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The tendency of a substance to migrate due to a temperature gradient is known as thermodiffusion or the Soret
effect. We believe that this is the first work that describes the study of the Soret effect using electrochemical
impedance spectroscopy in a non-isothermal thin cell, and shows how the Soret coefficient can be determined
from these measurements. The effect of a temperature gradient in a thin cell is analyzed, both theoretically and
experimentally. Our theoretical modeling of the system predicts the effect of key parameters to the impedance

spectra. Experimentally we determine the Soret coefficient of the redox couple Fe(CN)s*~/Fe(CN)¢>~ in an
aqueous KCl solution. It is found that the Soret coefficient decreases with increasing ionic strength in the studied

concentration range.

1. Introduction

Transport of a solute due to a temperature gradient is known as
thermodiffusion. The Soret effect builds up an equilibrium concentra-
tion distribution in which diffusion and thermodiffusion contributions
to the flux density of a solute cancel each other. The Soret coefficient
or; = — (@lncy/0T);=0 of species i describes its equilibrium con-
centration gradient in the presence of a temperature gradient [1]. The
Soret effect affects, for example, mass transport at heated microelec-
trodes [2], and it can be used to analyze the thermoelectric efficiency of
different electrolytes [3]. It can also provide information on the struc-
ture of electrolyte solutions [4], or be applied as a tool in biomolecule
analytics [5,6] and in polymer separation and purification processes
[7,8]. Furthermore, this effect may have played an important role in the
origin of life [9].

Accurate measurements of the Soret coefficient are difficult, mainly
due to the long measurement times required for the concentration
difference to develop, and convective mixing which easily disturbs the
measurement. For concentrated electrolyte solutions [10], and non-
electrolyte solutions [11], the Soret coefficient has been determined
optically by measuring changes in the refractive index along a tem-
perature gradient, and relating them to the concentration changes. In
dilute electrolyte solutions, however, the method becomes un-
satisfactory [2], and other methods should be used. These include the
so-called conductivity method, where changes in conductivity of a non-
isothermal cell correspond to changes in concentrations [12-14], and

* Corresponding author.
E-mail address: lasse.murtomaki@aalto.fi (L. Murtomaki).

https://doi.org/10.1016/j.jelechem.2018.04.054

Received 23 February 2018; Received in revised form 18 April 2018; Accepted 24 April 2018

Available online 27 April 2018
1572-6657/ © 2018 Elsevier B.V. All rights reserved.

the thermoelectric power method, where the initial and steady-state
electromotive force of a non-isothermal cell is linked to the heat of
transport of the electrolyte [15]. Results achieved with these methods
suggest that the Soret coefficients of electrolytes depend strongly on the
concentration [15] and size of the transported particles [4]. It has been
also suggested that a supporting electrolyte can significantly enhance
thermodiffusion in dilute solutions [8], but the hypothesis was not
experimentally confirmed due to the lack of a suitable measurement
technique. Later, the presence of the Soret phenomenon for a trace ion
in a supporting electrolyte was observed in a study of mass transport at
hot microelectrodes [2], but due to the complicated nature of the ex-
perimental setup, the effect could only be studied qualitatively.

Here, we show how thermodiffusion of a trace ion can be studied
with electrochemical impedance spectroscopy (EIS) in a non-isothermal
thin cell. Impedance spectroscopy has been previously utilized in non-
isothermal systems only by the periodical modulation of the tempera-
ture of the working electrode, a method known as thermoelec-
trochemical impedance [16]. However, the determination of the Soret
coefficient using this approach is problematic because the temperature
gradient can be poorly defined. Here we show that by applying a
temperature gradient between the working electrode (WE) and the
counter electrode (CE) in a thin cell, it is possible to study its effect on
the mass transport and to measure the ionic Soret coefficient of the
reacting trace ions.
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2. Theory

We consider one-dimensional transport of a redox species in a thin
cell, with the WE at x = 0 and the CE at x = h. In excess of a supporting
electrolyte, migration is negligible and the molar flux density of species
i(i=0,R)is [17]
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where D, ¢; and or; are the diffusion coefficient, the concentration and
the Soret coefficient of species i, and 6; = o07;AT/2 with
AT = T(h) — T(0). The assumption of temperature independent diffu-
sion coefficients introduces a negligible error when AT is moderate
[15], especially in the case of constant average temperature in the cell.
In the second equality of Eq. (1), a linear temperature distribution has
been assumed and the dimensionless spatial coordinate £ = 2x/h —1
has been introduced. The concentration distribution under Soret equi-
librium (j; = 0) is €;eq(&) = Sieqe” * 9% and the surface concentra-
tions at the WE (¢ = —1) are

@
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where ¢ = (1/2)f ,llci’eng is the average concentration and
Eo; = 20;/(1 — e~ 2%) is the thermophoretic factor of species i.

