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Magnetically enhancing the Seebeck coefficient in
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The influence of the magnetic field on the Seebeck coefficient (Se) was investigated in dilute magnetic
nanofluids (ferrofluids) composed of maghemite magnetic nanoparticles dispersed in dimethyl-sulfoxide
(DMSO). A 25% increase in the Se value was found when the external magnetic field was applied

perpendicularly to the temperature gradient, reminiscent of an increase in the Soret coefficient (St,
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concentration gradient) observed in the same fluids. In-depth analysis of experimental data, however,

revealed that different mechanisms are responsible for the observed magneto-thermoelectric and

DOI: 10.1039/cIna00109¢ -thermodiffusive phenomena.

rsc.li/nanoscale-advances

1 Introduction

Thermoelectric (TE) materials research has enjoyed a surge of
interest, activity and investment in the last 20 years owing
largely to the rise in nanotechnology. Such collective efforts
have led to remarkable improvements in both the Seebeck
coefficient (Se) and the efficiency (figure of merit) of solid-state
TE conductors® via nano-structuring. However, the highest
performing nano-structured TE materials and devices today are
still limited to small sizes and incur substantial production
costs, and are yet to take over bulk semiconductor-based TE-
modules.”> Furthermore, these materials (bulk or nano-struc-
tured) contain raw materials that are rare and/or toxic,?
stymieing their wide commercial deployment even as an energy
efficiency tool.

Similar research trends are observed in another branch of
nano-materials research, namely that of nanofluids.t Indeed the
number of research articles per year published on nanofluids
and related subjects increased by two orders of magnitude in
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T Nanofluids are defined here loosely as stable suspensions of nanoparticles (NPs)
in liquid media.
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Possible physical
enhancement of the fluids' Seebeck coefficient are discussed.

and physico-chemical origins leading to the

the last 20 years. Due to their superior thermal and electrical
conductivities compared to their base-fluids, nanofluids first
attracted attention as effective coolants in the 1990s.* While
much of the nanofluid research today still focuses on enhancing
the fluids' thermal conductivity by adjusting various parameters
such as nanoparticles’ composition,>” coating materials and
volume fraction, their application potential in other areas of
renewable energy is also gaining momentum.*® For example,
nanofluids have been explored for their optical properties
(increased absorption) in solar collectors.’* The thermoelec-
tric effects in liquid electrolytes containing charged colloidal
particles and macro-molecules were also demonstrated both
theoretically*™ and experimentally,’®"” and the possibility of
enhancing the thermoelectric energy conversion efficiency
using charge-stabilised magnetic nanofluids (also known as
ferrofluids) using thermo-electrochemical cells*** was reported
very recently.

Thermo-electrochemical cells, or thermocells, produce an
electrical current through redox reactions when two electrodes
are maintained at different temperatures (thermogalvanic
effect). Thermoelectric coefficients (equivalent to the Seebeck
coefficient in solids) as high as a few mV K" have been reported
in liquid-containing thermocells,* an order of magnitude larger
than those of solid-state TE materials. We have recently
demonstrated that the cumulative effects of thermo-electrically
induced movements and distribution (the Soret effect) of
nanoparticles and their electrostatic interactions with the
electrodes can modify a thermocell's Seebeck coefficient. The
net change in the Se can be either positive'® or negative,”
depending on the intricate balance between the NPs' surface
charge, entropy of transfer and respective signs, and the nature
of counterions present in the surrounding fluid. While the
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underlying physical and chemical mechanisms are far from
being fully understood, these results paved a new direction in
thermoelectric materials research based on nanofluids. In fer-
rofluids, it is quite well known that the Soret coefficient (St) and
the diffusion coefficient (D,,) of ferrofluids depend on the
strength and the direction of applied magnetic fields.*"** For
example, a marked increase in Sr is observed when the
magnetic field is applied perpendicularly to the temperature
gradient, while the opposite is true when applied in the parallel
direction.”**** Such magneto-thermodiffusion phenomena can
be understood by taking into account the local magnetic field
gradient within the fluid,>** and the existing theoretical model
can reproduce experimental observations, provided that no
magneto-convection occurs.> Here, we examine the coupled
Seebeck/Soret effects in ferrofluids under a magnetic field to
determine to what extent one can take advantage of the
magnetic nature of nanoparticles to control the thermoelectric
potential of a thermocell. The value of Se is found to increase by
as much as 25% in a dilute ferrofluid when a moderate
magnetic field of 150 kA m ™" is applied perpendicularly to the
temperature gradient inside a thermocell. To the best of our
knowledge, this is the first experimental reporting of the
enhancement of Se in ferrofluids by application of an external
magnetic field.

In the following sections, we first describe the theoretical
models used to analyse the effect of a magnetic field on the
Seebeck coefficient in ferrofluids, ensued by the experimental
approach used to measure the in-field Seebeck and Soret coef-
ficients. The analysis and discussion of results expose the limit
of our current understanding of magneto-thermoelectricity in
ferrofluids, while highlighting possible physical origins that
have been overlooked thus far and future research perspectives
of ferrofluids.

