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Abstract

The reversible heat of electrical double layer (EDL) formation in porous carbon has been
investigated several times since 2006, typically by measuring the combined heat production of
the anode and the cathode in an electrochemical cell. In this work, the heat of EDL formation is
instead determined at one electrode. Our aim is to use this approach to determine the EDL
formation heat for one type of counterion at a time.
To measure the EDL formation heat at one electrode, two calorimetric setups are built, both of
which contain a three-electrode cell in which only the heat generated at the working electrode is
measured. The first setup uses thermometers to conduct a temperature difference measurement,
while the second measures the heat directly using a heat flux sensor.
The reversible heat, which is the heat of EDL formation, can be separated from the irreversible
heat by comparing the total measured heat during charging and discharging. Results obtained
with the temperature difference measurement setup show that the heat of EDL formation is
higher with Cl− or F− counterions than with Na+ counterions. This is ascribed to different ionic
radii giving rise to different entropic changes during EDL charging. A simple, exclusively
entropic model is developed based on this concept. It is capable of reproducing the experimental
results with reasonable ionic radii and micropore volume as input. Accounting for the ionic radii
appears to be necessary to explain the difference in EDL formation heat between Na+

counterions and Cl− or F− counterions.
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1 Introduction

Electrical double layers (EDLs) are structures consisting of a charged object or surface and a
layer of counterions, as illustrated in Figure 1. Electrical double layers are ubiquitous: they form
around colloids, on electrodes and on various other charged surfaces. EDLs have been the subject
of scientific investigation for over a century and continue to be studied actively to this day [1].

Figure 1: Schematic illustration of EDL formation on two charged surfaces. One EDL is formed
on each surface. The surfaces are charged up by applying a potential difference between them.

One important system in which EDLs are formed is the water desalination process called
capacitive deionisation (CDI). Water desalination processes are employed to turn brackish water
into drinkable freshwater, which will likely be available in decreasing quantities from natural
sources due the growing world population and changes in the worldwide climate [2, 3].
In CDI, brackish water is led into a compartment in which two porous carbon electrodes draw in
anions and cations when a voltage is applied. The salt concentration in the water drops as ions
accumulate in the pores of the electrodes. Once the EDLs in the electrodes are fully charged, the
desalinated water is removed from the compartment [2]. While the focus of this work is not on
CDI, it is on EDLs in porous carbon, and the porous carbon used in this work is the same
material that is used in CDI.

The porous carbon material typically used for CDI electrodes is activated carbon, which has a
large (1000 – 3500 m2g−1) specific surface area [2]. As a result, many ions can adsorb in the
material’s pores. The area of the smallest pores, the micropores (d < 2 nm), is particularly
important in this regard [2]. The ability of a CDI electrode to store many ions translates to a
high (ca. 20 Fg−1) capacitance [4, 5].

Most of our knowledge about EDLs in porous carbon electrodes comes from electrochemical
analyses and analyses of salt concentration. These can give information about the capacitance
and rate of charging of an EDL in porous carbon and about the occurrence of any
electrochemical side-reactions. However, several other properties of the EDL, such as changes in
enthalpy and entropy during charging and discharging, cannot be investigated through electrical
measurements alone. To investigate these properties, we will measure the heat of EDL
formation. This is a tiny heat effect, but the high capacitance of porous carbon allows an EDL
to be formed inside that is sufficiently large for its heat of formation to be measurable, which is
practically impossible for a flat plate EDL.

There have been few investigations into the heat of EDL formation since the first measurements
were reported 15 years ago. In 2005, heating was studied in commercial supercapacitors by
Schiffer et al. [6]. More than a decade later, heat effects in carbon electrodes in purpose-built
electrochemical cells were investigated by Janssen et al. [7] and Munteshari et al. [8] In both of
these studies, a CDI-style system with two parallel porous carbon electrodes in close proximity
to each other was used, as schematically illustrated in Figure 2 [7, 8].
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Figure 2: Schematic drawing of a two-electrode cell for heat measurements.

Measuring the heat of EDL formation requires the presence of a heat sensor of some kind, such
as a thermometer or a heat flux sensor [6–8]. The latter typically takes the form of
thermoelectric PVDF foil or an array of thermocouples connected in series [8, 9]. One procedure
for using a heat sensor to obtain the EDL formation heat is a chronoamperometric voltage step
experiment. In this type of measurement, the current and heat are measured while the electrodes
are charged by applying a cell voltage Vcell > 0 V for several hours and discharged by applying
Vcell = 0 V for the same duration. The reversible heat generated during such a charge-discharge
cycle is twice the heat of EDL formation [7].

While the work done by Janssen et al. [7] and Munteshari et al. [8] has been useful by providing
insight into the heat of EDL formation, by sparking theoretical studies and by demonstrating
highly effective calorimetric measurement methods, the results are still limited due to the use of
a two-electrode cell with only a small amount of electrolyte solution between the electrodes [7, 8,
10, 11]. When one measures the heat of EDL formation in a cell with two electrodes in close
proximity to each other, the measured heat of EDL formation is due to both an EDL in the
anode and an EDL in the cathode, whose counterions are anions and cations respectively. The
contributions of the two ionic species are difficult to separate.

The aim of this work is to measure the heat of EDL formation for one type of counterion. This
will require the construction of a cell that is optimised for measurements at one electrode.
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2 Theoretical background

2.1 Electrical double layers at flat electrodes

The most well-known theories of electrical double layers are Gouy-Chapman theory, also known
as Poisson-Boltzmann theory, and Otto Stern’s modification of the theory. Although other, more
modern theoretical models have emerged since Gouy-Chapman-Stern theory came about in 1924,
the theory still provides an acceptable description of the electrical double layer in certain cases
[12–15].

The following introduction of Gouy-Chapman theory is based on Schmickler’s Interfacial
Electrochemistry [15]. Consider a system in which a two-dimensional, planar electrode is located
at x = 0. The electrode has a surface charge density σ. There is potential ψ, which is related to
the charge density in the solution ρ via the Poisson equation, Equation 1. In this equation, ε0 is
the vacuum permittivity and εr is the relative permittivity of the medium.

d2ψ

dx2
=
−ρ(x)

εrε0
(1)

The charge density in the solution is dependent on the concentrations of the ions, following
Equation 2.

