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Abstract: We discuss the peculiarities of the Seebeck effect in stabilized electrolytes containing the
colloidal particles. Its unusual feature is the two stage character, with the linear increase of differential
thermopower as the function of colloidal particles concentration n during the first stage (“initial
state”) and dramatic drop of it at small n during the second one (“steady state”). We show that the
properties of the initial state are governed by the thermo-diffusion flows of the mobile ions of the
stabilizing electrolyte medium itself and how the colloidal particles participate in the formation of
the electric field in the bulk of the suspension. In its turn, we attribute the specifics of the steady state
thermoelectric effect the massive colloidal particles undergoing slow thermal diffusion and the break
down of their electro-neutrality in the vicinity of electrodes.

Keywords: seebeck effect; colloids; thermodiffusion

1. Introduction

In recent years, liquid thermoelectric materials are emerging as a cheaper alternative
to the semiconductor-based solid counterpart for low-grade waste heat recovery tech-
nologies. A breakthrough in the enhancement of the thermoelectric efficiency of thermo-
electrochemical cell (hereafter called “thermocel”) has been achieved using ionic liquids [1].
More recently, the dispersion of charged colloidal particles (magnetic nanoparticle) was also
found to increase the Seebeck coefficient of the host electrolyte. Incorporation of nanometer-
sized colloidal particles can considerably change the transport properties of such systems.
For example, in Ref. [2] a novel use of charged colloidal solution was proposed to improve
the Seebeck coefficient of an aqueous thermocell. The authors study transport properties
of the charged colloidal suspensions of iron oxide nanoparticles (maghemite) dispersed
in aqueous medium and report the values of the order of 1-1.5 mV /K for the Seebeck
coefficient. The inclusion of tetrabutyl ammonium as counterions, lead to an enhancement
of the fluid’s initial Seebeck coefficient by 15% (at nanoparticle volume concentration 1%).
The authors of Ref. [3] also indicate high Seebeck coefficient values (=2 mV/K) for many
electrolyte—electrode combinations, exceeding existing predictions.

In point of fact, when the colloidal particles are neutral, they cannot exist indepen-
dent in a dilute solution. Rather, they coagulate due to the van der Waals forces acting
between them. In order to prevent such coagulation processes, one can immerse individual
colloidal particles in the electrolyte specific for each sort of them such that they acquire
surface ions (e.g., hydroxyl groups, citrate, etc. [4—6]) resulting in a very large structural
charge eZ (|Z| > 10). Its sign can be either positive and negative, depending on the
surface group type. Such a procedure is called stabilization and obtained suspension is
considered stabilized.

The large structural charge attracts counterions from the surrounding solvent creating
an electrostatic screening coat of the length Ag with an effective charge —eZ (see Figure 1).
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In these conditions, nanoparticles approaching within the distances r < Ay between them
begin to repel each other preventing coagulation. The corresponding theory of stabilized
electrolyte was developed in Refs. [7-9] and is often referred to as the DLVO theory.
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Figure 1. The schematic presentation of the multiply-charged colloidal particle surrounded by the
cloud of counter-ions.

A clear manifestation of the stabilization phenomenon occurs in such diluted solutions
especially in the region of concentrations where

ne (Ao + Ro)® < 1, 1)

where 1 is the density of colloidal particles and Ry is the bare radius of the colloidal
particle. It is important to note that the stabilized DLVO solution is homogeneous under
the condition described in Equation (1).

When a temperature gradient is applied across a thermocell, three types of thermodif-
fusion flows arise: two of them correspond to the motion of the ions of different signs and
mobilities y+, belonging to a stabilizing electrolyte, while the third one is related to the
diffusion of less-mobile colloidal particles (4 << p+). At the first stage (“initial state”), the
displacement of electrolyte ions leads to the formation of the conventional Seebeck field
proportional to (p4 — pu—) [10-14]. As time passes, the drag of the less-mobile colloidal
particles by the heat flow results in appearance of a particle concentration gradient (Soret
effect). After considerable time from the beginning of the experiment (due to a very large
difference in the mobility of colloids and ions of the stabilizing electrolyte: ys < p+) their
redistribution along the length of the cell becomes essential. The second stage “steady state”
sets in: the presence of colloidal particles, in accordance to the data of Ref. [2], starts to
dramatically affect the Seebeck coefficient values.

