of magnetic dipolar interaction to the
total interparticle potential, modifying the dispersion microstructure. Figure 2 shows the analysis by
transmission electron microscopy (TEM) of the NP’s size distribution of two samples, the one studied
in [53] and hereafter in the following sections (sample A) and the one studied in [12] (sample B).
Their distributions of diameters as determined by both TEM and magnetization measurements, are
given in Table 2. The two techniques give very similar results, despite a small difference, expressing
a narrow size distribution of these two samples. Figure 3a shows that dispersions with a typical NP
diameter of 7 nm (sample A in Figure 2) present rotational diffusion properties of the NPs (as probed
by magneto-optical birefringence [54,55]) which is the same at NP’s volume fractions of 0.85% and
7.67%, attesting of the good dispersion of the NPs on the nanoscale [53] in a large range of volume
fractions. On the contrary, Figure 3b,c shows that a macroscopic phase separation is observed in
the same conditions with a typical NP diameter of 11 nm (sample B in Figure 2). The concentrated
phase issued from the demixion is even concentrated enough to present the well-known Rosensweig
peak-instability of ferrofluid under a vertical magnetic field (see Figure 3c).

Number of particles
5
8
h

Y o
4 10 12 14 16 18 20
Diameter (nm)

Figure 2. TEM probing of the two samples studied in [12,53]; (a) a TEM image of sample A studied
in [53], and here in the following sections; (b) a TEM image of sample B studied in [12]; (c) size
distributions of samples A and B as deduced from several TEM images (see Table 2).

Table 2. NP’s lognormal distribution of diameters for samples A and B, as determined from TEM
(median diameter dg gy and polydispersity index sg tgp1) and magnetization measurements (median
diameter dg 4, and polydispersity index s magn)-

Sample dorem (nm)  SoTEM  domagn M) S magn
A 6.5 0.22 6.9 0.21
B 11.3 0.20 11.2 0.26
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Figure 3. (a) Relaxation of magneto-optical birefringence as a function of time from [53] for two
dispersions of sample A (7 nm-in-size NPs) in EAN with Na™ counterions at two different volume
fractions. Magneto-optical birefringence [54,55] probes the rotational degrees of freedom of the NPs
in the dispersions and the NP’s rotational diffusion coefficient is the same at ® = 0.85% and 7.67%
showing that the NPs are here individually dispersed in an homogeneous phase. (b,c) Phase-separated
sample for sample B (11 nm-in-size NPs) in similar physico-chemical conditions as in (a) from [12].
(b) Direct observation in a thin optical cell showing a concentrated phase at the bottom of the cell,
which coexists with a more dilute phase at the top of the cell. (c) Isolated concentrated phase put on a
magnet (at ~ 0.3 T) showing the Rosensweig peak-instability of concentrated ferrofluids.

In [12,33] a structuration in “layers” of EAN along the solid-liquid interface of the NPs was put
forward as producing an effective repulsion able to counterbalance the van der Waals and magnetic
dipolar interparticle attractions. To explain the range of the interparticle potential, which leads both to
colloidal stability for NP’s diameters of the order of 7 nm and to a phase separation for NP’s diameters
of 11 nm, a modification of the structure of the ionic liquid over 6-7 layers around the particles before
recovering its bulk sponge structure has been proposed in [12].

We thus chose, for this extensive study of the structural, thermodiffusive and thermoelectric
properties of such dispersions, to use NPs from sample A (which are citrate coated and initially
dispersed in water at pH = 7 with a median diameter ~7 nm and with Na™' counterions, see Figure 2)
in order to deal with systems stable on the colloidal scale.

3. Preparation and Structure of the Dispersions in EAN

The dispersions of maghemite NPs in EAN were prepared with an improved method with respect
to the one used in [12,33,53]. It is described below, together with the nanostructural analysis of
the dispersions.

3.1. Preparation of the Samples

The initial sample in nitric acid is a colloidal dispersion in water of maghemite y-Fe,O3 NPs at a
volume fraction of particles ~1.1% (density = 5 g/cm?). The same batch of initial NPs was used as
in [53] (sample A). The NP’s sizes are described by the lognormal distribution of magnetic diameter
given in Table 2 with a NP’s saturation magnetization mg = 302 kA /m.

The NPs’ interface is modified in water in order to be able to change the counterions of the NPs
which compensate their surface charge. Citric acid is first adsorbed on the surface and is deprotonated
adding a strong base; here, NaOH. The procedure described in [56] was applied, in order to have a
good control of the composition of the samples. Concentration of species was indeed known thanks
to this new preparation process and not measured later as in previous works. This is much easier
and reproducible. The counterion used here is sodium. It is monovalent. The free tri-sodium citrate
concentration in this aqueous system is 0.025 mol /L.

EAN was prepared according to [57]. EAN was then added to the aqueous dispersions,
which looked stable by eye in the 50/50 EAN/water mixture. Water was then removed by
freeze-drying, leading to dispersions in EAN with a volume fraction close to 1%. They looked
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stable from visual observation, and optical microscopy showed no heterogeneities on the micron scale.
Ultracentrifugations with variable durations at 250,000x g and 25 °C were then performed to obtain
samples with higher volume fractions (Optima MAX-XP Ultracentrifuge from the company Beckman
Coulter, USA). After 16 to 32 h of ultracentrifugation, the clear supernatant was removed and the
remaining liquid was homogenized and analyzed, which produced samples between 3.5% and 25% by
volume. The volume fractions can be determined by two methods. One is the material balance between
the different steps: (i) before/after freeze-drying; (ii) before/after ultracentrifugation. The second is
the titration of iron by ICP-MS. Both were in good agreement.

3.2. Structure from Small Angle X-ray Scattering (SAXS) at Room Temperature

The nanostructure of the colloidal dispersions was studied by SAXS (SWING beamline of SOLEIL
Synchrotron, France). The beam energy was 14,666 eV and two sample-detector distances were used
to reach a range of the scattering vector Q between 3.2 x 1073 A=1 and 4 x 10~! A~1. Figure 4a shows
the evolution of the scattered intensity I(Q)/® for the available stable samples with Na™ counterions.
For spherical NPs, this scattered intensity can be written:

1(Q,¢) = (Ap)*®VNpP(Q)S(Q, @), )

where Ap is the contrast between NPs and solvent; ® is the NPs’ volume fraction and Vyp is their
volume; P(Q) is the NPs’ form factor and S(Q) their structure factor. Measurements extrapolated at
zero volume fraction enable us to determine the experimental form factor, also plotted in Figure 4a,
which corresponds to S(Q) = 1 in Equation (1). The comparison of I(Q — 0) of other samples with the
form factor, thus, tells us if interparticle interaction is repulsive or attractive. Figure 4a clearly shows
that interaction is repulsive (I(Q— 0) < Lt factor(Q— 0)).