2 Theory under a homogeneous
magnetic field

In order to understand how a thermocell converts thermal
energy into electricity, it is helpful to recognise two distinct
states of operation; namely, the initial and the steady states as
depicted in Fig. 1. The former refers to the instance immedi-
ately after the application of a temperature gradient across the
thermocell. At this stage, various charged species, i.e., nano-
particles, redox couple molecules, ions, have not had enough
time to diffuse and thus their concentration is still homoge-
neous throughout the cell. The latter is reached much later in
time, when the thermodiffusion of all species has attained the
Soret equilibrium, characterised by the cancelling of all parti-
cles' fluxes. The resulting Seebeck coefficient thus evolves over
time from its initial value (Se™) to the steady one (Se*'). The
detailed derivation of the Se dependence on different physical
parameters such as the NP concentration and applied magnetic
field is found in ref. 25. Here we present the salient features
leading to the final expressions of the field dependence of Se™
and Se*".
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Cooling element

Cooling element

Initial State Steady State

Fig. 1 Schematic images of an open-circuit thermocell containing
redox molecules (e.g., Fc*(ferrocenium)/Fc (ferrocene)) and charged
nanoparticles. Left panel: Initial state immediately after the application
of a temperature gradient where NP concentration is still homoge-
neous. Right panel: Steady state established after the completion of
thermodiffusive movements of all charged species. Note that in the
open-circuit configuration, there is no electric current flowing into
and from the thermocell. Therefore both reduction and oxidation
reactions occur at the hot and cold electrodes. In this example, the
charged NPs move toward the cold region of the fluid, corresponding
to a positive St. See the text for more explanation.

2.1 Initial state

The initial state Seebeck coefficient of a thermocell (Fig. 1 left
panel) measured between two electrodes is expressed as:***°

bulk

INZ | S,
_ — _ —As,
AT e SRS £,

i

S eini _

(1)

at electrode surface

AV and AT = Ty, — T. are the thermoelectric potential and
temperature differences between the hot and cold electrodes,
and e is the elementary charge. The thermogalvanic term As,.
originates from the temperature dependent reaction entropy of
the (reversible) redox couple at the electrode surfaces, which is
expressed by the Nernst equation,

. k
ASrc = Asrc —+ A—; |:Th In (aﬁoxaﬁred) o Tc ln(agoxalg..cd)] (2)

As,. is the standard reaction entropy of the redox couple, kg
is the Boltzmann constant and a = v-n is the ‘activity’ defined
as the product of the molar concentration n of the reducing
(oxidising) species and its activity coefficient y. The latter
depends on the ionic strength of the surrounding solution.>®
The superscripts b,y and b..q are defined by the redox chemical
equation, such that

box OX + ¢~ + beqRed =0 (3)

In a closed-circuit operation mode, the magneto hydrody-
namic effect is known to influence the electrical current of
a electrochemical cell at very high magnetic fields (parallel or
perpendicular to the electrode surface).?”*® However, to the best

This journal is © The Royal Society of Chemistry 2019
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of our knowledge, no significant effect on the open-circuit
thermogalvanic potential of a thermocell for a moderate
magnetic field (below 800 kA m™" or 1 T) has been
demonstrated.*

The second term in eqn (1) is related to the thermodiffusion
in the bulk solution, summed over all charged species. S; is the
Eastman entropy of transfer of the ith species (ions or nano-
particles). &; is the dynamical effective charge defined by:

£ = Ci:uelecj ( 4)
e

where {; and peiec,; are the friction coefficient and the electro-
phoretic mobility, respectively. For small, point-like ions, &; is
simply the electrical charge number z;. For colloidal nano-
particles £xp is the dynamical effective charge***® which is close
to, but not necessarily equal to, the static effective charge
number zyp. ¢; is called the Hittorf number of the ith species,
which is equal to the fractional conductivity with respect to the
total conductivity oy, i.e., 0/ Where o; is

zi§e’n;D;
T (5)

g, =

with D; being the mass diffusion coefficient. For super-
paramagnetic nanoparticles, Snp, Enp and Dyp all depend on the
volume fraction of NPs (¢) and on the applied magnetic field
H.

When the interparticle repulsion is strong, as is the case in
the ionically stabilized ferrofluids studied here, the ¢ depen-
dence of the above listed parameters can be described well in
terms of the isothermal osmotic compressibility x (¢eg) within

the Carnahan-Starling hard-sphere model:**

_ (1 - ¢eff)4
X(¢eff) - 1+ 4¢eff + 4¢eff2 — 4¢eff3 + ¢eff4

beer = P(dus/d)® is the effective NP volume fraction with an
effective hard-sphere diameter dyg = d + 24p, with Ap being the
screening length.