The characteristic feature of the steady state is the appearance of specific electrostatic
forces acting on colloidal particles approaching the vicinity of the edge of the thermocell;
i.e., the electrodes (see [15,16]). In fact, the accumulation layer had already been formed
there during the initial state due to the fast thermodiffusion of the light ions. When colloidal
particles approach the electrodes at distances of the order of Debye length, the particles
lose their electro-neutrality and begin to be swallowed into the accumulation layer, which
modifies the value of their surface charges. As it will be demonstrated below, this effect
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is important for the description of the steady stage at the relatively low concentrations of
colloidal particles. Let us mention that these electrostatic forces are specific to the edge
(electrode/liquid interface) region, decoupled from the thermodiffusion dynamics in the
bulk solution only and there is no need to consider them in traditional thermophoretic study
of the dynamics of the colloidal particle in the bulk of the electrolyte (see [13,14,17-19]).

In this work we study the effect of presence of colloidal particles in stabilizing elec-
trolyte on its thermoelectric properties and give an explanation to the above described
peculiarities observed in experiments. The paper is organized as follows. In the second
section, we study the properties of the initial stage of the process occurring in the ther-
mocell under an imposed temperature gradient, when the mobile ions of the stabilizing
electrolyte diffuse, while the displacement of the colloidal particles is still inessential. The
third section is devoted to the analysis of the peculiarities of the steady stage, when con-
siderable displacements of the massive colloidal particles induced by the slow thermal
diffusion results in the breakdown of their electro-neutrality in the vicinity of the electrodes.
The last section summarizes the results obtained and sheds light upon the discrepancy
between the steady-state establishment time lapse in the experiment and the existing
theoretical estimation.

2. Initial State of Seebeck Effect in Colloidal Solution

In order to understand the impact of colloidal particles on the Seebeck signal of a
suspension at the initial state, let us assume that the colloidal particles remain immobile, i.e.,
their concentration 7, can be considered homogeneous within the experimental time-scale
corresponding to this stage.

The electric current, j, in the conducting media in the presence of electric field E and a
temperature gradient V T is described by the generic equation [10-14]

j=0E— BVT. @)

In Equation (2) = —So and 0 is electrical conductivity while S is the Seebeck coefficient
(also known as thermopower). For further convenience we express the former in terms
of 0 and S, namely, the Seebeck coefficient determines the voltage appearing across the
thermocell in open-circuit related to the applied temperature difference

T,
V= S(T)dT. 3)
T
Since the electrolyte consists of two oppositely charged subsystems of positive and
negative ions, its effective Seebeck coefficient is determined by the sum of the coefficients
B+ of each ion subsystem divided by the total conductivity (o + 0_) of the solution:

_Bi+B- _ S o +5i04

Stot =
© oy o - 404

4)

The conductivity of an electrolyte with dilute concentration (see condition (1)) of
colloidal particles was recently studied in Ref. [20], where the explicit expression for it was
obtained as,

Oiot(10) = 04 (ne)+o-(ne),
1
or(ne) = af){1+4nn@<1i+ 2)(R0+/\0)3], ®)

(0)

where 0}’ are the conductivities of the ion subsystems in the absence of colloidal particles,

Y+ = 0’%: / (Tj(to ) and 0’%: is the effective conductivity of the ions in the screening coat of the
colloidal particles with the corresponding signs. For a negatively charged screening coat,
the positive ions are drawn towards the particle surface and thus, y+ > 1. Vice-versa,
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the conductivity of the negative ions is suppressed due to the repulsion by the screening
coats, resulting in y_ < 1. Combined, the effect of colloidal particles on the positive ions
is dominant.

The conductivity growth as the colloidal particles are introduced into the electrolyte
can be understood as the facilitation of charge transfer in the medium where some fraction
of the volume is occupied by these highly conducting objects. As a result, under the same
intensity of electric field E current increases. The situation is different for the Seebeck
coefficient S. Indeed, S characterizes the voltage response of the medium to the applied
temperature gradient and thus there is no obvious reason to suppose direct dependence of
S+ on the colloidal particles concentration.