'IOU('J—EI ] - ] * IE— 1 T T
100 i 081 \& ]
] i x 1t )
T ol - os} ]
B 0.4 | J
T4 [ Nal2% E
B Na3.6% i T
|3 ek 02} ]
0.1 o — Form factor] =
IR EEEL T 5§ §F T iFadl H 3 OO O' 0'2 0
0.01 . 04
) -1 . o .3
(a) (b)

Figure 4. (a) Small angle X-ray scattering (SAXS) intensity as a function of the scattering vector for
several dispersions in EAN with sodium counterions and several volume fractions indicated in the
legend. The intensity was normalized by the volume fraction (in %). The reference form factor which
corresponds to the pure geometric contribution of the nanoparticles (no interparticle interaction) is
plotted on the graph as a full line. (b) Compressibility x of the NP’s system in EAN with sodium
counterions as determined by SAXS measurements. Full symbols are data deduced from left figure and
open diamonds came from [53,58]. The full line corresponds to the fits of the data with Equation (3)
using q)gff/qD =1.15(A; = 4.6).

The extrapolation of the structure factor at Q = 0 corresponds to the osmotic compressibility yx if
the particles are individually dispersed. x is related to the osmotic pressure I1 by:

kT 0D

x( ):mﬁ~ )
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For low enough volume fractions, the virial development of the osmotic pressure at the second
order links x (@) with the second order virial coefficient A by: x = (1+2 Ay®)~!. Here, x < 1 and
decreases with @ (see Figure 4b); therefore, A; is positive and the interparticle interaction is repulsive.
In this case, the compressibility x can be analyzed up to large volume fractions (as in [30,51,56,59,60])
by the Carnahan-Starling expression for effective hard spheres [61,62]. Their volume fraction @, takes
into account the interparticle repulsion through a characteristic length of decrease of the interparticle
repulsion, length called x~! (which is the analogous of the Debye screening length of interparticle
electrostatic repulsion in standard polar solvents). The compressibility can be written as:

X(®@) = Xes (Petr) = (1~ e’ 3)
= off) =
° 14 40y + 407 — 407 + Dy
with
> 21\
Deff = P 36& =® (1 + ) and deg = dnp + 2k L. 4)
dp dnp
The second virial coefficient A; of the osmotic pressure I1 in the dispersion is, then:
o o
A, — abs Def _ 4 Petf
2 =47 5 > ©)

The compressibility analysis with Equations (3) and (4) using the characteristic length ! as a
fitting parameter and dyp = <d®>1/3 = 7.4 nm is plotted in Figure 4b. The associated length x ! is
small, around 0.2 nm (using the NP diameter). The corresponding range of the repulsive interparticle
potential is 3-5 k! (thus, 0.6 to 1 nm). The second Virial coefficient calculated with Equation (5) is
Az = 4.6 £0.5 (see Table 3), a value which is very close to the hard sphere value Ags = 4. These
results are comparable to previous ones obtained on the same kinds of samples with the same NP
batch and with sodium counterions (see Figure 4b) [53].

Table 3. Characteristics of the samples: Second virial coefficient Ay, diffusion coefficient D,, from DLS
at ® = 1.2%; free concentration of Na* ions in the dispersions in EAN (free means that they are not
localized on the NPs; moreover, they are either dissociated or involved in a pair with a negative ion);
number of Na™ cations per surface unit on the NPs (localized on the NPs); and the ionic radius of

Nat [63].
A D,y [Nat] free INEAN  nb. of Nat Ionic Radius
2 10712 m?2s71) mol/L per nm? (A)
46+05 1.2 0.11 0.6 1.0

3.3. Chemical Titrations of Alkaline Ions

The concentration of sodium was measured by ICP-MS (inductively coupled plasma mass
spectroscopy) with a Thermo Scientific ICAP Q apparatus, in the colloidal dispersions and in the
supernatants obtained by ultracentrifugation (containing no NPs). The iron concentration was checked
at the same time. The volume fractions ® of NPs determined from the iron concentration (using
a density of 5 g/cm® for maghemite) are in good agreement with the values determined from the
material balance. The titration of Na™ ions enabled to determine the concentration of the free cationic
counterions (not localized on the NPs) in the solvent (EAN) from the measurements in the supernatant.
Comparing it to the titration of the total Na™ cations in the colloidal dispersion allowed us to extract
the amount of Na™ linked to the nanoparticles in EAN. It could be converted to an amount of alkaline
cations per surface of iron oxide. The results are summarized in Table 3.

The results first show that, in EAN, some cations are localized at the NPs’ interface, staying close
to the NPs, instead of diluting randomly in the solvent. They are, thus, not all replaced by most
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numerous ethylammonium cations (EA™ ions) in the NPs’ vicinity. This means that the amount of
Nat linked to the NPs is smaller in EAN than in water, increasing the (free) concentration of Nat,
not linked to NPs, compared to the initial value. However this localization exists and has already
been seen in previous studies [12] with less precise values obtained formerly by atomic absorption
spectroscopy. Note that, whatever the technique used, the titration of sodium remains difficult due to
its ubiquitous presence.

3.4. Discussion on the Structure

The results presented above show that there is a strong influence of the NPs/IL interface on
the interparticle interaction, and on the nanostructure of the dispersions. This originates from
the mechanism explaining the colloidal stability in ionic liquids. It is expected to result from the
organization of the ILs close to the negatively charged surface.

Let us return to the detail of our solid/liquid interface. In water, the NPs are charged thanks
to the adsorbed citrate molecules. The structural charge Z, is known to be around two elementary
charges per nm? [47], which corresponds here to Zs, = —315 for one NP (-32 uC/ cm?). Note that this
charge is similar to the one for mica surfaces, used for many AFM studies with ILs [64], which can,
thus, reasonably be compared with our results. However, NPs differ from mica due to the curvature of
the interface and of their higher roughness.