ρ(x) = ze[n+(x)− n−(x)] (2)

Choosing ψ(∞) = 0 and applying Boltzmann statistics gives Equations 3 and 4:

n+(x) = n0 exp

[
− zeψ(x)

kT

]
(3)

n−(x) = n0 exp

[
+
zeψ(x)

kT

]
(4)

where n0 = n+(∞) = n−(∞), the bulk ion concentration.

Substituting Equations 3 and 4 into Equation 2 and then substituting Equation 2 into Equation
1 results in Equation 5, the Poisson-Boltzmann Equation.

d2ψ

dx2
=
−zen0

εrε0

[
exp

(
− zeψ(x)

kT

)
− exp

(
+
zeψ(x)

kT

)]
(5)

The Poisson-Boltzmann equation may be linearised if zeψ(x)/(kT ) << 1, resulting in Equation
6. The screening constant κ in equation 6 is the inverse of the Debye screening length for a
symmetric, two-component electrolyte. The Debye screening length quantifies up to what
distance the electrostatic effects of charged objects are felt.

d2ψ

dx2
= κ2ψ(x);κ =

√
2NAv(ze)2n0

εrε0kT
(6)

Equation 6 may be solved if ψ(∞) = 0. The solution takes the form of Equation 7.

ψ(x) = A exp[−κx] (7)

In Equation 7, the pre-factor A is fixed by the charge balance condition, Equation 8, in which σ
is the surface charge density. ∫ ∞

0

ρ(x) dx = −σ (8)

From Equations 7 and 8, an expression for the potential ψ can be obtained.
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ψ(x) =
σ

εrε0κ
exp[−κx] (9)

From here, an expression for the charge density in solution ρ can be obtained. First, Equation 6
is combined with Equation 1 to give Equation 10.

κ2ψ(x) =
−ρ(x)

εrε0
(10)

Then, inserting Equation 9 into Equation 10 yields Equation 11 for ρ(x).

ρ(x) = −σκ exp[−κx] (11)

Finally, the linearised Poisson-Boltzmann equation also yields an expression for the capacitance
of the electrical double layer. This is Equation 12.

C = εrε0κ (12)

This solution only holds for low surface charge densities, due to the linearisation. Without
linearisation, the capacitance is given by Equation 13. For a 1:1-electrolyte, the capacitance then
follows the plot in Figure 3. The full derivation of Equation 13, starting from Equation 5, can be
found in Interfacial Electrochemistry [15].

C = εrε0κ cosh

[
zeψ)

2kT

]
(13)

Figure 3: Gouy-Chapman capacitance for a 1:1-electrolyte at different concentrations and different
potentials φ−φpzc, where φpzc is the equilibrium potential. Taken from Interfacial Electrochemistry
[15]. Note that φpzc is called ψzc in the rest of this work.

While non-linear Gouy-Chapman theory can account for higher surface charge densities σ than
the linear version of the theory, it still fails once the surface charge density becomes too high.
Additionally, non-linear Gouy-Chapman theory also breaks down when the ions’ concentrations
become too high. When the theory breaks down, the capacitance no longer follows Equation 13.
The capacitance instead follows Equation 14, in which CGC is the Gouy-Chapman capacitance
and CH is the Helmholtz capacitance [15].

1

C
=

1

CGC
+

1

CH
(14)

The cause of deviations from the Gouy-Chapman capacitance is the presence of a non-diffuse
part of the electrical double layer. This part of the double layer forms due to the finite size of
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the counterions and water molecules. Otto Stern’s modification of the theory accounts for the
finite size of the ions and water molecules by assuming that an adsorbed layer of counterions,
which are surrounded by water molecules, covers the charged surface [14]. Beyond this layer, at a
distance equal to at least the diameter of the hydrated ions, Gouy-Chapman theory takes over.
This is known as Gouy-Chapman-Stern theory.

While Gouy-Chapman-Stern theory provides an explanation for some systems that exhibit
non-Gouy-Chapman behaviour, it too breaks down at high concentrations of ions and at high
surface charge densities. Several other theories have been developed to describe systems with
these features [16] and significant progress has been made in simulations of electrical double
layers since the 1980s [17–20]. Recently, Density Functional Theory has also been employed to
study EDLs [21, 22]. However, despite these developments, the Gouy-Chapman-Stern view of
the EDL remains common in literature.

2.2 Formation of EDLs

The formation of an electrical double layer involves a change in the free energy of the system.
Both enthalpic and entropic effects play a role in EDL formation [23, 24]. The enthalpic effect is
related to the electrostatic interactions between the ions and charged surfaces, as well as between
different ions. The entropic effect, on the other hand, is related to the ions ordering into an
EDL, which affects the freedom of movement of the ions. These effects have been investigated
theoretically by Overbeek [23].

The system under consideration is very general: charged colloidal particles of arbitrary shape are
present in an aqueous electrolyte solution. The particles’ surfaces have a surface charge density σ
and a surface potential φ0. The surfaces are described by surface elements dA. Similarly, the
electrolyte solution has a volume charge density ρ and a a potential φ. Its volume is described in
terms of volume elements dV . There are dimensionless potentials φ = eψ

kT and φ0 = eψ0

kT . The
screening constant κ takes the general form shown in Equation 15 [23].

κ =

√∑
i ni0(zie)2

εrε0kT
(15)

The system is incompressible. Therefore, the Helmholtz free energy Fel equals the Gibbs free
energy Gel. The free energy Fel consists of an electrostatic energy term Uel and an entropic term
−T∆S, as in Equation 16 [23].

Fel = Uel − T∆S (16)

The energy term is given by Equation 17 and the entropy term is given by Equation 18. For the
full derivation, see the work by Overbeek [23].

Uel =
εrε0

2

∫
V

(∇ψ)2 dV (17)

−T∆S = εrε0

∫
V

ψ∇2ψ dV − εrε0
∫
V

dV

∫ ψ

0

∇2ψ dψ (18)

The free energy follows directly from Equations 17 and 18:

Fel = εrε0

∫
V

[
(∇ψ)2

2
+ ψ∇2ψ −

∫ ψ

0

∇2ψ dψ

]
dV = εrε0

∫
V

[ ∫ ψ

0

∇ψ d(∇ψ) +

∫ ψ

0

ψ d(∇2ψ)

]
dV

(19)
Using Green’s formula [25], this result is found to correspond to the result obtained via an
imaginary charging process, Equation 20 [23].
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Fel =

∫
A

∫ σfinal

σ=0

ψ0 dσ dA (20)

From Equation 19, it is apparent that Uel and −T∆S are both positive. In the absence of any
chemical driving force, they work together in the formation of an electrical double layer when the
surface charge density σ is increased. This can be clearly seen in Equation 20, which shows that
increasing σ has only one, positive, effect on Fel [23].