The relation between the flux density and the current density i(t) is
jole= =1 = —Jjrle= =1 = i()/F. Electric current perturbs the equili-
brium distribution so that

ci(§,t) = cieq (&) + 8¢ (§,1) 3)
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where the +(—) sign in the left hand side of Eq. (4) applies to species R

(O). The continuity equation 08c;/dt = — 9j;/0x can be written as
o 6501' Y 650; 6256,-
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where tp; = h?/4D;. Since 8¢;(£,0) = 0, the Laplace transform of Eq. (5)
is

tp.iSC; = 9.@ + d%;
T ag T e ®)
where ¢, = J‘;m 8c; (&, t)e™*dt , and its solution can be presented as
G (§) = Aineni® — Bir et 7)
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Integration of Eq. (5) with respect to ¢ and the condition
Jile= -1 =jile=1 imply (8/96)f _1'8cidé =0 and hence f_ll cd¢ = o.
Thus, we conclude that B; = A;sinhry;/sinhr,;. Moreover, since
rl,,-z + i 9,- = rg’iz —TIa; Gi =Tl = tD,i55 Eq. (4) lmplleS that
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Thus, A; can be solved in terms of the Laplace transform of the
current density, I (s). Substituting these values of A; and B; into Eq. (7),
the concentration of species i is

_ i(s) rl,,»e’lviér sinh ry; — rz,,‘e"zﬂf sinh 7 ;
g ==

" 2FD;/h Ip,iS sinh 2pi (10)

and its value at the WE (¢ = —1) is

68

Journal of Electroanalytical Chemistry 820 (2018) 67-73

)' an

The net current equals the difference in the rates of the oxidation
and reduction reactions

i 1
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where # = E — Eq is the overpotential, a is the transfer coefficient,
kox,eq = kO exp [af(Eeq - EO’)] and kred,eq = ko exp [(a - l)f(Eeq - EO’)]
are the equilibrium rate constants, k° is the standard rate constant, and
f = F/RT(0). Note that the temperature T(0) = T — AT/2 of the WE
differs from the average temperature T. Since the Soret effect changes
the equilibrium surface concentrations, Eq. (2), the Nernst equilibrium
potential of the WE is
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(13)
At equilibrium (i = 0, n = 0), the oxidation and reduction reactions

occur at the same rate, which defines the exchange current density

ip = Fkox,eqclg,eq = i(;) (ES,O)O‘(ES,R)l_a

where i” = Fk%(co®)(cg?) ~%
Since Eq. (11) shows that c; — c’;¢q is proportional to the current
density, the linearized form of the current-overpotential equation is
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and its Laplace transform is
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Using Eq. (11) the electrochemical impedance Z = 7/Ai is

Z(s) = Ry+
6o

_ efo-1 1
2 Osinh2pq / tp,0s
efR—1 1
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where Ry = 1/(fAiy) = R(T — AT/2)/(FAi,) is the charge-transfer re-
sistance, A is the WE area, and R’ieq = RT(O)h/(2F2ADl-csi,eq) is the
ohmic resistance associated to species i. The zero-frequency (tp ;5 — 0)
limit of Eq. (17) is

Z(w — 0) = Ry + R(S),eq [1+ L] + R}g,eq [1+L(Or)]

RCS),eq (pO tanhPo +

< [
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where L(x) = coth (x) — 1/x is the Langevin function. For small tem-
perature gradients (6; < 1), the impedance reduces to

-1
(1 - %) Z(s) ~ R2[1 — afo — (1 — a)6g]

Rb tanh | [D,OS - L(21 tD,OS)eo
+
0 R fD!()S
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+
R JID,RS (19)
where R’ = RT/(FAi{) and we have used oq;/c”> = Eg; = 1 + 6; and
T(0) =T — AT/2.
In the isothermal case (6; = 0, p; = ./tp,;s) the thermodiffusion im-

pedance includes the tanh-type elements characterizing diffusion in a
thin-layer cell [18]

tanh | /jwtp o Rbtanh Joots
+
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which at zero frequency reduces to Z(w—0,0;—0) = R’
+ Ro® + R where R? = RTh/(2F?AD;c?). In the non-isothermal case,