Still in water, the high structural charge of the maghemite NPs induces a condensation of lots of
counterions on the surface, and the static effective charge Z,¢s and the dynamic one §sf / determined
from electrophoresis are close to —20 [30]. This effective charge and the diffuse layer around the
NP are responsible for the electrostatic repulsion enabling colloidal stability in water or classical
polar solvents.

While transferring the NPs to EAN, the citrate molecules stay on the surface and free citrate
remains in the surrounding EAN, NajCitrate salts being soluble in EAN. The structural charge to
compensate at the solid /liquid interface is, thus, still two elementary charges per nm?. The charge
compensation can be ensured by EAT cations or by Na™t cations. Our results show that this
compensation is at least partly due to Na™ cations, which stay localized close to the NPs’ interface.
Such a localization of Na™ ions on a charged surface has been recently seen by AFM experiments on
mica surfaces in propylammonium nitrate PAN (which has a similar structure to EAN) while adding
NaNOs salts [64]. Concerning the structure of the interface, the important parameter appears to be
the ratio () of the charge density of the solid surface to that of a compact monolayer of the ions of
opposite charge in the first layer close to the solid surface [65]. In our case, the density should be
around 40 pC/cm? for EAT and larger for Na™, due to its smaller size [66]. Therefore, () is smaller
than 1 for both cations () < 32/40 ~ 0.8). This means that a multilayered structure of ionic liquid is
formed close to the solid surface, as shown by simulations [65]. In the same studies, they also predict
an inversion of the charge in the first ionic layer at the interface, implying that the sign of the effective
charge beyond the first layer is reversed, with a maximal value around 20% of the structural charge.
Note that a situation with two types of cations, as in here (Na* and EA™), has not been considered.
Here, one third of the structural charge Zg;, is compensated by the sodium cations (see Table 3), and
the additional compensation and overcompensation can be ensured by EA™ cations.

These results give us a good static image of the solid/liquid interface with a first layer different
from the following ones. Although we can estimate some orders of magnitude, the charge of the object
at the top of each layer is not known. However, even knowing the apparent charge at the top of each
layer, we still cannot access the effective charge (",‘gf f of the moving objects under applied force, as done
hereafter in thermodiffusion and thermoelectric measurements. Indeed, as in water, NPs move with
highly bound species around them. The effective charge Cgf Tis by definition obtained at the shearing
plane. However, we do not know where such plane lies in our experiments, and to the best of our
knowledge, no study in the literature is capable of answering this question. We can expect that at least



ChemEngineering 2020, 4, 5 9 of 25

the first layer (above the citrate layer) close to the NPs moves with it, as it is strongly linked on the
surface according to AFM studies [67], but maybe more layers move with the NP.

Within these hypotheses, one can expect a positive effective charge égf f with a modulus around
0.21Zg, 1. If more than one layer moves with the NPs, the charge could be negative with a lower
absolute value. That gave some limits to the following adjustments.

4. Thermodiffusive Properties

We now focus on the thermodiffusive properties of the maghemite NPs dispersed in EAN.
To this end, forced Rayleigh scattering (FRS) experiments were performed. Let us begin with a short
presentation on the Soret and Seebeck effect in ionic colloidal dispersions.

4.1. Theoretical Background

If a dilute dispersion of charged ionic NPs, in a polar molecular solvent, is submitted to a small
gradient of temperature VT, the Ludwig-Soret effect induces in the dispersion, a gradient of volume
fraction V@, which is related to VT via the Soret coefficient St:

Vo = - SrVT. (6)

As well, the gradient of temperature VT induces in the dispersion thanks to the Seebeck effect, an
internal electric field E;n;, which is related to VT via the Seebeck coefficient Se [68] :

= —

Eint = SeVT. 7)

In the stationary conditions of the present experiment (in these conditions the flux j; of each
kind of charged species k present in the solution (including the NPs) equals zero) (see Section 4.2), St
can be written (we neglect here in a first approximation the term H;—T %—1}, which is small) according
to [24,68-70] with the model detailed in [19,30,59] as:

q st
sr=x [ e 22, ®
X being the osmotic compressibility of the NPs in the dispersion (see Section 3.2), Sxp the NP Eastman
entropy of transfer, e the elementary charge and S the stationary Seebeck coefficient in the conditions
of the present FRS experiment.

The mass diffusion coefficient Dy, is related to the derivative of the osmotic pressure oI1/dn,,,
and thus to the compressibility x and to the friction ¢ of the NPs in the colloidal dispersion through
the following relations :

aIl
Dy=:er=-""  and — kT 2 9
" Tong L x x on_, ©)

where n, = ®/V,; is the number of NPs per unit volume (Viyp being the NP’s volume). At low ®s,
the friction appears for hard spheres as:

=~ (o (1 + kg QHS) with kg = 6.55 (10)

according to [71].
Hereafter we assimilate &g to P and in the limit ® = 0, the friction expresses as :
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{(®=0)=7{o=23mnodu (11)

with 7 the viscosity of the solvent and dy the NP’s hydrodynamic diameter.
At low @’s, the diffusion coefficient can then be rewritten as

- KT
37t 170 du X (1 + kg Pegt)”

(12)

m

4.2. Forced Rayleigh Scattering Experiment

The basic principle of the forced Rayleigh scattering method used here, is described and discussed
in [72,73]. (FRS implies forced inhomogeneities with respect to the spontaneous fluctuations observed
in a classical Rayleigh scattering experiment [74]) The liquid dispersion is put in a thin optical
cell of thickness 25 um and placed in a thermo-regulated sample holder, allowing work between
T = —40 and 200 °C. A thermal grating (of period A ranging between 88 and 145 um) is created in the
dispersion thanks to the strong optical absorption of the maghemite NPs using a high power lamp
(6285-500W-Hg Arc Lamp-Spectra Physics). It induces in the dispersion a concentration grating by
Soret effect. Both thermal and concentration gratings were probed with the first order diffraction of a
non-absorbing He-Ne laser. The Soret coefficient St was obtained in stationary conditions thanks to
the 8 Hz modulation of the Hg lamp (the thermal response of the system being by orders of magnitude
faster than the concentration one-see [72,73]). The mass diffusion coefficient Dy, of the NPs was
determined thanks to the relaxation of the concentration grating when the Hg lamp was off. The value
obtained at ® = 1.2% at room temperature is in good agreement with the results from DLS (see Table 3).