The magnetic field dependence of Snp, Exp and Dyp, on the
other hand, is much less established. Here we use a mean-
field model as commonly done in ferrofluids,**
consider that the nanoparticles are submitted to an effective
field H.:

(6)

where we

—

H.=H+ M )

H is the macroscopic magnetic field, M is the local mag-
netisation of the bulk fluid and 2 is a dimensionless constant
which is null for non-magnetic particles and equals to 0.33 for
a uniformly magnetised medium (classical Lorentz result).*® For
aqueous ferrofluids, 4 = 0.22 has been determined both
experimentally**~” and numerically.’*®** Magnetisation of a fer-
rofluid composed of n non-interacting NPs with 7 individual
magnetic moment is given by*® M =nm%(x,) where
PL(x0) = coth(xp) — 1/x0 the classic Langevin function and x, =
(uomH)/(ksT) the Langevin parameter where pu, is the vacuum
permeability and kg is the Boltzmann constant. In the frame-
work of an effective field model, the Langevin parameter of an
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interacting NP system can be replaced by the effective Langevin
parameter x,

ru'()WIHe
L= 8
Xe= T (8)

and must satisfy the self-consistency condition:
Xe = X0 + AYgap Z(xe) ©)

where 1 is the effective field parameter and yaqq = uom*/(vnpksT)
is the dipolar interaction parameter, with vxp being the volume
of one nanoparticle. It represents the ratio between the dipole-
dipole interaction energy (i.e., physically contacting particles)
and the thermal energy.

One can then obtain the analytical expressions of Snpy Enp
and Dyp as a function of ¢, ¢ and H as follows.>®

SONP +kp <51(¢7 H) o5, 524, H))

SNP (¢7¢eff7H> = i (10)

m —ay(¢p, H) + 57’7.1761(‘?57 H)

0

5NP(¢a¢eff7H) = ; NP »

)~ O )+ 05 16,0 H)

DNP (¢7 ¢eff7 H) =
0 ¢ 1

DNPW m — (¢, H) + 67’?176’1((#’ H) (12)

In limgy 0, Snp, Enp and Dyp become SRp, EXp and
DRy, respectively, and 6— _ =0 for VTL1H and 0 i
reaches 1 for 7T|\FI.C(¢) takes into account the friction
between the nanoparticles and the surrounding liquid.
¢° = 6mneRy is the friction at ¢ = 0, with 5, being the
viscosity of the solvent and Ry the hydrodynamic radius of
the nanoparticles. The parameters «;, §;, S; and S, are
defined as:

_ Wadl’(x)
(o, H) = #{W (13)
. _ PYaa 2 (xe)
6A(¢7H) [1 _ A\//dd‘bg/(x@)} [1 + (1 — A)\l/ddqbg/ﬂ(xe)} (14)
B Xe Xe Z(xe)
Si(¢, H) =In <sinh(xe)) T Wt () 1)
S>(¢, H) = B,(¢, H)&(xe) (16)

L(x.)

All these parameters tend to zero for H = 0, or for kgT >
(uwomH,) (i.e. x. — 0).

Noting that the ionic conductivity of the NPs and the ions is
independent of the magnetic field up to the first order, the field
dependent variation of Se™, ASe™(¢, H) = Se™(¢, H) —
Se'™(¢, 0), is given in ref. 25 as

Nanoscale Adv., 2019, 1, 2979-2989 | 2981
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eZNPd)DONP Sl (¢7 H) - 6?T-[TS2(¢’ H)

ASe™ (¢, H) = } (17)

VAN

It needs to be mentioned that the term S; — S, in eqn (17) is
always positive and therefore the sign of Se"™ under a homoge-
neous magnetic field is determined solely by the sign of zyp.

2.2 Soret equilibrium

The Soret equilibrium is reached once the thermodiffusive
motions of all particles are completed inside the thermocell. At
this stage we must distinguish two different types of Seebeck
coefficients. The first one, Se®™, is determined from the ther-
moelectric voltage measured between the ot and cold electrodes
(AVEY)20

AVEL = SePIAT = AT

(18)

Q| —

|: —ASrC + ijS‘j
J

It is summed over all species participating in the redox
reaction (charged and neutral) and b; is defined by eqn (3). It
should be noted that Se®™ only depends (directly) on the redox
couple due to the rearrangement of the charged species in the
solution which screens the electrodes from the internal electric
field of the solution.?*! The latter, however, can asymmetrically
modify the ionic strength near the cold and hot electrodes and
thus affect Se®® indirectly through the thermogalvanic term,
As,. (i.e., eqn (2)).