Z(w) = Sli%Z(s) =R2 4+ R}
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Fig. 1. The thermodiffusion impedance circuit. Rg, is the ohmic resistance, Cg4 the double layer capacitance, R, the charge transfer resistance and TD the ther-

modiffusion element.

from Eq. (18) or (19), the zero-frequency limit of the impedance is

AT AT
Z(w - 0) ~ (1 - %){Ra [1- abo + (c — 1)6r] + Rob(l - GT%) + R}g(l - OT%)}

2D

Eq. (21) shows that an increase in the temperature difference (i.e. an
increase of the temperature of the CE with respect to that of the WE)
leads to a decrease in the low-frequency resistance. From the limit o —
0, and measurements with different concentration ratios co’/cg?, it
seems possible to determine the individual Soret coefficients.

The model derived here predicts that two effects can be observed.
The first effect of the temperature gradient is the change in the equi-
librium concentrations at the electrode, Eq. (2), which has a small effect
on the observed equilibrium potential and exchange current density,
i.e. on the transfer kinetics. The second effect stems from thermo-
diffusion, i.e. mass transport, which is overlapped with “ordinary”
diffusion and taken into account in the transport element. The
equivalent circuit of the impedance in Eq. (17) is shown in Fig. 1. In
some cases, it might be beneficial to analyze the impedance at the limit
o — 0, by extrapolating the experimental data towards the real im-
pedance axis.

3. Experimental

The measurements were done in a custom made thin cell consisting
of two (PVC) polymer blocks (Fig. 2). The bottom block had flow
channels carved onto it, so that electrolyte could be pumped through
the cell. The bottom block also had an aperture for the working elec-
trode, a platinum cylinder (5 mm in diameter) connected to a copper
rod by a gold solder. The rod ran through the bottom block before being
connected to a larger copper block, which acted as a heat sink. The WE
was aligned with the level of the flow channels, creating an even inner
surface in the cell. The top block was sealed to the bottom with a thin
rubber gasket. Aligned with the WE was the counter electrode: an

TC,
Cu”
Pt, CE )
& ‘ hy = 1.00mm
Ag/AgClL RE 7 i —
A
Pt, WE \‘/ hy = 1.00mm
Cu’

TC,

identical platinum cylinder (5 mm in diameter) soldered to a copper
screw, which ran through the top block. The screw acted as a heat
source: a few cm of it stuck outside the cell, and resistive wire was
wrapped around it. The screw could be turned, enabling the control of
the distance between the two electrodes to a certain extent. A 260 pm
thick glass fiber separator (GF/A, Whatman, UK) was placed between
the electrodes to prevent short circuiting, and a thin Ag/AgCl electrode
was placed near the two platinum electrodes, before the cell was closed
with screws. The joints between the copper parts and the plastic blocks
were sealed with two-component silicon sealant. The temperatures of
the platinum cylinders were measured at a distance of 1 mm from the
surface with two K-type thermocouples, placed in holes drilled through
the copper rod and screw and into the platinum cylinders. Because the
thermal conductivity of platinum in 298 K is much larger than of water
(71.6Wm 'K~ ! and 0.61 Wm™' K™%, respectively [19]), the mea-
sured temperatures were consider to be equal to those at the electrode
surfaces: if the distance between the two electrodes is 0.26 mm and
filled with water, approximately 94% of the measured temperature
difference at 1 mm distance from both surfaces resides in the water. The
temperature of the copper block in contact with the WE (Cu’) was
controlled with a Peltier-element (MCPK2-19808 AC-S, Multicomp,
USA), and the temperature of the other copper block (Cu”) was con-
trolled with a resistive wire and a power source (SPD3303C, Siglent
Technologies, China).

The electrodes were heated to the desired temperatures ( + 0.5 °C)
keeping the average temperature of the cell constant at T = 298 K. A
solution of the desired concentrations of K4;[Fe(CN)g] (99%, from tri-
hydrate salt, Sigma-Aldrich) and K5[Fe(CN)¢] (p.a., Merck) in 0.5 mol/L
KCl (Ph. Eur., VWR) supporting electrolyte was prepared in ion-ex-
changed water and purged with humidified N, gas to remove oxygen.
The ferro/ferricyanide solution was then pumped through the cell with
a peristaltic pump (IPN, Ismatec, Germany). The impedance was mea-
sured at the open-circuit potential in the frequency range of
100kHz — 1 mHz. The impedance data was fitted to the model circuit