While the field energy and entropy always work together according to this model, they do not
always contribute equally. At low surface potentials, the field energy and entropy terms are
roughly equal, whereas at high surface potentials, the entropy term dominates. It should be
noted that this is only the case in this simple model, which does not account for the structure
adopted by water in the system. In reality, the existence of this structure means Uel is a free
energy: an additional entropic contribution is involved within this term [23].

2.3 Effects of ionic radius

The effects of the ionic radius of the counterions on the properties of the electrical double layer
have been treated by Biesheuvel and Soestbergen [26], using Poisson-Boltzmann theory modified
to include non-electrostatic interactions. Specifically, interactions between hard spheres of
unequal sizes are considered [26].

The ions’ concentrations are determined using Poisson-Boltzmann theory, specifically using
Equation 21, the equality of chemical potentials. In this equation, µexi and µexi,∞ are the chemical
potentials of the ions i in the EDL and in bulk, respectively. Similarly, ni and ni,∞ are their
concentrations in the EDL and in bulk. The ions’ valency is given by the integer zi and the
dimensionless potential is denoted ψ [26].

lnni,∞ + µexi,∞ = lnni + ziψ + µexi (21)

Ions are treated not just as point charges, but also as hard spheres of unequal sizes. For hard
spheres of unequal sizes, the Boublik-Mansoori-Carnahan-Starling-Leland equation of state is
used. See Equation 22. In this equation, which gives the chemical potential for ionic species i, σi
is the ionic radius, ξk =

∑
j φjσ

k−3
j and φ is the occupied volume of all ions combined, which

follows from the ionic radii σj and concentrations nj of all ions j as φ =
∑
j njvj . In the

expression for ξk, j runs over all particles and k = 0, 1 or 2 [26, 27].

µexi = −
(

1 +
2ξ3

2σ
3
i

φ3
− 3ξ2

2σ
2
i

φ2

)
ln(1− φ) +

3ξ2σi + 3ξ1σ
2
i + ξ0σ

3
i

1− φ

+
3ξ2σ

2
i

(1− φ)2

(
ξ2
φ

+ ξ1σi

)
− ξ3

2σ
3
i

φ2 − 5φ+ 2

φ2(1− φ)3

(22)

Equation 22 can be used to add a third term to the Helmholtz free energy of the electrical
double layer. Besides the field energy and entropy terms treated in section 2.2, a volume
exclusion term is now added. This term is added to the free energy via the position-dependent
free energy density ω(x), from which the free energy F follows via F =

∫∞
x=0

ω(x) dx [26].

The system described by Biesheuvel and Soestbergen [26] is not as general as the one described
by Overbeek [23]. The system under consideration here is a simple model system, in which an
EDL forms at a two-dimensional, planar electrode with a fixed surface charge density Σ. In this
system, the entropy, field energy and volume exclusion terms are given by Equations 23–25 [26].

ωSion =
∑
j

[
nj lnnj − lnnj,∞ − (nj − nj,∞)

]
(23)
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ωUfield =
1

8πλB

(
dψ

dx

)2

;λB =
e2

4πεrε0kT
(24)

ωex =
6

π

(
− ξ0 ln(1− φ) + 3

ξ1ξ2
1− φ

+ ξ3
2

φ+ (1− φ)2 ln(1− φ)

φ2(1− φ)2

)
(25)

In these equations, x is the distance from the electrode and λB is the Bjerrum length, which is
the distance at which the interaction energy between two ions is equal to kT . If all ionic radii are
equal, the various ξk disappear and Equation 25 reduces to Equation 26, in which v is the
volume of a single ion [26].

ωex =
1

v

∫ ∞
x=0

φ(4φ− 3φ2)

(1− φ)2
dx (26)

The contributions of the three free energy terms are separately evaluated and plotted in Figure 4
for a 1:1-electrolyte with equal (3.3 Å) radii for the anions and cations. At low surface charge
densities, the entropy and electric field energy terms are equally important, while entropy
dominates at slightly higher surface charge densities. The new term, the volume exclusion term
ωex, becomes more important with increasing surface charge density. At even higher surface
charge densities, everything changes. The electric field energy term now overtakes the entropy
term, while the volume exclusion term continues to grow and eventually overtakes the entropy
term, but not the field energy term [26].

Figure 4: Terms of the free energy in a system with a hard-sphere ion EDL. Σ is the surface charge
density. Taken from Biesheuvel and Soestbergen. [26]

While this result seems to indicate that the field energy is very important and that volume
exclusion only matters at very high surface charge densities, it is important to note that the
result is obtained for the simplest EDL geometry. It does not necessarily translate well to EDLs
in porous networks.

2.4 EDLs in porous carbon

Electrical double layers in porous carbon are not directly comparable to the flat plate EDLs
under consideration in section 2.3. This is due to the Debye screening length typically being
much larger than the average pore size. As a result, the double layers in the pores’ interiors are
strongly overlapping [28]. See Figure 5.
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Figure 5: The EDLs in porous carbon’s pores are strongly overlapping. The dotted lines indicate
the region that is inaccessible to the ions, due to the presence of water molecules. They give an
impression of the Stern layer.

The strong overlap of the double layers leads to a constant potential inside the pores.
Consequently, there is hardly any electric field inside the pores. As such, the field energy term
described in previous sections becomes negligible. The ion entropy and volume exclusion terms,
which are both entropic, remain.