The second Seebeck coefficient, Se®”, is due to the internal
thermoelectric field created within the bulk solution and away
from the electrodes. While this value cannot be directly
measured, it can be inferred from the Soret coefficient, Sy. At
the Soret equilibrium, the distribution gradient of nano-
particles VnNP, Sy and Se™” are related to one another (up to
the first-order) as:****

—
V 2~ *
F = _ST€T§ St = (SNP - fNPeseEq )/kBT (19)
NP
It can be shown from the particle flux equation that>
ZZ,‘}’liﬁ,'
Sefd" = (20)

i
ezzig ini
i

where Sxp and £xp depend on ¢, ¢.¢r and H as described in the
previous subsection.*®

3 Experimental
3.1 DMSO-based ferrofluids

The ferrofluid (FF) samples used in this study are composed of
maghemite (y-Fe,O;) nanoparticles dispersed in an acidic solu-
tion of DMSO (dimethyl sulfoxide), similar to those used in ref.
19. The nanoparticles were first synthesised in water using the
well-known Massart technique,® then transferred into DMSO.*
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The NP mean diameter is 6.7 nm with a log-normal polydispersity
of 0.38. These NPs are H'-coated (with perchlorate counter-ions,
24 mM free ClO, ) and thus positively charged. Under such ionic
strength conditions, the interparticle interaction balance is
repulsive (see ref. 44), and the second coefficient 4, of the virial
development of the osmotic pressure becomes positive. Here, A,
= 12 and thus ¢ = 3¢, as attested by the diffusion coefficient
measurements as a function of ¢ at H = 0 in Fig. 3(a). These
ferrofluids possess high St values, e.g., 1.1 K, at an NP volume
fraction (¢) of 0.25%. For the Seebeck coefficient measurements,
a redox couple composed of ferrocene (Fc) (Aldrich, 98% pure)
and ferrocenium (Fc') (FcBF, salt from Aldrich, technical grade)
was added to the solution at 3 mM each. The NPs' effective
dynamic charge £npe = 30 was determined by electrophoretic
measurements, and is in close agreement with the value of 25
reported in similar DMSO-based ferrofluids.*

3.2 Thermodiffusion measurements

The Soret and the NP diffusion coefficients were determined
using the Forced Rayleigh Scattering (FRS) technique® with
a pump-beam from a high power Hg arc lamp (modulated at 100
Hz). The incident beam travels through a grid and is focused by
a camera lens on the ferrofluid sample surface contained in an
optical cell with a thickness of « = 100 pm and a height of
several mm. This imprints an optical grating image in the
thermalized sample with a periodicity of 4 = 90 pum. Owing to
the optical absorption by the NPs, a thermal grating with the
same spatial modulation is then produced inside the fluid.
This, in turn, induces the migration of NPs due to the Soret
effect, resulting in a concentration grating of NPs. The migra-
tion can either be towards the hot regions or the cold regions,
depending on the colloidal characteristics of the system. Here,
the NPs migrate towards the cold region. Both the thermal and
the concentration gratings are detected by the diffraction of
a weakly absorbing test laser beam (He-Ne). The first order
diffraction pattern formation of the test beam and its progres-
sive destruction by NP diffusion when the pump beam is shut
down are recorded. As the scales of the temporal evolution of
temperature and of the NP concentration are different by
several orders of magnitude they can be decoupled. This allows
the determination of the Soret coefficient Sy in the steady-state
condition and the mass diffusion coefficient D,, of the NPs.*
These coefficients are measured as a function of NPs' volume
fraction ¢ between 0.25 and 4%, while the magnetic field
dependence is examined on a sample with ¢ = 3.44% only. A
uniform magnetic field up to 160 kA m ™" is provided using an
electromagnet with the measurement cell plane lying either
parallel or perpendicular to the field direction.** The colloidal
stability of the ferrofluid (with ¢ = 3.44% and without the redox
couple) has been verified by in-field optical scattering methods*’
up to H = 80 kA m™ " and within the time span of the FRS
experiments (of the order of one hour).

3.3 Seebeck coefficient and AC conductivity measurements

The Seebeck coefficient and the AC ionic conductivity values are
studied for two NP concentrations, ¢ = 0.28 and 1%. A home-

This journal is © The Royal Society of Chemistry 2019
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made cylindrical Teflon cell (as described in previous
work'®*®) was used for the Seebeck coefficient measurements.
The liquid sample is contained in the cell's central cavity of 6
mm in diameter and 6 mm in height (sample volume is 0.17
cm?). The cell is sealed at the top and the bottom by 10 mm
diameter platinum electrodes (AlphaAesar, 99.99% pure)
squeezed tightly using 10 mm copper pieces. The electrode
surface is cleaned with concentrated HCI (Sigma-Aldrich, 37
wt%) and washed by ultrasonication in deionised water. The
electrode surface area in contact with the liquid is A = 0.28
cm?”. The Seebeck coefficient is determined from the open-
circuit voltage AV (as shown in Fig. 1) between the top and
bottom electrodes measured while the thermocell is heated
from the top, which limits the natural convection of the fer-
rofluid. AV is measured using a high impedance electrometer
(Keithley 6514) and the Seebeck coefficient is calculated via Se
= —AV/AT. The experiments are carried out between 20 and
50 °C with a AT of 10 or 30 K. The temperature inside the cell
is stabilised within a few minutes after the gradient has been
imposed at which point the initial AV™ is recorded. The
apparent steady state potential AV®" is reached after several
hours (see Fig. 2). Note that we differentiate this apparent
steady state Seebeck coefficient Se®* from Se®? (corresponding
to that of Soret equilibrium state) introduced earlier for
reasons that will be made clear in the Results and discussion
section below.