Fig. 2. Left: Schematic of the measurement setup and the cell diagram. The WE (lower block) and the CE are platinum, and the reference electrode is a thin Ag/AgCl
wire. A 260 um glass fiber separator is clamped between the WE and the CE. Two copper blocks, Cu’ and Cu”, are used as the heat sink and source, respectively. The
temperatures of the electrodes are measured with two K-type thermocouples at 1 mm distance from the electrode surfaces and controlled with a Peltier element and a
heating wire. The temperature gradient runs vertically through the cell. The colder side is at the bottom to reduce thermal convection. Right: 3D sketch of the cell.
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Fig. 3. Simulated thermodiffusion impedance (f = 100kHz — 1 mHz) corre-
sponding to the bulk concentrations co® = cg” = 5 mmol/L, electrode diameter
d=5mm, T =298K,Ro=1Q, Cq=5pF, Ry =>5Q,and Do = Dy = 10>
cm?/s. The impedance spectrum is sensitive to the Soret coefficient (panel (a))
using moderate temperature gradients (panel (b)), but it is also very sensitive to
cell parameters like the cell thickness h (panel (c)). The simulation with
or,0 = orr = 0.01 K™!, AT = 30K and h = 500 um is shown in black in the
three panels to help their comparison.

0 500

using the Matlab impedance fitting code Zfit (v.1.2) by Jean-Luc Dellis
[20].

4. Results and discussion
4.1. Simulations

The impedance of the equivalent circuit with thermodiffusion ele-
ments (Fig. 1) exhibits two semicircles: the first one is due to the charge
transfer resistance in parallel with the electrode capacitance, and the
second one due to mass transport in a confined space. Fig. 3 shows the
effect of varying oro = orr, AT and h on the impedance calculated
from Eq. (17). The bulk concentrations co" = cR" =5 mmol/L, elec-
trode diameter d =5 mm, average temperature of the system
T = 298 K, solution resistance Ro =1 Q, double layer capacitance
Caq1 = 5 YF, charge transfer resistance R = 5 Q, and diffusion coeffi-
cients Do = D = 10~ °cm?/s are kept constant. Keeping AT = 30 K
constant and increasing the Soret coefficient from 07,0 = or,g = 0.001
K~! to 0.005 K™ results in a small but clear decrease in the low-fre-
quency impedance (Fig. 3a). The larger the Soret coefficient, the
smaller the low-frequency impedance is, as the Soret effect enriches the
ions at the colder WE surface. Varying the temperature difference from
—30K to +30K results in impedance curves (Fig. 3b) significantly
different from that of an isothermal cell, Eq. (20). Changing the cell
thickness h has a dramatic effect on the size of the second semicircle:
the maximum value of —Z" increases linearly with h (Fig. 3c). Note that
the lowest frequency considered, f = 1 mHz, satisfies the limit f < D;/h*
(which corresponds to tp;s<1) when h = 0.25mm but not when
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Fig. 4. Simulated impedance (f =100 kHz-1 mHz) with AT =30 K and
h = 500 pm. The values of the parameters co? = g% d, T, Ro, Cai, and Ry, are
the same as in Fig. 3. The impedance is weakly sensitive to the ratio of Soret
coefficients of the reduced and oxidized species (panel (a)) and it is quite
sensitive to the ratio of their diffusion coefficients (panel (b)) and to the values
of the diffusion coefficients when they are the same for both species (panel (c)).
The simulation with o7 = org = 0.01 K™' and Do = Dg = 10™° cm?/s is
shown in black in the three panels.

h = 1.0mm. The key role of the cell thickness on the frequency de-
pendence of the impedance can also be analyzed using the Bode plots in
Fig. SI.1 of the Supporting Information.