The lack of a potential difference inside the pores allows a modified version of the
constant-potential Donnan model, developed by Porada et al. [28], to be applied. Two
modifications are made to the well-known Donnan model. Firstly, a dielectric capacitance
between the electrode and the ions is included to account for the Stern layer. Secondly, a
chemical attraction energy µatt for the ions transferring into the pores is included. With these
modifications, the concentration of ions in the pores is given by Equation 27, in which ∆φd is the
Donnan potential difference between the porous network and the bulk solution outside it [28].

cporesj = cbulksalt × exp(−zj∆φd + µatt) (27)

The concentrations of the anions and cations are affected by any charge borne by the porous
network. Given a charge density ρ in the porous network, the concentrations of the cations and
anions, denoted cpores+ and cpores− respectively, change following Equation 28 [28].

ρ = cpores+ − cpores− = −RT
F 2

∆φStC
vol
St (28)

The potential difference ∆φSt is the potential drop over the Stern layer and CvolSt is the Stern
layer’s volumetric capacity. The Donnan potential difference and the potential drop over the
Stern layer can be combined to give the cell voltage Vcell, following Equation 29, if the system is
in equilibrium [28].

Vcell =
2RT

F

(
∆φd + ∆φSt

)
(29)

Using Equations 27–29 and an empirical expression for the volumetric Stern layer capacity, it is
possible to calculate the experimentally measurable salt adsorption Γsalt and equilibrium charge
ΣF following Equations 30 and 31 respectively [28].

Γsalt =
1

2
ν
[
(cpores+ − cpores− )− (cpores+ − cpores− )0

]
(30)

ΣF = −1

2
Fνρ (31)
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In both equations, ν is the micropore volume per unit electrode mass. In Equation 30, the term
with superscript 0 is the total ion concentration when no potential is applied. These equations
can reproduce experimental data quite well for a variety of porous carbon materials, although

this does require the use of the fitting parameters α and CvolSt

0
to determine CvolSt . The

volumetric Stern layer capacity follows from these parameters via CvolSt = CvolSt

0
+ αρ2. When the

parameters are given the appropriate values, results like those in Figure 6 can be obtained, as
was done by Porada et al. [28]

Figure 6: Salt adsorption and equilibrium charge for several types of porous carbon. Markers

indicate experimental data. Lines are fitted using the modified Donnan model. CvolSt

0
= 190

MFm−3 for AC-2 and 200 MFm−3 for CDC-1, CDC-2 and AC-1. For CDC-1 and CDC-2, α = 21.7
Fm3mol−2, while α = 19.2 Fm3mol−2 for AC-1 and AC-2. Figure taken from Porada et al. [28]

The experimental data and the model are in good agreement with one another. Perhaps other
types of experimental data could also be explained using the modified Donnan model. While the
model has not been further developed to predict the changes in enthalpy and entropy during
EDL formation, doing so in the near future might be a worthwhile effort.

2.5 Heat of EDL formation

To investigate the enthalpic and entropic contributions to the change in free energy upon
formation of an electrical double layer experimentally, one should measure the heat of EDL
formation. The change in free energy during charging is equal to the heat of EDL formation,
which is measurable as half of the difference in heat production between charging and
discharging, assuming the irreversible heat production is the same during charging and
discharging. There have been several experimental and theoretical investigations into the heat of
EDL formation [6, 7, 10, 11, 29].

The experimentally measured heat Π consists of the desired reversible contribution and an
irreversible contribution [6, 7]. These two contributions are defined for a charge-discharge cycle
from t0 to t2, with the EDL being charged between t0 and t1 and it being discharged between t1
and t2 [7]. ∫ t2

t0

Π̇(t) dt = Π = Πrev + Πirr (32)

The irreversible heating term results from Joule heating in the circuit. The Joule heat follows
from the time-integrated product of the current and the voltage. In the case of an EDL, the
relevant voltage is the voltage over the solution and other resistive parts of the circuit. This
voltage ψR is lower than the applied voltage ψ, because the applied voltage is diminished inside
the electrical double layer, which acts as a capacitor. The voltage drop over the EDL is denoted
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ψC . Thus, the voltage across the resistive components is ψR = ψ − ψC , which depends on the
capacitance C and the build-up of charge Q(t) in the EDL. See Equation 33 [7].

ψR(t) = ψ − ψC(t) = ψ − Q(t)

C
= ψ

[
1−

∫ t
t0
I(t′) dt′∫∞

t0
I(t′′) dt′′

]
(33)

In practice, the infinity in Equation 33 is approximated by taking the time τ = t2 − t1 = t1 − t0
during a long charging or discharging period. As such,

∫∞
t0
I(t′′) dt′′ becomes

∫ t1
t0
I(t′′) dt′′. Once

calculated, the voltage across the solution and other resistive, heat-dissipating elements goes into
the expression for irreversible heating, Equation 34 [7].

Πirr =

∫ t2

t0

I(t)ψR(t) dt (34)

The irreversible heat is needed to determine the coefficient of heat transfer K, which serves as a
calibration constant for the heat sensor. The total heat generated during charging and
discharging is measured with a temperature difference measurement setup. In a charge-discharge
cycle, the net reversible heat is zero, and thus the total temperature difference in a cycle
originates only from irreversible heating. Therefore, the temperature difference can be calibrated
against the irreversible heat to obtain K following Equation 35 [7].∫ t2

t0

I(t)ψR(t) dt = K

∫ t2

t0

∆T (t) dt (35)

Although K is in principle defined for each charge-discharge cycle, there can be only one
coefficient of heat transfer for a given setup. Therefore, K is determined from a linear regression
through the origin in a

( ∫ t2
t0
I(t)ψR(t) dt,

∫ t2
t0

∆T (t) dt
)
-plot. As soon as K is known, the

reversible heat can be determined. The reversible heating term is the formation heat of the
electrical double layer. This heat may be determined via Equation 36 [7].

Πrev = Πcharge
rev = −Πdisch

rev =
Πcharge
tot −Πdisch

tot

2
=
K
[ ∫ t1
t0

∆T (t) dt−
∫ t2
t1

∆T (t) dt
]

2
(36)

Similarly, the irreversible heat now follows from Equation 37.

Πirr = Πcharge
irr = −Πdisch

irr =
Πcharge
tot + Πdisch

tot

2
=
K
[ ∫ t1
t0

∆T (t) dt+
∫ t2
t1

∆T (t) dt
]

2
(37)

To see why the reversible heat follows from the difference between the heats of charging and
discharging, consider Figure 7. The irreversible heat is (assumed to be) equal during charging
and discharging, but the reversible heat’s sign changes, although its magnitude remains the
same. When the EDL is charged, the measured heat is increased by the heat of EDL formation,
but when the EDL is discharged, the measured heat is decreased by the same amount. Thus, the
average measured heat during charging and discharging is the irreversible heat, while the
difference between the measured heats is twice the heat of EDL formation.
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Figure 7: The reversible and irreversible contributions to the temperature difference peaks in one
charge-discharge cycle. The peak shapes are not representative of a real measurement result.