In this assumption Equation (4) acquires the form

Stot(ne) = St((())t) +A5(n), ©
where
50 _ Yo +s00 7
tot = © , (0 7
o +0'+
and
_ 3
AStor(ng) = P a ) (o
el (57 -57) ®
(U(,O)+Uf>>2

Normalized change in the Seebeck coefficient as a function of the colloidal particle concen-
tration (as reported in Ref. [2]) takes the form:

AStot(ne)
SO

tot

(7+ —7-)(Ro+20)? «
(r++2)(r-+2)

(s -s)
s (1 + 0(,0)/09) + SSP) (1 + UJ(FO)/U(,O)) .

It should be noted here that the thermogalvanic contribution to the overall temperature

coefficient (AV /AT) [21] is not taken into consideration. This is justified because this term is

additive to St(gt) and is independent of the nanoparticle concentration [2] and thus does not

interfere with the ASt(gt) in the Equation (9). The obtained result convincingly demonstrates

that the Seebeck coefficient follows the linear growth of the colloidal particles concentration
in the considered range (¢f Equation (1)) as observed experimentally (see Figure 2). This
linear growth differs from that of the conductivity Aciot(1) (see Equation (5)) which is
proportional to the sum of O'SO) and U(+0)' Here, AS;; is proportional to the difference
559) )

= 127’[7’[@

©)

of the formal ion Seebeck coefficients in the absence of colloidal particles. Such
a result is very natural: Seebeck effect always (in metals, in semiconductors) is related
to the dissimilarity of the charge carriers. Hence, the direct measurements of oiot(1c)
and Siot(n) along with the independent knowledge of v+ and Ry + Ag (according to

Refs. [2,20] Ag ~ 60A, Ry ~ 701&) allow us to determine the values of (Tf ),
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Figure 2. Normalized initial state Seebeck coefficient and electrical conductivity (inset) as a function
of nanoparticles concentration (For reproduction of material from PCCP: reproduced from Ref. [2]
with permission from the PCCP Owner Societies).

3. Steady State Seebeck Effect in Colloidal Solution

Application of a temperature difference across the thermocell results in the charge
separation among electrolyte ions. This happens first due to the difference of their coeffi-
cients S+, and second, due to the difference of their diffusion coefficients [22]. The latter’s
contribution to the Seebeck coefficient is specific for semiconductors and electrolytes and
accounts for the thermodiffusion of charged particles. As a result, the accumulated layers
of ions of opposite charges are formed in the vicinity of electrodes at the initial state of the
Seebeck effect.

When an electrolyte contains a sufficiently small concentration of colloidal particles
the measured value of the Seebeck coefficient decreases over time. This decrease as a
function of particles concentration is drastic at the beginning, then the Seebeck coefficient
reaches a minimum and finally, it grows linearly in accordance with Equation (9) (see
Figure 3) [2].

One of the reasons of its occurrence can be the complex structure of the colloidal
particles surrounded by their screening coatings. The process of thermodiffusion results in
their slow drift whose direction depends sensitively on the ionic environment surrounding
the colloidal particles. It has been known for a while now that in some colloidal suspensions
the particles move toward the cold, and in others toward the warm region, depending on
the resepective sign of their Soret coefficient [17-19,23-25]. Let us recall, that in Ref. [20]
the colloidal particle screening was considered in the spherically symmetrical situation by
means of solution to the Poisson equation with the zero boundary conditions at infinity.
Close to the electrode the Seebeck electric field in the electrolyte is formed mainly due
to the redistribution of ions and becomes non-homogeneous [26]. As a consequence, the
colloidal complexes, acquiring induced dipole moments, are pulled into the region of
stronger electric field.
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Figure 3. Normalized steady state Seebeck coefficient as a function of nanoparticles concentration
(For reproduction of material from PCCP: reproduced from Ref. [2] with permission from the PCCP
Owner Societies).

In the vicinity of the electrodes, the difference in electrostatic attraction forces on the
charged counterions of the screening coat and the colloidal particle core to the metallic
electrode enters in play. Indeed, such attraction forces are very different for the weakly
charged counterions in the coating layer and the strongly charged (Q = Ze) particle core
of the colloid. As a result, the particle-coat clusters lose their electro-neutrality and start
compensating the charge of accumulative ion layer at the electrode surface.