The model takes into account that the diffusion and Soret coeffi-
cients of the oxidized and reduced species might be different. Fig. 4
shows how the impedance changes when these coefficients are altered
while keeping AT = 30 K, h = 500 pm, and cob, cﬁ’, d, T, Rg, Cq, and R
as in Fig. 3. Fig. 4a shows the case where the reduced and oxidized
species have the same diffusion coefficients and different Soret coeffi-
cients. It is observed that the impedance is not very sensitive to the
difference in the Soret coefficients, although it is sensitive to their va-
lues (Fig. 3a). Fig. 4b shows the case where the reduced and oxidized
species have the same Soret coefficients and different diffusion coeffi-
cients. The diffusion coefficient for the oxidized species is kept constant
at Do = 10~° cm?/s, and the value for the reduced species is changed.
As Dy increases, the transport of the reduced species is enhanced and
the impedance decreases, and vice versa. In Fig. 4c, the two species
have the same diffusion coefficient, but its value is decreased from
Do = Dg = 10~ ° cm?/s while the Soret coefficient is kept constant at
oro = orr = 0.01 K™1. The comparison of Figs. 4c and 3a highlights
the difference in sensitivity towards the value of the diffusion coeffi-
cient and the Soret coefficient. From the case with
Do = Dg = 107° cm?/s and 07,0 = org = 0.01 K~! (shown in black in
the three panels of Figs. 3 and 4 to help their comparison), a 20% de-
crease in the diffusion coefficient to Do = Dg = 0.8 x 10~ ° cm?/s has
almost the same effect as reversing the direction of the temperature
gradient from 30K to —30K (compare to Fig. 3b).

4.2. Experimental results

The theoretical model predicts the shape of the impedance spectra
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as a large semicircle, which approaches the real axis at low frequencies.
For the typical case of positive Soret coefficient or;, a positive tem-
perature difference, Twg < Tcg, enhances the mass transport to the
working electrode. This should manifest itself as a decrease in the size
of the low-frequency semicircle. The measurements confirm this pre-
diction.

The simulations show that the impedance is very sensitive to h, Do,
and Dy (Figs. 3c and 4c), and not so sensitive to the Soret coefficient or
the temperature difference (Figs. 3a, b and 4a). The cell thickness h and
the diffusion coefficients D; appear in the expression of the impedance
through the diffusional times tp; = h2/4D;. Hence, the values of h and D;
cannot and need not be fitted separately. The ratio of the diffusion
coefficients of the ferrocyanide/ferricyanide redox couple is particu-
larly important (Fig. 4b). The usual assumption of Do = Dy is likely to
cause significant error in the analysis; on the contrary, the effect of O
and R having different Soret coefficient is negligible (Fig. 4a). The ratio
Dg/Dg can be approximated by its value at infinite dilution and 298 K,
the average temperature in the cell. Since Do = 0.9 x 10~ ° cm?/s and
Dr = 0.73 x 10" °cm?/s at infinite dilution [21], we have fixed Dg/
Do = 0.81. Then, in order to determine the value of the Soret coeffi-
cient with a meaningful precision, only the diffusional times tp g have to
be determined accurately; tp o can be calculated from tp r and Dr/Do.

For every concentration, the impedance was measured with and
without temperature gradient, at T = 298 K. The isothermal measure-
ment was used to determine some cell parameters, which were then
used in the analysis of the non-isothermal impedance, thus decreasing
the number of fitting parameters in the latter. The fitting procedure is
now explained in detail. First, the ohmic resistance was determined and
fixed as the point where the high frequency impedance should intercept
the real axis. The concentrations were taken as their targeted values.
Initial values for the parameters were obtained from an educated guess:
the effective surface area A was estimated as geometric area and tpr
was estimated as 54.8 s from Dy = 0.73 X 10~ ° cm?/s and an estimated
thickness h of 400 um. Then, the high-frequency data (21 points,
100 kHz-10 Hz) were fitted to the isothermal model, which gave values
of the kinetic parameters: the charge transfer resistance R.; and the
parameters of the constant phase element, 1/Zcpg = (jw)"Q where
n < 1. Subsequently, the values of the kinetic parameters were locked,
and A and tp g were used as fitting parameters for the whole frequency
range, yielding an adequate fit for both high and low frequencies. The
separate fitting of the high frequency range was necessary to ensure
that physically meaningful values were obtained; the low frequency
data with the larger modulus gets a larger weight in the fitting process.
Without the above mentioned procedure, the frequency exponent of the
CPE, n, tended to set between O and 0.5, which clearly does not re-
present reality at high frequencies, although it showed a nice fit to the
experimental impedance at low frequencies.

Fig. 5 shows experimental results for co® = cg® = 10 mmol/L,
where (a) shows the isothermal measurement and (b) the measurement
with a temperature gradient. The circles represent the experimental
points and the lines are fit results. The inset in Fig. 5a shows the result
from the high frequency fit. The frequency dependence of the im-
pedance can also be analyzed using the Bode plots in Fig. SI.2 of the
Supporting Information. The ohmic resistance is 0.50 Q, and the high
frequency semicircle corresponds to the equivalent circuit of a charge
transfer resistance and a capacitor (CPE) connected in parallel. The
larger figure shows the whole frequency range, where the impedance
has bent towards the real axis, as the finite thickness of the cell begins
to show in the lower frequencies, and approaches the value 620 Q. To
indicate the sensitivity of the fit towards the cell thickness, the dashed
lines in Fig. 5a represent = 5% changes in the cell thickness; roughly
equivalent to + 10% changes in tp r. The surface area shows similar
sensitivity.