In experiments by Janssen et al. [7], the heat of EDL formation is determined in a two-electrode
cell, in which a non-zero voltage is applied between the working and counter electrodes to charge
an EDL at each electrode. To discharge the EDLs, the applied voltage is set to 0 V. Charging
and discharging both take four hours. The reversible heat is determined through a temperature
difference measurement between two thermometers. The setup and cell are shown in Figure 8 [7].

Figure 8: The two-electrode cell used by Janssen et al. [7] A measurement result obtained with the
setup is shown on the right. The environment in which the cell and T 2 are located is thermostatted.
Figures taken from Janssen et al. [7]

In this work, the calibration method works very well. See Figure 9.
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Figure 9: Calibration of the temperature difference measurement setup used by Janssen et al. [7],
following Equation 35. ρs is the salt concentration. Figure taken from Janssen et al. [7]

Using the slope of the line in Figure 9 as the coefficient of heat transfer, the heat of EDL
formation can be determined. See Figure 10.

Figure 10: The heat of EDL formation for 1 M NaCl, as determined by Janssen et al. [7] in their
two-electrode cell. Figure taken from Janssen et al. [7]

While the methods of Janssen et al. [7] can be used to determine the heat of EDL formation for
the whole cell, a shortcoming in the design of the two-electrode cell prevents the separate
investigation of different ionic species. In the cell, the working and counter electrodes are placed
so close together that the formation heat of two EDLs is measured, instead of the formation heat
of one. In the anode, an EDL is formed with anions as counterions and in the cathode, an EDL
with cations as counterions is formed. The contributions of the two types of ions to the heat of
EDL formation cannot be separated, due to the proximity of the two electrodes. Separating the
effects of the cations from those of anions would allow one ionic species to be studied at a time,
which would in turn allow the effects of ionic radius and valency on the heat of EDL formation
to be studied.
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3 Experimental methods

3.1 Measurements at a single electrode

To measure the heat of EDL formation for one type of counterion, measurements must be
conducted at only one electrode. To this end, the electrodes between which current flows must
be separated by several centimetres of solution to avoid measuring a combination of heat effects.
In addition to expansion of the cell’s dimensions, another modification is necessary, namely the
inclusion of a reference electrode. The reference electrode is used to measure the potential of the
electrode of interest, the working electrode. The inclusion of a reference electrode turns the cell
into a three-electrode cell, as illustrated in Figure 11.

Figure 11: Schematic representation of a three-electrode cell. The power source is connected in
series with an ammeter and a voltmeter is connected between the reference and working electrodes.
WE: working electrode. CE: counter electrode. RE: reference electrode.

To determine the heat of EDL formation with a single ionic species as the counterion, the heat
generated at the porous carbon working electrode must be measured, along with the flow of
current between it and the counter electrode, as well as the applied potential vs. the reference
electrode. The potential must be known to determine which ionic species is predominantly
present in the EDL. The current must be known to determine the build-up of charge.
Additionally, the current and potential data are both needed to determine the irreversible heat.

Because the measured heat is generated at only one electrode, one might expect to measure half
the heat. This means the heat sensor must be at least twice as sensitive as the sensor used by
Janssen et al. [7] Two different setups with two different, more sensitive sensors are developed in
this work. One setup features four Pt100 resistance temperature detectors (RTDs) in a
Wheatstone bridge as the heat sensor. The other setup features a gSKIN® thermocouple-based
heat flux sensor. Both setups are described in detail below.

3.2 Temperature difference measurement setup

The temperature difference measurement setup, or RTD setup, consists of three components: an
electrochemical cell, a box in which the temperature is carefully regulated and a Wheatstone
bridge in which the resistors are thermometers. These components and the instruments to which
they are connected will be treated separately.

The electrochemical cell is a three-electrode cell, in which the working electrode is a porous
carbon disk (diameter 25 mm, thickness ca. 0.25 mm, weight ca. 82 mg) pressed against and
glued to a non-porous carbon current collector with non-conductive BISON KOMBI SNEL®

glue in a few spots; electrical contact was made mechanically using pressure from an O-ring seal.
Previously, conductive silver epoxy glue was used, but this gave rise to unwanted electrochemical
reactions. The counter electrode is a platinum coil and the reference electrode is an
Ag/AgCl/sat. KCl electrode (+0.20 V vs. SHE). The working and counter electrodes are
separated by ca. 5 cm of electrolyte solution. The reference electrode is located in a separate
glass compartment, which is connected to the main body of the cell via a Luggin capillary, as in
Figure 12. To apply a potential difference between the reference and working electrodes and to
measure the current between the working and counter electrodes, a Metrohm Autolab
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PGSTAT100 potentiostat is used.

Figure 12: Isometric drawing of the interior of the RTD setup’s electrochemical cell. Figure by
H.J Siekman. Also see section 6.

To keep the temperature in the cell at a constant value, the main body of the cell is completely
immersed in water in a large beaker, which is placed inside a thermostatted copper cylinder.
This cylinder is built into a box that is connected to a water-filled Julabo F25 thermostatic bath
with a Julabo HE temperature control unit. The thermostatic bath pumps water into a
compartment outside the copper cylinder. This water is kept at a constant temperature of 22
◦C. The box itself is thermally insulated on all sides. See Figure 13 for an overview.

Figure 13: Schematic representation of the RTD setup. Not to scale.

Measurements of the temperature changes that occur during charging and discharging are
performed using four thermometers in a Wheatstone bridge. Three of these are relatively
insensitive and are used as reference thermometers, while the fourth thermometer is very
sensitive and is capable of detecting temperature changes resulting from EDL charging and
discharging. This more sensitive, very thin (0.5 mm thick) thermometer is positioned directly
behind the working electrode and takes the place of the resistor RM in the circuit shown in
Figure 14. The bulkier, less responsive reference thermometers are the resistors Re. They are
located in their own separate compartment in the large beaker, as shown in Figure 13. All
thermometers are Pt100 thermometers, which are Resistance Temperature Detectors (RTDs).
They are resistors whose electrical resistance depends linearly on temperature, in the case of a
Pt100 RTD following Equation 38, in which R has units of Ω and T has units of ◦C.
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R = 100 + 0.385005T (38)

Figure 14: Wheatstone bridge circuit as used in the RTD setup.