Let us evaluate the value of particles concentration corresponding to the minimum in
the Seebeck coefficient at Figure 3. For this purpose we recall the electrostatics problem
of a point charge in interaction with the conducting plane, separating two semi-spaces
each with a dielectric constant of €; and €;. This situation can be reduced to that of the
charge interacting with the corresponding electrostatic image charge behind the plane (see
Ref. [27]):

Q*(e1 — &)

F(z) = <17
e(z) deq (€1 + €3)72

(10)
In derivation of Equation (10) the charge was supposed to be placed at the distance z from
the plane in the semi-space with a dielectric constant €;.

When the semi-space is filled by an electrolyte, the electrostatic image force F,
(Equation (10)) is screened at the distances of the order of the Debye length from the
plane as demonstrated by Wagner and Onsager (Refs. [15,16]):

2z
Fwo(z) = Fe(z) exp <_)\0>' (11)
with a corresponding electrostatic energy of
Q*(e1—e2) ( 22)
u / =T 71/ 5 |7
wolz Fwolx ~ 2Mer(e1+er) Ao

where I'(s, x) is the upper incomplete gamma function. In other words, a charged particle
located in the electrolyte at distances exceeding the Debye length Ay from the electrode
interacts exponentially weakly with it. In the case under consideration here, we assume



Entropy 2021, 23, 150

7 of 10

the dielectric constant of the metallic electrode €; — oo, while €1 = €,4. The corresponding
electrostatic energy of the colloidal particle core is

Z2e? 2z
uWo(Z) = —oneaqr<—1, )L()) (12)

The effective radius of the colloidal particle is the sum of the radius of charged core
and the thickness of the screening coat: Ry + Ag. Hence until the particle—electrode distance
exceeds the Debye length, the colloidal particle keeps its integrity (see Figure 4a) and the
core—electrode interaction energy can be determined by Equation (12). On the contrary
when the colloidal particle approaches the charged electrode at distances less than its size
it loses its electro-neutrality (see Figure 4b) and the framework of the Poisson equation
with infinite boundary conditions [20] is no longer applicable. The detailed study of
the electrostatic interactions between a planar surface and a charged sphere immersed
in the electrolyte media was performed by Ohshima in Ref. [28]. The author found the
corresponding interaction energy Upo as

z— RO
Uyo(z) = erxp(— . (13)
Ao
_____________________ 5
_____________ ® 3
+ +| %
+ a) - + - b) . @ St o«
+, = v
e = N - & by =
~ = + N
o +£ H L e
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= & e o @\ @ N = it o P
P o b, © @0 B e © o7
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Figure 4. Colloidal particles in an stabilizing electrolyte. (a) Until the colloidal particle size exceeds
the Debye length it keeps its integrity. (b) When the colloidal particle approaches the charged
electrode at the distances less than its size the cluster loses its electro-neutrality.

Applying this consideration to the case of the colloidal particle core and matching
Equations (12) amd (13) at the distance z = Ry + A one can find an energy constant Up:

Z2e? ( 2R0)
Uy ~ — I(-1,2+=).
0 /\Oeaq Ao

Now one can estimate the maximal colloidal particles surface concentration N/}**
which can be localized in the vicinity of the electrode surface through the mechanism
discussed above. Their attraction to the electrode, charged due to the presence of excess
ions with the surface concentration N_, continues until the latter will not be compensated
by the positive structural charges of the particle core:

NI = N_/7Z. (14)
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The value of N_ can be found knowing the values of the Seebeck coefficient at the end of
the initial state Stot, and the temperature gradient. Indeed, considering a thermocell with
an electrolyte as a parallel plate capacitor, one can write:

4eN_
g 4me ,

€aq

_ faq o (AT
N-= 471e St°t<AL>' (15)

from which,

The value of the particle concentration at the electrode surface N can be found by compar-
ing the homogeneous distribution of the colloidal particles in the bulk solution to that in the
presence of an electrostatic potential of the electrode, determined by Equations (12) and (13):

2R
Nocn /R0+)\0 ox Zzezr(fl;z + TOO) ox _Z _ RO 1)
o= Jry P AokpTeay AT

o0 Z72e? 2z
— T -1, — —1)dzp. 16
- /RoJr/\o (696;9 [ZAOkB Teay < Ao ) ] ) Z} 16)