After fitting the isothermal measurement, the corresponding non-
isothermal measurement was analyzed. The ohmic resistance was first
determined and fixed. The surface area and the cell thickness were
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obtained from the isothermal measurement and it was assumed that
their values remain unaffected by the applied temperature gradient.
Again, the values for the CPE and R. were first obtained from the
analysis of the high frequency data. Then, the Soret coefficient was the
only fitting parameter in the analysis of the whole frequency range. The
resulting fit for 10 mmol/L is shown in Fig. 5c as the solid line. The high
frequency range is shown Fig. 5d. The two dashed curves in Fig. 5c
correspond to + 50% changes in the Soret coefficient. These curves
evidence that the model is rather insensitive towards the Soret coeffi-
cient, and the uncertainty of the values calculated is at least 50%. This
should be kept in mind when analyzing the results further.

Table 1 lists the best fit parameters of measurements in different
concentrations: 50 mmol/L, 10 mmol/L, 5 mmol/L, and 1 mmol/L. The
effective area is in very good agreement with the geometrical area. The
diffusional time tp g is also in very good agreement with its estimation
based on the cell thickness and the diffusion coefficient at infinite di-
lution. The slight variations observed in tpr could be related to the
concentration dependence of the diffusion coefficient [22]. The ohmic
resistance changes only slightly from one experiment to another. The
electrode capacitance shows larger fluctuations.

The charge transfer resistance R in Table 1 shows only small but
aleatory changes between the isothermal and non-isothermal cases. The
predicted effect of a temperature gradient to R stems from two factors:
the decrease in the electrode temperature, Eq. (17), and the decrease in
the exchange current density due to the Soret effect, Eq. (14). A tem-
perature difference of 10 K between the electrodes results in 5K tem-
perature decrease at the WE from the average temperature, ignoring the
heat transfer losses. At 298 K this should result in a decrease of < 2%
for R... The impact of the Soret effect is more complicated to analyze
thoroughly. If the Soret coefficients of the species are different, the
analysis requires not only their values but also the charge transfer
coefficients in Eq. (14). If their Soret coefficients are identical, as as-
sumed in this study, the Soret effect slightly increases the exchange
current density, which also decreases the charge transfer coefficient.
However, the latter effect is likely to be even smaller than the former,
and the variation observed here cannot be fully explained and has to be
accepted as experimental error.

In the case of dilute solutions of simple monovalent electrolytes, the
Soret coefficient has been reported to decrease linearly with increasing
square root of the ionic strength I = (1/2) 2 2;2c; [15]. With multivalent
electrolytes and more concentrated solutions, the interactions between
solvent and solute become more significant and complicated, and the
dependence has been reported to deviate from linear behavior [3,12].
In the studied ionic strength range, the Soret coefficient is known to
decrease with increasing ionic strength and our determinations of the
apparent Soret coefficient of the ferro/ferricyanide ion are in agreement
with both other experimental methods [12,15] and simulations [23].
Our results are also consistent (solid line in Fig. 6a) with the linear
decrease with increasing I'/? arising from the influence of the Debye
length on the dependence of the Soret coefficient [15]; note the
0.5 mol/L KClI supporting electrolyte. However, given the narrow range
of ionic strength, a linear decrease with increasing I might also fit our
results (dashed line in Fig. 6a). Since the Soret coefficient determined
from impedance spectroscopy have significant uncertainty, as the ex-
periments in the lowest ionic strength clearly show, further quantitative
analysis at this point is otiose. The low precision stems from the fact
that the Soret coefficient is usually small, and as it appears in the model
inside an exponent, the sensitivity suffers. One strategy could be to
apply a larger temperature difference, but a too high value would likely
increase the convection near the electrodes.