A horizontal, homogeneous magnetic field, i.e., perpendic-
ular to the thermal gradient, between 0 and 400 kA m™ " is
applied to the thermocell using an electromagnet (Bouhnik).
The perpendicular field direction is chosen following the Soret
coefficient measurements where a marked increase in St is
usually detected under a perpendicular magnetic field* (see the
Results and discussion section for more details). Each temper-
ature step lasts between 8 and 24 hours to fully reach the
apparent steady state, depending on the H strength. Both Se™
and Se** are measured as a function of the magnetic field

40
O 301 Tu
N TC
-
20
15 m T T T T T
10 1 N~ Apparentsteady state
; - /\Vm'\ *
E 54 Avst
2 0
= Initial state
51 T T r T T T T T . T
0 10 20 30 40 50

Time (hours)

Fig. 2 Typical thermoelectric measurement. Ty is the hot electrode
temperature and T, the cold electrode temperature. Here, the
nanoparticle concentration is 0.28%. An apparent steady state is
reached after ~15 hours. See the text for more details.
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applied. The measurements are reproducible over several weeks
with a low data dispersion.

The AC ionic conductivity measurements are also performed
in the same thermocell using a precision LCR meter (HP 4284A)
at 20 kHz, at which the out-of-phase component of the imped-
ance becomes null. The total conductivity of the solution at 25
°C is determined to be g,,; = 65 mS m ' independent of the NP
concentration (i.e., the ionic conductivity is dominated by the
small counterions whose concentration was kept constant for
all ferrofluids examined).

4 Results and discussion

4.1 Thermodiffusion and Soret coefficient

The NPs' diffusion coefficient Dyp and the Soret coefficient St
measured as a function of ¢ in the absence of an applied
magnetic field are shown in Fig. 3(a) and (b). The diffusion
coefficient at the infinite dilution limit D{p = Dyp(¢ — 0) and

1.6 . .
— 122
N\(ﬁ _DNP(¢=0) =3f3.610.3 10 " m"/s
E 14| e = ¢ i
‘TO
~ 1.2 4
Q“z“
1 4
(a)
0.8 - . - s '
0.01 ¢ 0.02 0.03
@
2 .
(b)
v | 50 /KT =1.9K’
X NP oo
"~ Ep =230
1L
0 A 1 .
0 002 ) 004
(b)
Fig. 3 (a) Diffusion coefficient as a function of NP concentration ¢ of

FF-DMSO, measured at room temperature in the absence of a redox
couple. The solid line is a fit to egn (12) as a function of ¢, without
a magnetic field. (b) Soret coefficient measured via the FRS technique
as a function of NP concentration (¢), measured at room temperature
in the absence of a redox couple. The solid line is a fit to egn (19) as
a function of ¢, without a magnetic field.
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Fig. 4 (a) Mass diffusion coefficient of FF-DMSO with an NP

concentration of 3.4% as a function of the magnetic field applied
perpendicular (blue) and parallel to the temperature gradient. No
redox couple added. The solid lines are fits to eqn (12) as a function of
the magnetic field. (b) Soret coefficient as a function of the magnetic
field applied perpendicular (blue) and parallel (red) to the temperature
gradient in FF-DMSO. The NP volume fraction is 3.4% with 29 mM
ClO4~, without a redox couple. The solid lines are fits to egn (19) as
a function of the magnetic field.

the effective volume fraction ¢ values are determined to be
8.6 x 107 £ 0.3 x 10" * m> s~ ' and 3¢. By fitting eqn (20) and
(19) to Sy(¢) I (Fig. 3(b)) with the dynamical effective charge
number £%p = 30, the NP's Eastman entropy of transfer at the
infinite dilution limit is determined as Sqp/kT = 1.9 K.

4.1.1 Magnetic field dependence. The dipolar interaction
parameter Y49 = 65 is deduced from eqn (12) fitted to the
experimental diffusion data as a function of H (Fig. 4(a), ob-
tained on a ferrofluid sample with ¢ = 3.44%).§ This parameter
can be used to analyse the behaviour of in-field Seebeck coef-
ficients as described in the previous section.

I Here, Sp(¢,H = 0) = x(¢eff)(§am) — £%p€Se)/kT is positive. It is a decreasing
function of ¢ as x(¢esr) decreases with ¢ because the interparticle interaction is
repulsive (A2 > 0). See ref. 44 and 49.