4.3. FRS Experimental Results

4.3.1. T-Dependences at ® = 1.2% and 3.6%

Figure 5 shows the Soret coefficient St obtained by FRS as a function of temperature T at ® ~ 1.2%
and ~3.6%. Whatever T, St is a decreasing function of ®. It illustrates the fact that in Equation (8) the
compressibility x of the NP system decreases if ® increases for this repulsive NP system with A, > 0.
Note also that whatever @, St is a decreasing function of temperature.

0'2 T 1 1 1 T
) 1.2%
-
[%2]
0.1} ]
3.6%
O =60 . 100
T(0)

Figure 5. Temperature dependence of Soret coefficient St of EAN-based dispersions with Na™
counterions at ® = 1.2% and 3.6% of nanoparticles. Solid lines are a guide to the eye.

Figure 6a shows the T-evolution of the diffusion coefficient Dy, of the NPs at ® ~ 1.2% and ~3.6%.
Within the experimental error bar, it is independent of ®. The ®-dependence of x almost cancels that
of 1 + kg ®¢s at room temperature, and this remains true in the whole experimental range in T and &
of Figure 6a. The T-dependence of Dy, is here ruled, following Equation (12), by the viscosity #g of the
solvent. The adjustments in Figure 6a are realized with the hypothesis x * (1 + kp ®of) independent of
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T (thus ®.f and x independent of T, as kg is constant) and a NP’s hydrodynamic diameter dy ~ 8.7
nm, compatible with the DLS results at room temperature. The quality of the fit shows that x is indeed
almost temperature-independent. This temperature-independence of x is used in the representation of
Figure 6b, where the quantity TSt/ x is plotted as a function of T for two samples at ® = 1.2% and
3.6%. Using Equation (8), we obtain:

TSt 1, eff os
T 2 (Snp— el s3h). (13)

Xk

Figure 6b shows that (Sxp — eégf f S5!) only weakly depends on T at ® = 3.6%, while it decreases

more steeply at @ = 1.2%. It is, however, difficult here to go further to separate the two contributions

coming from the NP entropy of transfer Syp and the Seebeck term in Equation (13); measurements at
higher concentrations are necessary.

2 T ; 60 T T T T T
—_ (b)
2 50
3 2
- o
"c_> 1l | F a0l 3.6% i
£
[
30|
1.2%
% 20 80 120 20 %0 60
T (°C) T (°C)

Figure 6. (a) Temperature dependence of the diffusion coefficient Dy, at ® = 1.2% and 3.6% (Na™
counterions) with its adjustment at ® = 3.6% (full line) by Equation (12) using ®,s = 1.15® and x
from Equation (3), both independent of T, as determined at 22 °C, with a NP hydrodynamic diameter
dy = 8.7 nm; The dashed line corresponds to the zero volume fraction limit (non-interacting limit);
thatis, Dm (T, ® =0) = kT /3mdyno(T), which equals 1.3 x 10712 m2 /s at T =22 °C; (b) T-dependence
of TSt/ x for EAN-based dispersions with Na™ counterions at ® = 1.2% and 3.6% of nanoparticles.
Solid lines are a guide to the eye.

4.3.2. ®-Dependence of St up to ~16% at Room Temperature

Figure 7a presents (in a semi-logarithmic representation) the experimentally observed decreasing
of the room temperature Soret coefficient St of NP’s with ® for these samples up to ® ~ 16%. To adjust
the ®-dependence of St with Equation (8) at a given temperature, it is mandatory to express the
stationary Seebeck coefficient S5' of Equation (8) in the conditions of the FRS experiment.

Let us assume that we can use a similar model as in polar systems [19,30,59]. In a first step,
we take into account the four different dissociated ionic species {i} present in the solution; namely,
EAT, NO;, Na* and CH3COO™ (we assimilate here, as in [30,59], each rather big citrate ion to three
independent monovalent CH3COO™ ions). Each of these ionic species have a charge z; = £1 with a
number per unit volume n;.

The (static) NP’s effective charge ng S is given by the electro-neutrality of the dispersion
(see [19,30,59]) which can be written here as :

nganP + Znizi =0. (14)
i

This (static) NP’s effective charge ng f is of the same order of magnitude as the (dynamic) NP’s
érgf f .

effective charges
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Representing that the flux of each species is null (pr = ]_; = 0 whatever {i}) and using
Equation (14), S§' can be written as:

):i(”iziSAi) + nNPZSffXSNP
Zi(i’liz%) + nyp ngfng)ff

eSSt = (15)

where $; are the respective Eastman entropies of transfer of each of the dissociated species {i} in
EAN. Further on, among the different dissociated ions, we disregard the ions Na™ and CH;COO~,
corresponding to the NP’s initial co-and counter-ions in water. Their total concentrations (dissociated +
associated; see titrations of Table 3) are very low with respect to that of EAN (dissociated + associated)
ions. Further on, i = {+} corresponds to dissociated EA™ ions and i = {—} to dissociated NO; ions.

200

N

-
w
—

100

(a) (b)

0 1 0 .
0.001 0.01 @ 0.1 0.001 0.01 0.1

Figure 7. ®-dependence of Soret coefficient St (a) and of TSt/ (b) for EAN-based dispersions
with Na™ counterions at room temperature—full line adjustment with Equation (20) using ng f =

Cgff =455 8p =+60K ! and [i = +]gs = 0.4 x 1073 mol/L; index i = {4} corresponding
to dissociated NOj species if ng Tis negative and to dissociated EA™ species if ng Tis positive (for
details see the text).

Let us first assume that the NP’s effective charge ng Tis negative (as is the NP structural charge,

Zstr) and replace n4 (which is then positive whatever the negative value of ng f ) with Equation (14) in
Equation (15). It leads to :

Si =5+ ngf%(XSANP -$4)
2+ 772 (i — 1)

eSS (®) = if 7/ <o (16)

Neglecting in this expression, the entropy of transfer (S and $_) of the smallest ions in front of
that of the huge NPs, Equation (16) becomes:

eff q
eSit(d>) _ ZoefanPXSNePff if ngf <0 (17)
2n_ 4+ Zy ng, (x8g' —1)
and Equation (13) can then be rewritten as:
& - Zeff
LST(@):%X ”eff 0 ”lj;f if  z9' <o. (18)
X 2n_ + Zy ng, (x85 7 — 1)

In this expression nnp(®) and x(P) are known. For the sake of simplicity we assimilate here,
as in [30,59,73], ng f to Cgf f , which are considered as being ®-independent and are, anyway, of the
same order of magnitude. Three unknown parameters are, thus, remaining in Equation (18), gf f ,
Sypand n_ (as [NOj ]4is is unknown in EAN). Snp has a special status as it enters as a multiplicative
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parameter in the expression of TSt/ X, and thus would not distort the shape of TSt/ x as a function of
@ in a log-log representation. This shape remains only function of Cgf f and n_, which simplifies the
adjustment. Figure 7b presents in a semi-logarithmic representation the best adjustment of TSt/ x as a
function of @ with the set of parameters of Table 4 corresponding to ng f= ngf f<o.