Although the Soret coefficient is determined here with some un-
certainty, its value is of the right order of magnitude. According to our
results, the apparent Soret coefficient for the ferro/ferri redox-couple in
the 1-10 mmol/L concentration region (in 0.5 mol/L KCl) is between
6x 1073 K™ ! and 8 x 1072 K~'. This is in agreement with other
studies in the literature: for K4Fe(CN)¢ in 10 mmol/L (without
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Fig. 5. EIS of 10 mmol/L Fe(CN)¢*~ /Fe(CN)s>~ in 0.5 mol/L KCl measured (f = 100 kHz — 1 mHz) at OCP and T = 298 K. The symbols represent experimental
results and the solid line is the best fit to Eq. (17) with the parameter values shown in Table 1. Panel (a) shows the isothermal case and panel (c) a non-isothermal case
with AT = 10 K. Panels (b) and (d) show the corresponding high frequency data fit. The dashed lines show how the fit changes: (a) when the cell thickness h is

changed by + 5%, and (c) when the Soret coefficient oy is changed by + 50%.

Table 1

Best fit parameter values for different concentrations and temperature differ-
ences. In the isothermal measurements, A and tp g were the only fitting para-
meters for the whole frequency range. In the non-isothermal measurements, or
was the only fitting parameter for the whole frequency range. In both cases, Ro,
Q, n and R, were obtained from the analysis of the high frequency data.

c¢/mmol/L  AT/K Ro/Q R/Q QWF n A/em®  tpp/s  10%07/K 1
50 0 0.54 0.47 2900 0.64 0.20 51.6 -
10 0.53 0.48 1800 0.67 1.8
10 0 050 1.1 70 0.87 0.20 495 -
10 0.37 20 69 0.87 6.0
5.0 0 0.50 3.2 71 0.83 0.26 50.8 -
10 0.45 28 62 0.85 6.6
1.0 0 0.60 66 54 0.84 0.19 56.2 -
10 070 71 100  0.78 4.2
10 073 110 68 0.82 7.1
20 057 77 150  0.72 9.1

supporting electrolyte) the Soret coefficient has been reported as
5.2 x 1073 K~! [13] and in 2mol/L KCl supporting electrolyte as
5x1073K™' — 10 x 1073 K~ ' in 50 mmol/L [2]. With the literature
lacking more extensive data on the concentration dependence of the
Soret coefficient and the effect of the supporting electrolyte, a com-
prehensive analysis on the validity is impossible.

The effective surface area remains very close to the geometrical
surface area of 0.196 cm? in all the experiments (Table 1). The cell
thickness varies very little from one experiment to another, indicating
that the cell assembly (tightening of the screws) contributed only little
to its experimental variation. The dispersion of the values of these
parameters can be graphically assessed by calculating the ohmic re-
sistance associated with species i, Eq. (17). For the oxidized species,
R'oeq = RT(O)h/(z.FZADoCbO,qug,()) should be a linear function of the
reciprocal surface concentration at equilibrium, and Fig. 6b indeed
shows a reasonable linear trend.

5. Conclusions

Although the Soret effect affects both the mass transport and the
reaction kinetics, the latter effect was found to be negligible. Therefore,
the study focused on the mass transport effects of thermodiffusion. The
mass transport in a thin-layer cell is visible in the Nyquist-plot as a low-
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Fig. 6. (a) The Soret coefficient of the reacting species decreases with in-
creasing ionic strength. The symbols represent measurements in different con-
centrations of the ferro/ferri couple: 50 mmol/L (triangle), 10 mmol/L (dia-
mond), 5 mmol/L (square), 1 mmol/L (open circles are different measurements
and filled circle is their average); note the 0.5 mol/L KCl supporting electrolyte.
The solid line shows the best fit for a linear decrease with increasing square root
of the ionic strength, in agreement with the theoretical predictions and ex-
perimental observations in Ref. [15]. Our results, however, are not conclusive
as to the dependence on I. The dashed line shows the best fit for a linear de-
crease with increasing I, which could also be consistent with our results. (b) The
resistance  associated with the oxidized species, R’geq = RT(0)h/
(2F2ADOCO"E3,O), calculated with the parameters in Table 1 and the diffusion
coefficient corresponding to infinite dilution at 298 K. The resistance increases
linearly with the reciprocal surface concentration in Soret equilibrium.

frequency semicircle, with the curve bending towards the real axis at
low frequencies. In isothermal conditions, it is a function of the thick-
ness of the cell, the concentrations of the reacting species, and their
diffusion coefficients. When a temperature gradient is imposed to the
cell, the temperature difference of the two electrodes, and the Soret
coefficient appear as additional parameters in the model. In the case of
a positive temperature difference (WE is colder than the CE) and a
positive Soret coefficient (thermophobic behavior), the Soret effect
decreases the diameter of the semicircle, i.e. enhances the mass trans-
port towards the WE. Should the Soret coefficient be negative, the size
of the semicircle would increase. Here, the former case was experi-
mentally verified.
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The simulations showed that although the Soret effect is clearly
visible in the impedance spectrum, this spectrum is very sensitive to the
diffusional times tp; = h2/4D;. Therefore, these times need to be pre-
cisely known before determining the Soret coefficients from the ex-
periments. Here, the problem was addressed by fixing the ratio Dg/Do
of the diffusion coefficients to its value at infinite dilution, and de-
termining tp g from isothermal measurements.