When all thermometers are in an environment of equal temperature, the Wheatstone bridge
should theoretically be balanced: there should be no voltage across the bridge. During
experiments, an increase in temperature at the measuring thermometer leads to an increase in
its electrical resistance and, consequently, to a non-zero voltage ∆V across the Wheatstone
bridge. Both this voltage and the applied voltage are measured using a Zürich Instruments
HF2LI lock-in amplifier, which is also used as the AC power source. It applies 500 mV at 100
kHz. To obtain the temperature difference between the measuring and reference thermometers,
which are kept at constant temperature, Equation 39 is used. For a complete derivation, see
Appendix I. In Equation 39, ∆R = RM −Re, V is the applied voltage, and ∆V is the voltage
across the Wheatstone bridge.

∆T = − 1

0.385005
∆R = − 1

0.385005

4∆V RM
V − 2∆V

(39)

In practice, the temperature difference given by Equation 39 is non-zero when the setup is
inactive. This is due to resistances elsewhere in the circuit. Appendix V (section 12.2) provides
information about these resistances. The elevated ∆T baseline that results from the presence of
these resistances is subtracted when integrating the data.

3.3 Integration of temperature difference and current data

The numerical integration of generic data G(t) with respect to time is done step by step,
following Equation 40. In this equation, there are N datapoints, n is an integer, and ∆t is the
time between two datapoints. Integration of both current data I(t) and temperature data ∆T (t)
is done following this equation. ∫ t1

t0

G(t) dt =

N∑
n=0

G(t+ n∆t)∆t (40)

In this work, it is necessary to modify the data before integration in two cases. Integration of
temperature difference data can only be done after the baseline height has been subtracted.
Similarly, integrating the current to determine the charge build-up requires any residual current
to be subtracted. However, when current data are integrated to calculate Joule heating, the
residual current is not subtracted.

Subtracting the residual current simply involves subtracting the value of the current in the last
point of a current peak from all points in the peak. Subtracting the temperature difference
baseline is more involved; there are three steps. First, an appropriate length of the peak
τ∆T = t1 − t0 is chosen to avoid integrating too much noise. The chosen value for τ∆T
everywhere in this work is 1800 seconds. After determining τ∆T , the start of the ∆T peak t0 is
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visually identified. A line is fitted through the baseline from t0 − τ∆T to t0 and another line is
fitted through the baseline from t1 = t0 + τ∆T to t0 + 2τ∆T . The baseline between the ends of
these lines is determined by linear interpolation, as is shown in Figure 15. It is subtracted from
the ∆T signal during integration.

Figure 15: The integration procedure with baseline interpolation, applied to a single ∆T -peak.

The use of τ∆T = 1800 s to capture ∆T during charging and discharging introduces a deviation
from the theory presented in section 2.5, in which a temperature difference peak ends where the
next one begins. This means the peaks in a charge-discharge cycle are defined by three points in
time: t0, t1 and t2. However, with the procedure described in this section, the end of the
temperature difference peak related to charging does not coincide with the start of the peak
related to discharging, due to the use of a small τ∆T . This means there are actually two different
t1. This has consequences for the current integration. When a current peak is integrated to
obtain the irreversible heat in the calibration step, it is integrated for the same length of time
τ∆T as the corresponding temperature difference peak. Therefore, the current data also features
two different t1. This is only true for the calculation of the irreversible heat. For determining the
build-up of charge, the entire current peak is used.

3.4 Calibration of the temperature difference setup

Calibration of the temperature difference measurement setup is performed as described in
section 2.5, by the procedure of Janssen et al. [7] The coefficient of heat transfer is used as a
calibration constant. It is obtained via Equation 41.∫ t2

t0

I(t)ψR(t) dt = K

∫ t2

t0

∆T (t) dt (41)

As mentioned in section 3.3, charge-discharge cycles do not last from t0 to t2, but consist of two
∆T (t)-peaks and two corresponding I(t)-peaks of length τ∆T = 1800 s. Additionally, the current
data I(t) are affected by a constant residual current Ires, which is subtracted, as it is due to
unwanted electrochemical reactions and not due to the build-up of charge. Residual current
subtraction occurs in the calculation of ψR, Equation 42.

ψR(t) = ψ − ψC(t) = ψ − Q(t)

C
= ψ

[
1−

∫ t
t0

(I(t′)− Ires) dt′∫∞
t0

(I(t′′)− Ires) dt′′

]
(42)

3.5 Heat flux measurement setup

The second setup, which is still under construction, is built around a heat flux sensor (HFS), a
device known to be capable of measuring tiny heat effects [8]. A heat flux sensor is made either
of many thermocouples connected in series, or of a thermoelectric material. It responds directly
to the flow of heat through its reactive area by building up a potential difference V , which can
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be measured. The sensor in our setup is a gSKIN®-XP269C thermocouple-based heat flux
sensor. Its dimensions are 10 mm × 10 mm × 0.5 mm.

The electrochemical cell used for heat flux measurements is similar to the temperature difference
measurement cell, but the two cells are not identical. See Figure 16. The heat flux measurement
cell is built to house a heat flux sensor and a copper heat sink instead of a thermometer. The
only external compartment is the reference electrode compartment. The cell is designed to
stand, as opposed to the cell for temperature difference measurements, which is designed to
hang. To make the heat flux measurement cell more compact, the distance between the working
and counter electrodes is smaller than in the temperature difference measurement cell.

Figure 16: Isometric drawing of the electrochemical cell for heat flux measurements. Figure by
H.J Siekman. Also see section 6.

To apply potentials and measure currents, a PARSTAT MC1000 potentiostat is used. The signal
from the heat flux sensor is recorded with a Keithley 2182A nanovoltmeter. The strategy for
thermostatting the setup is still being worked on. One possible method is to place the cell in a
beaker filled with water that is placed inside a thermostatic bath, as in Figure 17. Another
possibility is the construction of a new, well-insulated box with water in- and outlets connected
to a thermostatic bath. The cell could be placed at the heart of such a box. Ideally, the setup
should be built to allow the temperature to stabilise at any desired value between 0 ◦C and 85
◦C.