Table 4. Set of parameters for the adjustment of Figure 7a,b; ng f = ggf f NP’s effective charge; Snp
NP’s entropy of transfer; [i] ;s corresponds to the concentration of dissociated species with index
{i = —} for NOj species if ng Tis negative and {i = +} for EA™ species if ng s positive.

eff _ seff  SNPIKT i = £lais
2y =% (K1)  x10~3 mol/L

+£55+£15 +6.0 £ 1.6 04+01

Now, if we assume that the NP’s effective charge ng Tis positive (opposite sign with respect to
the NP structural charge, Zs;, as it is possible according to the discussion of Section 3.4), then it is n1_
which should be replaced in Equation (15) by ny + ng f nyp according to the electro-neutrality (-

being then positive whatever the positive value of ng f ) leading to:

§+ - SAf + ngf%(XSANP - SAf)
2+ 7§ e (yeifl 4 1)

eSSt = if z >0 (19)

Neglecting in this expression, the entropy of transfer (S and $_) of the smallest ions in front of
the huge NPs, Equation (19) becomes the analogous to Equation (17). Whatever the sign i of the NP’s
effective charge ng ! Equations (17) and (19) can be rewritten as a function of |Z8f f |, leading to the
general following equations :

i 175f 3 N o 7o/
eSEH(@) = BN and (@) = e A e (20)
20+ 2 | g (14166 1) X 20|25 | g (14166 1)

where i is the sign of ng ! Equation (20) indeed also allows one to deduce St(®) as x(P) is known.
The best adjustments to the experiments are summarized in Figures 7 and 8, and in Table 4.

Abs(S%Y) (mV/K)

2.5

0.01 @ 0.1

Figure 8. ®-dependence of the absolute value of the obtained Seebeck coefficient S5t = (Sxp —
kTSt/x)/ (eéf)f ! ) as obtained from the FRS data (circles) and from their adjustments with Equation (20)
(full line) using the values of ng f = Cgf f , Snp and [i = £]gis from Table 4. According to Equation (20),

St has the same sign as ng f = égf f , all the other quantities entering in the expression of Sif
being positive.

Equation (20) implies that the adjustments of St and TSt/ x presented in Figure 7a,b (except
through the meaning of index i) do not analytically depend on the sign of ng f = §gf /. Whatever
the sign of the NP charge Snp/kT is found to be positive. It equals 0.11|Z8ff| = 60+16K!
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for |ng f | = £55 =+ 15 (see Table 4). This absolute value is close to 20% of the structural charge
mentioned above, however, its sign cannot be determined from this experiment. Then, the only thing
which is modified when the sign of ng f = ggf f
n; in Equation (20), corresponding either to the concentration of dissociated EA™" or dissociated
NO;, these ions being of the same sign as the NP’s charge. The concentration of the dissociated
complementary ions which balances the 1;’s and the NP’s charges, depends on ® and can be easily
obtained from the electro-neutrality equation (Equation (14)). It typically ranges between 0.5 x 103
and 6.9 x 10~ mole/L in our & range. Thus, whatever the sign of the effective charge, n and n_ are

rather small.

is reversed, is the meaning of the mute parameter

Now, let us discuss on the way this effective surface charge can be structured/ built up along the
NP surface in the present system only made of ions. First of all, Cgf /s the charge which is traveling
with the NP when this one is moving under the action of the temperature gradient. One would expect,
at the least, that the first layer of the condensed ions at the NP surface is moving with the particle.
In that case, Cgf f would be positive. If (;‘Sf / includes the second layer of condensed ions, then it will
have a negative sign. In both cases the order of magnitude of | Cgf 7| would be approximately the same,

but it is not possible here to discriminate between the two solutions with ng = Cgf / = 455 and —55.

We can, thus, conclude that in these EAN-based ferrofluids, the NPs are stably dispersed with
an interparticle repulsion almost independent of temperature, up to T = 110 °C. The adjustment
with a model adapted to ionic liquids of the measured Soret coefficient in a wide range of volume
fractions (0.1% < ® < 16%), at room temperature, allows the determination of the NP’s entropy of
transfer §Np/ kT ~ 6.0 + 1.6 K~! and the absolute value of the effective NP charge | ng f [=| {;’Sf f [
~ 55 £ 15. Those characteristics are useful for the analysis of the thermoelectric determinations of the
following section.

5. Thermoelectric Properties

5.1. Production of Thermoelectric Voltage in Liquid Thermogalvanic Cells

The Equations (8) through (20) in the previous section show how the Soret coefficient (St) of
charged colloidal particles is closely linked to the stationary Seebeck coefficient (S) of the liquid in
the FRS experiment. Furthermore, both St and SS' depend on a set of key physical parameters
of the colloidal particles; i.e., the Eastman entropy of transfer, their effective charge. However,
the Seebeck coefficient described in Equations (15) and (20) is that induced by the internal electric
field, which is different from the Seebeck coefficient measured with conducting electrodes used in a
thermoelectro-chemical cell (hereinafter referred to as thermocell). In fact, one cannot directly measure
internal electric field because the introduction of metallic electrodes creates surface effects such as the
electronic double-layer formation.

To understand the different contributions to the measurable thermoelectric potential, it is helpful
to understand how such a device works. The thermo-electrochemical (TE) device produces an electrical
current through electrochemical reactions of dissolved reducing and oxidising species when two
electrodes are maintained at different temperatures (thermogalvanic effect). In most thermocells,
the total Seebeck potential AV = —Se.AT (open circuit thermoelectric voltage) is primarily produced
by the thermogalvanic effect, but in the case of charged colloidal suspensions, the thermodiffusion and
the distribution of nanoparticles or macromolecules can modify this value.