§ For fitting methods, see Bacri et al.**=*
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As expected, Sp(H) was found to decrease from its zero-field
value (in Fig. 4(b)) when a magnetic field is applied in the
direction parallel to the temperature gradient (as much as 70%
at 60 kA m™"). Under the perpendicular configuration, on the
other hand, St(H) increases by 60% with respect to the zero-field
value at 60 kA m ™. While the anisotropic dependency of the St
response to applied magnetic fields is in agreement with
previous reports,* its magnitude is much larger than the
theoretical prediction in both field directionsq (as depicted by
solid lines in Fig. 4(b)). The large changes observed here are due
to the combined effect of the uniform magnetic field and the
presence of magnetoconvection. Indeed, our experimental
condition «//4 = 1.1 is within the regime where microconvective
instability occurs, driven by the internal demagnetising field
(due to the local inhomogeneity in the NP concentration
distribution).****

4.2 Seebeck coefficient

In the absence of magnetic nanoparticles, Se™ is found
negative as was previously reported by Tsierkezos in a large
range of non-aqueous solvents.*> In order to verify possible
dependence of our experimental components on applied
magnetic fields (the thermometer readings, the electronic
circuitry, the redox couple potential, etc.), both Se™ and Se
were measured in a reference DMSO solution without
magnetic nanoparticles at two different values of H. The
results show that up to 360 kA m~ ', a homogeneous perpen-
dicular magnetic field has no discernible effect on both See-
beck coefficients (data not shown). Therefore, the subsequent
magnetic field induced changes in the Seebeck coefficients
(initial- and steady-state) presented in this study can be safely
attributed to the presence of magnetic nanoparticles in the
ferrofluids.

4.2.1 Initial Seebeck coefficients as a function of H, Se'
"(H). With the experimentally determined parameters (ie.,
DRp, Ep, Skp and W 4q) from thermodiffusion measurements at
hand, one can now predict the variation of the initial Seebeck
coefficient ASe™(H) = Se'™ (¢, H) — Se'™ (¢, 0) under applied
perpendicular magnetic fields through eqn (17). The resulting
theoretical curves of ASe™(H) are presented in Fig. 5(a). As ex-
pected from having a positive zyp value, ASe™ is also positive,
ie., the absolute value of Se'™ diminishes. However, the ex-
pected magnitude of the change ASe™(H) here is only of the
order of 0.1 uV K" at H < 400 kA m ™", two orders of magnitude
below the experimental uncertainty level (~10 pV K ). There-
fore, one would not expect to observe the effect of the magnetic
field in Se™.

Much to our surprise, the experimentally measured field
dependence of initial Seebeck coefficients (with AT = 10 K and
the thermocell mean temperature 7 = 25 °C) shows a very
different behavior from the theoretical prediction (see Fig. 5(b)).
As can be seen from the graph, Se™ (¢ = 0.28%, H) shows only
a minor decrease in its absolute value (red symbols), and thus is

€ Note that a quantitative agreement was found between the theoretical
prediction of St(H) and the experimental findings from ref. 24.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Theoretical prediction of initial state Seebeck coefficients as

a function of a perpendicularly applied magnetic field Se™(¢, H) —
SeM(g, 0) for ¢ = 0.28% and ¢ = 1% according to eqn (17) with
experimentally determined D2p, £Qp, Sp and Wyq. (b) Experimentally
measured Se™(H) for ferrofluids with ¢ = 0.28 and 1%. The error bars
correspond to twice the standard error (95% confidence interval). The
red and green solid lines are fits to eqn (1) (i.e. eqn (17) + Se™(0)) for ¢ =
0.28% and ¢ = 1% (see Fig. 5(a)). The dashed blue line is a guide to the
eye based on an exponential fit, i.e., y = a+ bec. The field induced
change in the initial Seebeck coefficient, ASe™(¢, H), is indicated with
a double-headed arrow.

consistent with the theoretical expectation. || The absolute value
of Se™ (¢ = 1%, H) during the first magnetisation (blue
symbols), on the other hand, increases by roughly 10% at 360 kA
m . This variation of the order of 150 pv K™ is three orders of
magnitude larger than the theoretical one (0.1 uv K ') and
carries the wrong sign (Fig. 5).

Furthermore, irreversibility is observed in Se™(H) between
the first magnetisation and the subsequent measurements
(Fig. 5(b), blue and green curves). As can be seen from the

|| These measurements have been performed several times with increasing and
decreasing H and the results are reproducible.
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Fig. 6 Apparent steady state Seebeck coefficient as a function of the
applied magnetic field (H) for ¢ = 0.28% and ¢ = 1%. The red, blue and
green das@ed lines are guides to the eye based on the exponential, i.e.,
y = a+ bec.

graph, once the highest magnetic field was reached for the first
time, Se™ becomes nearly independent of H strength
(compatible with the theoretical model). The observed hyster-
esis suggests that certain irreversible process(es) has taken
place during the first magnetisation of the ferrofluid at ¢ = 1%.
As we will see in more detail below, this phenomenon is
accompanied by an increase in the characteristic time to reach
an apparent steady state, from ~4.2 hours during the first
magnetisation to ~5.6 hours for all subsequent measurements
(see Fig. 7(a)). Such slowing-down of the NP motion can be
explained by the formation of particle aggregates under a strong
magnetic field.