Figure 17: Schematic representation of one of the iterations of the setup for heat flux measure-
ments. Not to scale.
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3.6 Treatment of heat flux data

The integration of heat flux data follows exactly the same procedure as the integration of
temperature difference data. The only difference is the name of the signal, which is V (t) for the
heat flux data. Just as the temperature difference baseline needs to be subtracted from the
temperature difference data, the heat flux baseline must be subtracted from the heat flux data.
Residual currents are also still a concern. They are dealt with as described in sections 3.3 and
3.4.

Calibrating the setup should be performed following the procedure in sections 2.5 and 3.4,
although it must be noted that this has never actually been done for the HFS setup.
Consequently, the appropriate length of a heat flux peak τV is unknown, but this can be
established experimentally. Once it is established, it becomes possible to find the HFS setup’s
calibration constant k following Equation 43.∫ t2

t0

I(t)ψR(t) dt = k

∫ t2

t0

V (t) dt (43)

3.7 Mapping the electrical and electrochemical behaviour of the
system

We must know the potential of zero charge ψzc, also known as the equilibrium potential or the
potential of zero current, in order to be able to charge and discharge the EDL fully. The
potential of zero charge is determined by granting the entire cell several days to reach
equilibrium in an open circuit potential measurement, during which no current can flow.
Eventually, the potential reaches a plateau at ψzc, at which point the measurement is
terminated. Because the potential tends to fluctuate somewhat, ψzc must be approximated.

Once ψzc has been determined, it must be verified that the capacitance is constant.
Furthermore, any electrochemical phenomena that are unrelated to EDL formation must be
identified. Both of these things are done by performing a cyclic voltammetry experiment,
spanning the entire potential range of interest. In such an experiment, the applied potential is
lowered from the most positive potential to the most negative potential, and then raised back to
the most positive potential. The experiment may consist of multiple such cycles. During the
whole experiment, the potential changes at a constant rate dV

dt .

In the case of this work, cyclic voltammetry experiments always consist of three cycles. The
cycles are centred at ψzc. Cycles start at ψzc + 0.5 V, go down to ψzc − 0.5 V and then back up
to ψzc + 0.5 V. A slow scan rate allows electrochemical reactions to be observed more clearly,
which is why dV

dt = 500 µVs−1.

A constant capacitance can be readily identified if the current remains unchanged during the
voltammetric experiment. This follows from Equation 44. Because the scan rate dV

dt is constant,
the current I(t) should be constant if the capacitance C is also constant.

I(t) =
dQ

dt
= C

dV

dt
(44)

Electrochemical reactions can be identified by looking for smooth peaks in the cycles. By
scanning slowly, currents owing to reductions and oxidations become clearly visible against the
small charging and discharging currents.

3.8 The typical chronoamperometric measurement

Combined chronoamperometric and calorimetric measurements are used to obtain the heat of
EDL formation. The typical chronoamperometric measurement is a voltage step measurement.
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In such a measurement, the zero current potential ψzc is applied for a time, after which the
applied potential is changed to a non-equilibrium potential ψ∗ for the same length of time. Then,
ψzc is again applied for the same length of time. The EDL has now been charged and discharged.
If the applied potential ψ∗ is less than ψzc, the measurement is cathodic. Otherwise, it is anodic.

The measurement is continued by applying a new non-equilibrium potential ψ, which is closer to
ψzc than the initial non-equilibrium potential ψ∗ was. The potential is changed by the step
change V . For a cathodic measurement, ψ = ψ∗ + V , and for an anodic measurement,
ψ = ψ∗ − V . Once this new potential ψ has been applied for a sufficient length of time to charge
the EDL, the EDL is discharged once more by setting the potential back to ψzc for the same
length of time.

The procedure is repeated until ψ = ψzc − V for a cathodic measurement or until ψ = ψzc + V
for an anodic measurement. V is chosen such that (ψ∗ − ψzc) mod V = (ψ − ψzc) mod V = 0
for all ψ. See Table 1 for an example anodic measurement.

Potential (V) Duration (h)
0.21 2
0.71 2
0.21 2
0.61 1.5
0.21 1.5
0.51 1
0.21 1
0.41 1
0.21 1
0.31 1
0.21 1

Table 1: Example anodic chronoamperometric measurement. The potential is the applied potential
versus Ag/AgCl/sat. KCl.

The length of time during which a potential is applied depends on the potential. When the
applied potential ψ = ψzc + 0.50 V or ψ = ψzc − 0.50 V, charging and discharging are given two
hours to complete. When ψ = ψzc + 0.40 V or ψ = ψzc − 0.40 V, charging and discharging take
1 1

2 hours. At any other applied potential, charging and discharging take one hour.

The first cycle (0.71 V followed by 0.21 V in the example in Table 1) is recorded twice and the
first attempt is discarded. This is to prevent any effects arising from changing from an anodic
EDL to a cathodic EDL, or vice versa, from being incorporated. After all, the desired results are
those that describe charging and discharging of one EDL, not the simultaneous discharging and
charging of two different EDLs. Additonally, the surface chemistry of the porous carbon
electrode may be affected by going from anodic to cathodic potentials or vice versa. Therefore,
the first cycle serves to discharge the EDL of the previous measurement fully and to allow any
necessary changes in surface chemistry to take place before continuing the measurement.

3.9 Acquisition and preparation of materials

The porous carbon material used in the working electrodes is provided by Wetsus. The material
has a 1330 m2g−1 specific surface area and a micropore volume of approximately 0.40 mLg−1 [7,
30]. Disks are cut out of this material and then glued onto a non-porous carbon disk using a
small amount of BISON KOMBI SNEL® epoxy glue. The non-porous carbon is part of the
current collector. The reference electrodes in both setups are pre-built REF200 and REF201
Ag/AgCl/KCl electrodes from Radiometer Analytical, with a saturated KCl solution inside. The

20



platinum counter electrodes are made by winding a coil of 2 m of platinum wire with a 0.2 mm
diameter around a glass rod.