AAG
e- AT

Se = Sejnt — (21)
where A,G is the Gibbs free energy of the redox half reaction. Note that the chemical potential
difference of electrons between the two conducting electrodes (Au,- ~ uV/K) is considered negligible,
compared to that of the solution (of the order of mV/K). The measured Seebeck coefficient between
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the hot and the cold electrodes is, thus, the sum of two terms with distinct origins: the internal Seebeck
coefficient, Sej,; arises from the internal electric field, ?im = Seint€T, created by the ensemble of
ions/particles in the solution and the term due to the redox couple. The internal electric field E i is
the field experienced by one charged particle in the bulk of the solution and contributes to the Soret
effect as described in Equation (8). E i can be calculated from the current | y. equation of all charged
species i,
TN =-D; ?ni—}—ni%?T—ni%?im . 22)
Combined with Equation (21), one can analytically determine two extreme states of the thermocell
operation; namely, the initial state and the Soret equilibrium state. The initial state corresponds to
the instance immediately after the application of a temperature gradient. At this stage, the diffusion
of charged species is just starting, and thus the concentration is still uniform throughout the cell.
That is, Vi, §n,~ = 0. At the Soret equilibrium, on the other hand, all particles” fluxes stop but the
concentration gradients are settled in. In between, the Seebeck voltage (and thus the Se) evolves
from its initial value, Se’™, to the steady one, Se®d. The corresponding expressions for the measurable
Seebeck coefficient at the initial state, Se”" is given by:

i AV tS;
ini _ e 1ot
Se'" = AT — % [ Asye + Ei 7 ] (23)

with As,; being the half reaction entropy of the redox couple that can be obtained by the Nernst
equation [75], and it is known to depend strongly on the ionic strength of the surrounding
electrolyte [76]. The second term in Equation (23) is related to the thermodiffusion of all charged
species present in the suspension with t; being the Hittorf number, which is the ratio of the conductivity
o; of the iy, species to the total conductivity oy, of the solution:
b= zi¢ie*n;D; i (24)
Yizigie*n;D; 0ot

Therefore, the initial Seebeck coefficient depends on the concentration #; of ionic species present
in the solution (through their fractional conductivity), their Eastman entropy of transfer S; and the
effective charge number ¢;. Furthermore, depending on the relative signs of S; and &; with respect to
that of AS,. (Equation (23)), the thermodiffusion contribution can either enhance or reduce the Se!""
value. In a typical thermocell containing only small ions, the Eastman entropy of transfer is small for
most ions, and thus the internal Seebeck coefficient is negligibly small compared to the redox reaction
entropy. On the contrary, for electrolyte solutions containing large charged molecules and/or colloidal
particles (e.g., ferrofluids), the second term in Equation (23) makes a measurable contribution to the
total Seebeck coefficient [18,19].

It can be shown that at the other extreme condition, the Soret equilibrium, when the
thermodiffusive motions of all particles are completed, the Seebeck coefficient Se*' only depends
on the redox couple’s reaction entropy [27] (here, it is assumed that the Eastman entropy of transfer
of redox species and that of counterions are small, and that the ionic strength at the hot and cold

electrodes are not greatly modified)
st _ —Asyc
—

Se (25)

This disappearance of internal Seebeck field is due to the rearrangement of ions (redox couple
molecules and counter ions) in the solution that screens the internal electric field of the solution entirely
from the electrodes [27,77]. Therefore, the thermodiffusion-induced Seebeck effect is only detectable in
the initial Seebeck coefficient measurement. From Se'™
Eastman entropy of transfer, the diffusion coefficient and the effective charge of colloidal particles via

one can deduce physical parameters such as the
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comparison to the values obtained from the thermodiffusion measurements (for a detailed derivation
of the Se dependence at these two separate states, readers are kindly referred to our previous work [27]).
Consequently, in the following experimental data analysis, we focus on the initial Seebeck coefficient
and compare the results to the thermodiffusion behavior.

5.2. Experimental

5.2.1. Samples

For the thermoelectric property measurements (the Seebeck coefficient and the power output
generation) of EAN-FF, the redox couple (I;/Lil) was added (10 mM each) to the same ferrofluids
at different ® values, as described previously. For comparison, the Seebeck coefficient of a similar
EAN-FF (also made with citrate-coated NPs with Na™ counterions) with (I, /Nal) as the redox couple
(3 mM each) was examined. These ferrofluids are hereafter referred to as EAN-FF1 and EAN-FF2. We
emphasize that in both ferrofluids, no flocculation of nanoparticles was observed upon the redox couple
inclusion. The initial Seebeck coefficient (Se™) was measured as a function of MNP concentration (0 to
0.8 volume % for FF1 and 0 to 0.9 volume % for FF2) while the redox couple concentrations were kept
constant throughout the measurements.

5.2.2. Seebeck Coefficient Measurements

The thermoelectric voltage was measured in a single volume cylindrical cell with a central
cavity [18]. The Teflon cell body, having an inner diameter of 6 mm, was sealed on both ends with
two symmetrical Pt-electrodes of 10 mm diameter and 100 pm thickness (99.99% pure, Sigma-Aldrich).
Two thick Cu blocks were further screwed onto the cell body pressing the Pt electrodes against the
Teflon body thereby ensuring hermetic sealing. Distance between the two electrodes was 10 mm and
the surface area of the electrode in contact with the liquid was ~0.28 cm?. The cell was filled through a
small radial hole in the cylindrical cavity using a syringe. To avoid natural convective effects in fluid,
the cell was always heated (cooled) from the top (bottom) to avoid convection. The temperature of
the top and the bottom Cu blocks, which were in good thermal (and electrical) contact with the Pt
electrodes, was regulated by a temperature controller (Stanford Research Systems PTC10) via Peltier
modules. The application of a thermal gradient induced a thermoelectric voltage between the two
electrodes, which was measured using a high impedance electrometer with a 10'* Q) input resistance
(Keithley K-6514). Both the initial and steady state Seebeck coefficients, Sel™ and Se’t, were measured
as a function of nanoparticle volume fraction (¢ in vol.%) while applying a temperature difference of
10 K at the mean cell temperatures of 25 and 35 °C for EAN-FF1. For EAN-FF2 sample, AT =5 K and
Tiean = 32.5 °C were used.