To verify this hypothesis, we have post-examined the ferro-
fluid samples after the in-field Seebeck coefficient measure-
ments via magnetisation and diffusion light scattering (DLS,
Vasco de Cordouan Technologies) measurements to search for
possible aggregations. The superparamagnetic blocking
temperature values Tp determined from the magnetisation
measurements (CRYOGENIC SQUID magnetometer, model
S700 was used) are =60 K for the ¢ = 0.28% sample and =90 K
for the ¢ = 1% sample. Knowing that Ty increases approxi-
mately linearly with the mean NP volume,* this indicates
a ~50% mean volume increase in the more concentrated
sample.** The DLS measurements lead to a similar conclusion,
with an ~80% increase in the NPs' hydrodynamic diameter, i.e.,
an ~600% increase in the hydrodynamic volume. These two
independent measurements confirm that an irreversible nano-
particle aggregation had taken place in the ¢ = 1% sample
during the first magnetisation of the Seebeck -coefficient
measurements. The absence of aggregation in the ¢ = 0.28%
sample can be explained by a greater interparticle distance
between NPs. As stated earlier, however, such an aggregation
phenomenon was not observed during the in-field FRS

** The dipole-dipole such low

concentrations.

interaction energies are negligible at
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Fig. 7 (a) Experimentally determined characteristic time to reach the
apparent steady state as a function of the applied magnetic field for ¢
= 0.28% and ¢ = 1%. (b) Difference between the initial and apparent
steady state Seebeck coefficients. The higher the magnetic field, the
smaller the difference between the two. In both figures, the error bars
correspond to twice the standard error (95% confidence interval). In
both figures, the red, blue and green dasped lines are guides to the eye
based on exponential fits i.e., y = a + bec.

measurements performed up to 80 kA m™" even though a higher
NP concentration (¢ = 3.44%) was used. The two most signifi-
cant differences between the two experiments are (i) the
absence (presence) of redox couple agents and (ii) the total time
duration for which the ferrofluid sample is exposed to the
external magnetic field, i.e., one (several) hour in the thermo-
diffusion (thermoelectric) measurements, respectively. Thus, it
is likely that the modification of inter-particle electrostatic force
due to the presence of redox couple molecules and the longer
experimental time-scale both contribute to the formation of NP
aggregates.

It should also be noted that |Se™| increases by approxi-
mately 10% after the formation of particle aggregates (Fig. 5(b),
green curve). These aggregates appear to be stable, i.e., the in-
field Seebeck measurements are reproducible after the first
magnetisation. The physical and/or chemical origins behind
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this phenomenon are far from trivial. However, within the
framework of existing theories, possible explanations include
an increase in the Eastman entropy of transfer of the dispersed
objects and the simultaneous reduction of n (NP number) at
a constant ¢, both due to the aggregation. The latter can also
indirectly influence the thermogalvanic term in eqn (1) via
reshaping the ionic environment surrounding the redox couple
molecules leading to modifications in the standard reaction
entropies of redox reactions at the electrodes.>*

4.2.2 Seebeck coefficient as a function of H in the apparent
steady state, Se®(H). The apparent steady state Seebeck coeffi-
cients as a function of magnetic field, Se*(H), for both ferro-
fluids are presented in Fig. 6. An increase of ~25% in |Se®| is
observed for ¢ = 0.28%, which is reproducible after repeated
magnetisation-demagnetisation cycles. The ~13% increase for
¢ = 1%, however, is only present during the first magnetisation
and after which Se®(H) becomes irreversible. During the
subsequent magnetisation-demagnetisation cycles, Se*(H)
shows a reduced (but stable and reproducible) field depen-
dency. It is worth noting that for both samples (red and green
curves) Se®(H) saturates around 100 kA m™", a magnetic field
that can be easily attained with permanent magnets, and thus
promising for potential applications.

4.2.3 Time constant. We now shift our focus to the char-
acteristic time constants, 7, required to reach the apparent
steady state under magnetic fields. Fig. 7(a) presents the time
constants required to reach the apparent steady state as
a function of H for both ferrofluids (deduced from an expo-
nential fit to the measured Seebeck voltage values). These
results are highly reproducible under field-cycling as shown in
Fig. 8.

In a zero-field, the apparent steady state is reached in 7 less
than 6 hours for all samples. However, the characteristic times
7% to reach the Soret equilibrium can be estimated via "4 = I*/
(*Dnp’) (Where | = 6 mm is the diffusion length, ie., the
distance between the two electrodes, and D = 1.2 x 10~ ' m?
s ' at ¢ = 1%, see Fig. 3(a)). This gives t°¢ = 84 and =100

