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ABSTRACT

Recently, ionic thermoelectric supercapacitors have gained attention owing to its high electromotive force (EMF) of 10 mV/K. In
ionic thermoelectric supercapacitors, the high EMF has been achieved using redox-inactive ions in an open circuit condition. Herein,
we theoretically estimated EMF generated in the Stern layer, and the diffuse layer by taking into account the temperature gradient
and the Eastman entropy of transfer. The EMF is obtained by solving self-consistent equations using the adsorption isotherm as
schematically shown in Fig. 1. The Grahame equation has been generalized to consider the parts in the dotted line in Fig. 1.

The current density of cations ( j+) can be expressed using the cation concentration(n+), diffusion constant of cations (D+),
electric field (E), the valency of cations (z) and the elementary charge (q) as
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where Ŝ+ = α+kB indicates the Eastman entropy of transfer and α+ is the dimensionless Eastman entropy of transfer. Using
E(x) =−∂ψ(x)/(∂x), Eq. (1) can be integrated. As the boundary condition, we consider the surface charge density (σ).

The generalized Grahame equation is obtained as∣∣∣∣ z+qΨi
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where εr and ε0 are the relative and vacuum dielectric constant of electrolyte, respectively; we used cosh−1(x) = ln(x+
√

x2 −1) if
x ≥ 0. The quantities with the subscript i are those at the closest distance to the electrode. The quantities with the subscript m
are those at distances away from the electrode so that the charge neutrality can be assumed in the electrolyte. The EMF of 2−3
mV/K is estimated after solving the self-consistent equations.

𝜃h𝜃c Coverage of adsorbed 
cations

𝑛h Boundary condition 
for cation conc.

Adsorption equilibrium 

6 Electrostatic theoretical results

Here, we focus on changes in the adsorption-desorption equilibrium of cations with the vary-

ing temperature of PEDOT:PSS electrodes. We assume that cations can be adsorbed to

PEDOT:PSS electrodes by considering that PEDOT:PSS is negatively charged because of

SO�
3 -groups on PSS.46,47 It has been experimentally demonstrated that ��V/�T increases

by increasing PSS contents in the electrode.4 Anions are reflected by the PEDOT:PSS elec-

trodes, which is consistent with the results of recent molecular dynamics simulations.47 The

coverage of adsorbed cations in the adsorption layer is denoted by ✓, and the temperature

of the electrode is denoted by Ti. The electrostatic potential applied to mobile ions at the

closest distance from the electrode is denoted by  i. When the temperature gradient in the

di�use layer cannot be ignored, the Grahame equation can be generalized for ↵ = ↵+ = ↵�

as (see ESI Part S8),
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where cosh�1(x) = ln(x +
p
x2 � 1) for x � 0,48

Tm = (Th + Tc) /2 indicates the average

temperature, nb is the bulk concentration of mobile cations, ✏r is the relative dielectric con-

stant of electrolyte, and �(✓) is the surface charge density for a combined medium composed

of an electrode and an adsorption layer with the coverage of adsorbed ions given by ✓. The

generalized Grahame equation is one of the important results of the paper. We assume

�(✓) = z�q⇢s(1 � ✓), where ⇢s indicates the surface density of the negative charge on the

electrode. If the electrode is completely covered with adsorbed cations, the electric field

from the electrode is completely diminished. By considering that the combined medium

composed of an electrode and an adsorption layer is negatively charged (�(✓) < 0), because

z� is negative, z+q i/ (kBTi) is negative; accordingly z+q i/ (kBTi) given by eq (S47) in ESI

Part S8 is negative.

When electrolyte is present between the cold and hot electrodes, we obtain the following
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Figure 1: Theoretical formulation of thermoelectric supercapacitors: Grahame equation is generalized for the parts in the dotted
line.
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