In EAN-FF1, power measurements were also carried out by connecting a variable discharge
resistor ranging from 10 () to 10 MQ) in parallel to the thermocell (see the schematic diagram of the
thermoecell measurement in Figure 9). By recording the change in thermoelectric voltage as a function
of the resistance value, one can calculate the current flowing through the thermocell using Ohm’s law.
For these measurements, a temperature difference of 30 K (20-50 °C, Tyyean = 35 °C) was imposed
between the two electrodes.
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Temp.
controller

Figure 9. Schematic diagram of the Seebeck and the power output measurement setup. (O Cu blocks

serving as both electrical connections to the electrometer (V) and a heat-sink@) platinum electrodes in
contact with the liquid @ variable resistor load.

5.3. Results and Discussion

In Figure 10, the initial Seebeck coefficient as a function of NP concentration of EAN-FF1 (cell mean
temperature Tyeqn = 25 and 35 °C) and EAN-FF2 (Tyeqn = 32.5 °C) samples is presented. As expected,
the iodine-iodide redox couple gave a negative Seebeck coefficient [78] at & = 0%. (Note that this sign
convention for Seebeck coefficient corresponds to that used in solid state physics. In thermogalvanic
community, it is common to define Se = AV /AT ). Comparison between the three data sets also shows
that the choice of cation in these iodide salt does not impact greatly the overall value of the initial
Seebeck coefficient. The addition of nanoparticles reduces |Se™ (®)| until ® reaches about 0.6%, after
which it appears to stabilize for both samples. The quantitative and qualitative similarity indicates

that the observed tendency is indeed related to the presence of charged NPs and not much affected by
the types of counter ions present in the redox salts.

-0.6

T T T
® EAN-FF1 (25 °C)
O EAN-FF1 (35 °C)
074 0 EAN-FF2 (32.5°C) E}, u] -
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Figure 10. Se'™ as a function of @ (in vol.%) measured at the cell mean temperature of 25 (solid

red circles) and 35 °C (open red circles) for EAN-FF1 and 32.5 °C for EAN-FF2 (open blue squares).

For EAN-FF1, Lil /I, redox couple and AT of 10 K; for EAN-FF2, Nal/I, redox couple and AT =5K
are used.

As discussed earlier, the effect of the thermodiffusion of nanoparticles on the thermoelectric
property of ferrofluids can be deduced from the initial Seebeck coefficient (Equation (23)). At a given

mean cell temperature and a constant redox-couple concentrations, the variations in Se"" (®) can be
written as

1 Gi(®) s, 1
(Cb); ; Si(®)

Asini¢zsini¢_sinioz
eASe'™ (®) = eSe'™ (®) — eSe™ (0) i Gor(0)

» 90 e

Otot
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where Se’ (0) is the initial Seebeck coefficient of EAN in the absence of magnetic nanoparticles (but
with the redox couple) and the thermogalvanic term, which is independent of the NP concentration,
is treated as a constant and disappears from Equation (26). One would expect the total ionic
conductivity, oy, to be dominated by the ionic liquid itself, consisting of ~11.2 M of EAt and
NOj ions; i.e., 0ot (P) & 01(0). Surprisingly, the experimentally measured oo (P) clearly depends
on the NP concentration (see Figure 11a). More interestingly one can see from the figure that the
initial Seebeck coefficient, |Sei”i(<I>)\ follows very closely, 03o:(®); i.e., initial decrease at low NP
concentrations then slight increase (or nearly stable) at higher concentrations. This suggests a direct
dependence between these two physical quantities, o and Seebeck, as expected from Equation (23).
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0.05f & 7 .-
16 O 0.5 S e 0
R
14 0.4 (e
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Figure 11. (a) |Se™ (®)| compared to the total ionic conductivity oto; of the sample EAN-FF1 measured
at the mean cell temperature of 25 °C. (The ionic conductivity was not measured at 35 °C, nor for
EAN-FF2.) (b) ASe™ of EAN-FF1 (at Tinean = 25 °C) compared to theoretically expected values with
Equation (27) with only the NP term. ng f = 155and §, np/kT = 6 K~1 are used for the blue dashed
line. The dotted lines in black and magenta are produced using different combinations of ng ! and
§Np /kT to obtain their extreme ranges of values. (Z(e)ff: +110, §Np/kT =6 K~! for black and ngf:
+55, §Np /kT =10K"! for magenta.

Assuming that the change in 03:(®) is due to the contributions from ionic species, whose
concentration varies with ®, and keeping only the terms that depend on the NP concentration,
(the initial drop in the ionic conductivity is possibly due to the adsorption or overcrowding of NPs
near the electrode-liquid interface; this point is discussed at the end of this section) the Equation (26)
can be approximated to:

1 Aadis(qD)gdis

n onp(P)Snp(P)
Utot(q)) Cdis

¢NP

eASe™ (®) = (27)

where Syp(®) = §Np.x(d>eff), as described in the previous sections, and Acy;s(P) = 0,;5(P) — 045 (0).
Here, the subscript dis refers to the dissociated complementary ions whose concentration grows
as described in Section 4.3. The dissociated complementary ion is EA™ for ng f<0and NOj for
ng Fso. Ca4is is 1. Taking into account the electro-neutrality of the fluid, the ionic conductivity of the
dissociated species and the NPs are expressed

d Zeff ZD, b Zeff 2 ZD
Aoy (@) = np( )L OT |e*Dis and op(®) — np( )(k OT )7e“ D 28)
B B

with nyp = %. D, rr = 1.15P according to x~1 = 0.2 nm. One can assess the relative importance of
Aoy (@) and onp(P) (and thus Aty and typ) by considering the size of the dissociated species with
respect to the nanoparticles. The diffusion coefficients of EA* and NOj can be estimated from their
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molecular radii (less than 1 nm) and the viscosity of EAN through the Stokes-Einstein equation to
be of the order of 5 x1071! m2 s~ 1, 50 times larger than that of NPs (D, ~ 1.3 x 10712 m2 g1 (see
Table 3 which depends very little on the particle concentration below ¢ = 1% at room temperature).
Considering that the conductivity depends on the squared number of the effective charge, the Hittorf
number At is expected to be about the same order of magnitude of ¢tnp (Note that ¢ ;55 is only £1
compared to ijgf f = ng f 4 55 of NPs). In water, S/kT of NO5 (0.00084 K1) is close to three orders of
magnitude smaller than that of maghemite magnetic nanoparticles (~0.5 K1), slightly smaller than
those used in this study [18,79]. Combined together, one can expect negligible contribution from the
dissociated species in ASe™ (®).