40 : : , : : 400
304 1300 ~
—_ £
O Jo00 <
1 =
P 0] — T, {100 T
o 1 2. — T |,
. . : : ; ,
14
R 1 2
S 13
(S
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Fig. 8 Variation of apparent steady-state Seebeck voltage in the ¢ =
0.28% sample. The magnetic field is decreased from 360 kA m~* to
0 kA m~* (point 1) and increased again (point 2) while maintaining AT =
10 K. The results are reproducible.
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hours for ¢ = 1 and 0.28%, respectively, more than one order of
magnitude larger than the experimentally determined 7 values.
Such a large discrepancy suggests that the observed apparent
steady state is established due to a physical phenomenon
different from the Soret equilibrium. A similar observation has
already been made recently in aqueous ferrofluids.”® It was
suggested that the apparent steady state stems from a temper-
ature dependent NP adsorption and/or ordering phenomenon
occurring at the electrode-fluid interfaces, which stabilizes
much quicker than the Soret equilibrium. The NP adsorption
has indeed been observed on mercury,” gold®>® and platinum®”
electrodes in aqueous ferrofluids, and the ordering phenom-
enon has been reported on SiO, surfaces.*® The electrostatic
interactions (between the surface, the particles and the counter-
ions) and inter-particle magnetic interactions (at high MNP
concentrations) as well as the surface geometry (undulations
and channels®) are known to contribute to such phenomena,
creating a surface-stabilized layer of NPs with much higher
concentration of NPs than that of the bulk ferrofluid. Increased
concentration of charged NPs can then modify the local ionic
strength at the electrode-fluid interface, and therefore the
redox reaction entropy term in both Se™ and Se** (eqn (1)
and (18)).

Under an applied magnetic field, marked reductions in both
1(H) and Se*(H) — Se™(H), by a factor of 2 to 4, are observed
between 0 and 360 kA m~" (as presented in Fig. 7(a) and (b),
respectively) as if the presence of the magnetic field attenuates
the NP adsorption and/or layering on the electrode surface.
Insight into the NP adsorption/layering phenomenon can be
gained from the Molecular Dynamics simulation by Jordanovic
and Klapp® where they have shown that the application of
a magnetic field in the direction parallel to the ferrofluid-
substrate interface can destroy NP layers. When a sufficiently
high magnetic field is applied, the magnetic nanoparticles tend
to align themselves along the external field (chain formation)
due to their superparamagnetic nature. This leads to repulsive
dipolar interactions between neighboring chains in the direc-
tion perpendicular to the electrode surfaceff and thus limits
the number of adsorbed NPs. Although the numerical simula-
tions cited®® were performed for ferrofluids with high NP
concentration values (¢ = 20% and higher) and with a non-
conducting substrate, the surface-initiated layering of dipolar
particles and their field dependence are considered to be
generic features of confined dipolar liquids. Consequently, the
NP distribution near the electrode surface at the apparent
steady state under a magnetic field remains closer to that of the
initial state than that of the zero-field. Consequently, the redox
reaction entropy contribution to the Seebeck coefficient also
remains similar between the two states as depicted in Fig. 7(b).
The effect of the magnetic field on the Seebeck voltage and its
time evolution are clearly visible in Fig. 8. When the magnetic
field of 350 kA m ' is turned off after the thermocell has
reached its apparent steady state (point 1, dotted green curve),

t1 The magnetic interaction is attractive for particles aligned
one-behind-another; however, it is repulsive in the direction perpendicular to H,

expanding the NP distribution near the electrodes.
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the Seebeck voltage decreases as more NPs adsorb with a char-
acteristic time 7 ~ 4 hours. The latter corresponds to the time
constant recorded at 0 kA m~'. When H = 360 kA m ™" is applied
again, the Seebeck voltage increases back quickly, presumably
due to the quick ejection of NPs.

5 Conclusion

The Seebeck coefficient of DMSO-based dilute ferrofluids was
examined under the influence of an external magnetic field. The
magnetic field was applied perpendicularly to the temperature
gradient, the configuration under which a marked increase in
Soret coefficients was observed. The Seebeck coefficient was
found to increase by as much as 25% with a moderate magnetic
field strength of 100 kA m™"; however, the subsequent analysis
showed that the observed phenomena cannot be explained by
the existing theoretical model which takes into account the
local magnetic field gradient induced by the magneto-thermo-
diffusion of nanoparticles. Plausible physical and physico-
chemical origins leading to the enhancements of the fluids’
Seebeck coefficient include the temperature and magnetic field-
dependent auto-organisation of NPs at the electrode surface
and its ramification on the thermogalvanic potential of redox
couples.

To the best of our knowledge, this work presents the first
evidence of thermopower enhancement induced by the appli-
cation of a magnetic field. Only a moderate magnetic field
strength of about 100 kA m™' (less than 0.2 T) is needed to
increase the Seebeck coefficient, easily attainable with
a strong permanent magnet. The enhancement effect is more
pronounced at lower nanoparticle concentration (0.28%), while
at a higher concentration (1%) the use of a high magnetic field
led to an irreversible aggregation of nanoparticles. Thus, dilute
ferrofluids made with more conducting electrolytes such as
ionic liquids should be considered for the next step toward
the application of ferrofluids in magneto-thermoelectric
technology.
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