Equation (16) relates the surface concentration of the colloidal particles N to the volume
concentration 7 in the bulk electrolyte.
Using the asymptotic expressions for incomplete Gamma-function

e /x x>
F(—l,x){ 1/x  x<1

and making sure that Z%¢* < AgkpTe,, (the characteristic values of the parameters
Z ~ 300, €45 ~ 80, Ag =~ 60 A, Ry ~ 70 A) obtained from analyzing the data of Ref. [2] with
the help of Ref. [20]), one can expand the exponents in Equation (16) to

Z2e? 672(1+§78)

No ~n .
0

(17)

In order to estimate the corresponding concentration values let us express Equation (17)
in terms of the Rydberg unit of energy Ry = ¢?/ap = 13.6 eV (ag = 0.53 A is the Bohr radius):

No = (noAo) ~1072(noAo).

Z’Ry <aB> ()

2kpTeaq \ Ao <1+%)2

Substituting Equation (17) into Equation (14) one finds

pmax _ egqst(’t £ kBl %
© 7 2meZ3ag \ AL ) \ Ry

Rg 2
21+%) (1 + 1;") ~10%cm 3. (18)
0

The maximal concentration of colloidal particles determined by Equation (18) cor-
responds to a volume fraction of ¢"" < 0.001 (see Figure 3). In Ref. [2], ¢ = 0.006 —
ne ~ 5.45-10%cm~3, thus it is easy to recalculate the estimation from Equation (18)
nmax ~ 10Bem=3— ¢™" ~ 0.01, which surprisingly coincides well to the experimental
findings of Ref. [2] (see Figure 3) considering the imperfect nature of metallic electrodes
used in a real thermocell.
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4. Conclusions

In this work we have studied the nontrivial role of colloidal particles in the formation
of the Seebeck field in charged colloidal suspensions. The reasons for the two-stage
character of the Seebeck effect observed in stabilized colloidal electrolytes are discussed.
It is shown that the “initial state” is related to the phenomenon of thermal diffusion of
the ions of the stabilizing electrolyte itself. We demonstrated that the presence of neutral
colloids affects the Seebeck coefficient already in the initial state. This happens due to
their influence on the polyelectrolyte conductivity and is consistent with the general
understanding of the effective conductance of two-phase systems (see, e.g., [29]). As it
was shown in Ref. [20] the presence in the bulk of stabilizing electrolyte of rarefied gas of
colloids having a relatively large conductivity of the screening coats increases its effective
conductivity. Accounting for this fact appears to explain the linear growth of the Seebeck
coefficient as a function of the colloidal particles concentration observed in the experiment.

The ensuing steady state occurs when the thermodiffusion displacement of the col-
loidal particles becomes essential. The observed sharp drop in the Seebeck coefficient when
the small concentration of the colloidal particles is added to the stabilizing electrolyte [2]
is noteworthy. We propose an explanation of this feature basing on the specific behavior
of colloidal particles in the vicinity of the charged electrode surface. Approaching the
latter, a colloid loses its neutrality, discharging the accumulative layer of ions formed
during the initial state. The decrease of the accumulative layer charge results in the drop of
Seebeck signal. Our qualitative estimations give a surprisingly good correspondence to
experimental findings.

It worth noting that importance of the DLVO-colloids’ interaction with the interface
“electrolyte—conductor” was emphasized not only in the aged works of Wagner [15] and
Onsager-Samaras [16]. The number of direct indications on the significance of such an
interaction one can find also in the recent papers [30,31].

Finally, one can shed light on the discrepancy between the steady state establishment
time lapse in the experiment (7,x, ~ 8 h) and the theoretical estimations counterpart by
the authors of Ref. [2]. The latter, Ty.o, = (AL)?/Ds ~ 100 h is calculated over the
entire length scale of the thermocell. In the model developed here, on the other hand,
the formation of mirror charges occurs in the close vicinity of the electrode/electrolyte
interfaces. Furthermore, we wish to attract attention to the fact that due to the inhomo-
geneity of the charge density distribution along the thermocell length, the electric field also
becomes non-homogeneous [22], resulting in the polarization of the colloidal particles and
the acceleration of their motion with respect to a simple diffusion.
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