Rather than guesstimating the S and D,, values of the dissociated species, in Figure 11b the
experimentally observed evolution of ASe™ (®) is compared to the theoretical model Equation (27) by
keeping only the contribution from NPs (i.e., approximating that the change in the total conductivity
is solely due to the NPs, and using o(®) = 16.22 + 230.86® (in mS/cm) combined with the values
of Syp/kT = 6 K~ ! and (;‘Sff = ngf = +55. Note here that due to the positive change in ASe’ (®)
ng f

detected, only a positive value of can fit the experimental data, effectively eliminating the

ambiguity on the sign of ng / encountered by the thermodiffusion data analysis. As can be seen
from Figure 11b, the predicted ASe™ (®) values calculated using Equation (27) (with just the NP
term and using S, np and ng f values determined from the Soret coefficient measurements) coincide
with the experimentally measured values. The dispersion found in the experimental data and their
deviation from the theoretical curve can be attributed to the underestimation of At;,, as discussed
above. The theoretical model used here was developed initially for charged colloidal suspensions in
weak electrolytes, and has been applied successfully to water and DMSO (dimethylsulfoxide)-based
ferrofluids where the St and Se coefficients were explored simultaneously. The value of the Eastman
entropy of transfer found in the IL-based ferrofluid here is larger than those found in ferrofluids
based on water (between —0.5 and +1.5 K~ ! [18,30]) and on DMSO (~2-3 K1 [19,80]). The apparent
compatibility found between such a model and the experimental data in both weak and strong
electrolytes suggest a universal role played by the mobility (D,,), the effective charge ((jgf f ) and the
Eastman entropy of transfer S of charged colloidal particles.

Lastly, we examined the thermocell power-output as a function of NP concentration for EAN-FF1.
Unlike in water-based ferrofluids [81], the power output here was found to decrease with the inclusion
of magnetic nanoparticles (see Figure 12) by as much as 70%. It should be noted that the power-output
is directly related to the electrical resistance of the “redox couple” species (mass transport resistance
and faradic resistance) rather than the total ionic conductivity of charged species in the bulk of the
solution (Figure 11a). Therefore, the observed decrease suggests that the presence of NPs interferes
with the mass transport of redox couples (either via the electrostatic attraction between the redox
molecules and the NPs effective charge (for ng fs 0)) and/or via crowding (adsorption) of NPs at
the electrode surface. The former would slow down the diffusive motion of redox species while the
latter would limit the effective surface area accessible for redox reactions, both resulting in a reduced
power output.
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Figure 12. Power output (density) measurements were performed for pure EAN and EAN-FF1 as a
function of NP concentration with a AT = 30 K between the top and bottom electrodes (Tjeqn = 35 °C).
The cell was connected to a variable resistor and discharged through resistance values ranging from
1 Q) to 10 MQ).

6. Conclusions

We have presented a systematic study on the synthesis, structure and the thermodiffusion of
EAN based ferrofluids with Na™ counterions. We demonstrate that the present citrate-coated NPs
are stably dispersed in EAN with Na™ counterions for a wide range of NP volume fraction (P).
The detailed structural analysis of these NP’s dispersions revealed the interparticle repulsion and led
to the determination of the second virial coefficient in these dispersions (two-body interaction term)
being A, = 4.6; that is, positive, only slightly larger than that of a hard sphere system and nearly
independent of temperature for 21 °C < T < 110 °C range. Their thermophoretic and thermodiffusive
properties (Soret coefficient St and diffusion coefficient Dy,) explored by forced Rayleigh scattering
experiments as a function of T and ®, led to a diffusion coefficient Dy, almost independent on ® (up
to & ~ 3.6%) and mainly ruled by the viscosity of the solvent (within the NP concentration range
here explored in temperature). The Soret coefficient St was measured at room temperature in a wider
range of volume fraction (0.1% < ® < 16%). A modified theoretical model for St, adapted from a
previous model for dispersions in weak electrolytes, allowed, for the first time, the determination of
the Eastman entropy of transfer of the NPs as Snp/kT ~ 6.0 + 1.6 K~ and the absolute value of the
effective NP charge |ngf| = |Cgff| ~ 55 £ 15.

The inferred sign of the effective charge from the thermoelectric measurements is positive.
This effective charge comes from the adsorption of EA™ cations in the first ionic layer surrounding
the citrate-coated NPs and moving with them, together with some Na™ cations, remaining from the
initial step of the synthesis, reversing the sign of the charge from the initial one in water. From the
thermoelectric property investigations, both the Seebeck coefficient and the power-output were found
to decrease with the NP concentration. The quantitative match between the theoretically expected
values of the internal Seebeck coefficient and the experimental data demonstrates the robustness of the
present model beyond weak electrolytes. Simultaneously, this also suggests that with a proper tuning
of NP’s effective dynamic charge (the sign and the magnitude) and the Eastman entropy of transfer,
one can hope to concoct ionic-liquid based ferrofluids where the inclusion of NPs can effectively
enhance the Seebeck coefficient.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

St Soret coefficient

D diffusion coefficient (of nanoparticles)

Se Seebeck coefficient

Sst, gini stationary, initial state Seebeck coefficient

S, Snp, S+ Eastman entropy of transfer of nanoparticles, +ions

D, P, ff nanoparticle volume fraction and effective volume fraction
n, nNp, N+ number concentration of nanoparticles and +ions

Z, ng f , Zsty  effective and structural charge number (of a nanoparticle)
¢, §gf f dynamic charge and effective dynamic charge at infinite dilution (of nanoparticles)
Asye redox half reaction entropy

t, tnp, b Hittorf number of nanoparticles and ion i

0i, 04iss, ONp  conductivity of ith specie, dissociated ions and nanoparticles
X osmotic compressibility

IT osmotic pressure

4 friction coefficient

NP nanoparticle

RTIL room temperature ionic liquid

EAN ethylammonium nitrate

IL-FF ionic liquid based ferrofluid

ICP-MS inductively coupled plasma mass spectroscopy

SAXS small angle X-ray scattering

TE thermoelectric

DLS dynamic light scattering

AFM atomic force microscopy

TEM transmission electronc microscopy

FRS forced Rayleigh scattering
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