Previous research into the thermodiffusion of the ferro/ferricyanide
redox-couple in KCl supporting electrolyte suggests that their Soret
coefficients might be different [2] (the author estimated a relatively
small difference of 2 x 1072 K1). Our simulations, however, sug-
gested that observing the difference of the Soret coefficients of the
different species is by no means straightforward using EIS. As one
species having a slightly different Soret coefficient changed the im-
pedance spectrum only slightly, studying their relative differences with
accuracy in the present experimental conditions would be difficult. As
suggested at the end of Section 2, it could be possible to estimate this
with experiments at different concentration ratios of the reduced and
oxidized species, and to verify the reported difference. However, such
experiments were deemed outside the scope of the study. The Soret
coefficient was determined in different concentrations and the results
confirmed that the coefficient decreases with increasing ionic strength,
which agrees with the observations made using other experimental
techniques as well as MD simulations [12,15,23]. Moreover, within the
studied concentration range, our results are consistent with a linear
dependence of the square root of the ionic strength, as predicted the-
oretically in dilute solutions [15]. However, as the range is relatively
narrow, they are also consistent with, e.g., a linear decrease of the Soret
coefficient with increasing ionic strength, and should be considered
inconclusive as far as the exact dependence on the ionic strength is
concerned. Because the values obtained here have a significant un-
certainty, future efforts should be focused on improving the setup and
increasing the reproducibility of the results. Several strategies could be
pursued, e.g. decreasing further the cell thickness and decreasing the
surface area of the electrode. Nevertheless, we have successfully shown
that the Soret coefficient of a trace ion can be determined using im-
pedance spectroscopy and have obtained results in agreement with
literature data.
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Supplementary data to this article can be found online at https://
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Compared to the Nyquist plots used in the main text, the Bode plots presented in this Supporting
Information file show more clearly the impedance information in the frequency domain. Thus, the
frequency regions where different parameters, associated to different electrochemical processes, are
relevant may become clearer. Figure SI.1 shows the simulation results for the effect of the cell thickness
in the impedance. Actually, the impedance is very sensitive to the diffusion time, which combines the cell
thickness and the ionic diffusion coefficients, but concentrating on the cell thickness % helps in
understanding the key role of mass transport in a confined space (an electrochemical thin cell) on the

impedance.
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Figure SI.1. The Bode plots of the simulated thermodiffusion impedance clearly illustrate the
effect of the cell thickness h on the spectrum. These simulations correspond to bulk
concentrations c§ = c¢2 = 5mmol/L, electrode diameter d =5 mm, T = 298K, Ry =1Q, Cq = 5 uF,
Ry =50, and Dy = Dg = 107°cm?/s. The color code is the same as in Fig. 3c of the main text. The
frequency range considered here has been chosen to clearly illustrate the effect of the cell

thickness and it does not correspond to the frequency range analyzed in the experiments.



Figure SI.2 shows the Bode plots of the experimental results for 68 = CE = 10 mmol/L, both for
the isothermal measurements and for the measurements with a temperature gradient. The circles represent

the experimental points and the lines are fit results. See the discussion of Fig. 5 in the main text for

further details.
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Figure SI.2. Bode plots of the measured EIS of 10 mmol/L Fe(CN)¢ /Fe(CN)Z™ in 0.5 mol/L KCI
measured (f =100 kHz — 1 mHz) at OCP and T =298 K. The symbols represent experimental
results and the solid line is the best fit to eq. (20) with the parameter values shown in Table 1.
Panels (a) and (b) show the magnitude and argument of the complex impedance in the isothermal
case. Panels (c) and (d) show the magnitude and argument of the complex impedance in the non-
isothermal case (AT = 10K). The dashed curves show how the fit changes: (a) and (b) when the
cell thickness & is changed by =5 %, and (c) and (d) when the Soret coefficient o is changed by
+50 %; the dashed curves practically overlap with the solid curves in the plots of the argument of
the impedance.
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