Solutions of 1 M NaCl and 0.8 M NaF in water are made by dissolving 58.68 g NaCl (Merck,
analysis grade) and 16.76 g NaF (Merck, analysis grade) in 1 L and 0.5 L of Milli-Q water,
respectively, followed by stirring. When a cell’s solution is changed or refreshed, the cell is
emptied, filled with Milli-Q water, emptied again, filled with the new solution, emptied once
more and finally filled again.

3.10 Overview of conducted measurements

Measurement type Experimental details N
Open circuit potential 1 M NaCl; Lasted 64 h 1
Cyclic voltammetry 1 M NaCl; +0.71 V to −0.29 V; 500 µVs−1; three cycles 1

Voltage step 1 M NaCl; +0.71 V to +0.21 V; steps of 0.10 V; RTD 5a

Voltage step 1 M NaCl; −0.29 V to +0.21 V; steps of 0.10 V; RTD 5b

Open circuit potential 0.8 M NaF; Lasted 120 h 1
Cyclic voltammetry 0.8 M NaF; +0.68 V to −0.32 V; 500 µVs−1; three cycles 1

Voltage step 0.8 M NaF; +0.68 V to +0.18 V; steps of 0.10 V; RTD 2
Voltage step 0.8 M NaF; −0.32 V to +0.18 V; steps of 0.10 V; RTD 2

Table 2: All measurements conducted for this work.

a. One measurement did not feature a duplicate first cycle, but it was deemed safe to exclude it,
as the previous measurement was also anodic.
b. One measurement was disrupted by an abrupt rise in ∆T in the middle of charging the EDL
at −0.29 V. This particular charge-discharge cycle was discarded.
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4 Results and discussion

4.1 Measuring small heat effects: capabilities of the RTD and HFS
setups

To present the two setups’ capabilities, a measurement result is shown for each. For the RTD
setup, a typical measurement result looks like the lower plot in Figure 18. With the HFS setup,
the result shown in Figure 19 has been obtained, although because the setup is still being worked
on, the result cannot be called ’typical’.

Figure 18: Temperature difference measurement with 1 M NaCl in the cell. The applied potential
in the upper plot is vs. Ag/AgCl/sat. KCl. A constant value has been subtracted from the data
in the lower plot to hide the effects of unwanted resistances in the Wheatstone bridge circuit.

There are clear shortcomings in the RTD result: the baseline is raised by ca. +5.36 ◦C and it
continues to rise over time. Nevertheless, this result can easily be analysed using the methods
described in sections 3.3 and 3.4. Peaks are visible for applied potentials from +0.5 V to +0.1 V
vs. ψzc and from −0.5 V to −0.1 V vs. ψzc. Therefore, the reversible heat can be determined at
all applied potentials.
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Figure 19: Heat flux measurement with 1 M NaCl in the cell. The applied potential in the upper
plot is vs. Ag/AgCl/sat. KCl. The unusual shapes of the current peaks are due to the presence
of a conductive, silver-containing glue in the system.

While the experiment that gave rise to Figure 19 is different from the one that led to Figure 18,
it is still clear that the HFS setup can detect the same kind of heat effects that the RTD setup is
designed to detect. Because the baseline of the heat flux sensor’s signal is close to 0 V,
subtracting the baseline is less important than it is for the RTD setup’s ∆T signal. It may even
be completely unnecessary.

While neither setup clearly out-performs the other in terms of heat detection, the HFS setup has
a few advantages over the RTD setup. The HFS setup is more compact than the RTD setup, the
circuitry involved is much simpler and there is no elevated baseline. Unfortunately, since the
result in Figure 19 was obtained, technical difficulties have presented themselves. These
difficulties have halted progress on the HFS setup for the duration of this project.

4.2 Determining the heat of EDL formation with 1 M NaCl using the
RTD setup

4.2.1 The zero current potential

The first step towards determining the heat of EDL formation is the determination of the zero
current potential ψzc. Figure 20 shows the result of the chronopotentiometric measurement from
which ψzc can be determined for 1 M NaCl.
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Figure 20: Measurement of the equilibrium open circuit potential ψzc.

After an initial rise, the potential stabilises around +0.21 V vs. Ag/AgCl/sat. KCl. This is the
zero current potential ψzc. The fact that the potential took roughly 20 hours to reach this value,
suggests that charged species enter and leave the electrode for a considerable length of time
before equilibrium is reached.

4.2.2 Cyclic voltammetry

Now ψzc is known, a cyclic voltammogram is recorded to determine if the capacitance is constant
and to map the electrochemical behaviour of the system. See Figure 21.

Figure 21: Cyclic voltammogram consisting of three cycles, from +0.71 V vs. Ag/AgCl/sat.
KCl to −0.29 V vs. Ag/AgCl/sat. KCl and back, at 500 µVs−1. Arrows indicate the scanning
direction.
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Between the changes in scanning direction, the current tends towards a plateau value, which
indicates that the capacitance is constant across the entire potential range. While there are some
irregularities in the cyclic voltammogram, there are no electrochemical reactions which can be
clearly identified. This was once different: when the working electrode was attached to the
current collector using silver-containing cold solder instead of non-conductive glue, an
electrochemical reaction could be observed around 0 V vs. Ag/AgCl/sat. KCl, as in Figure 22.
The peak at −0.1 V vs. Ag/AgCl/sat. KCl is due to the reduction of Ag+ ions and the peak at
+0.1 V vs. Ag/AgCl/sat. KCl is due to the oxidation of solid silver. The Ag(s)/Ag+ redox
couple is also central to the reference electrode, hence why the reaction can be observed around 0
V vs. Ag/AgCl/sat. KCl.

Figure 22: Cyclic voltammogram consisting of three cycles, from +0.55 V vs. Ag/AgCl/sat.
KCl to −0.45 V vs. Ag/AgCl/sat. KCl and back, at 500 µVs−1. Arrows indicate the scanning
direction. This voltammogram was recorded before ψzc had been accurately determined and before
the silver-containing epoxy glue had been eliminated from the system.

4.2.3 The heat of EDL formation

Finally, the heat of EDL formation is determined using the results obtained from the
measurements listed in section 3.10. First, the data of all five measurements with 1 M NaCl are
combined to calibrate the setup and obtain K. The calibration curve is shown in Figure 23.
Then, K and the temperature difference data are used as described in sections 2.5 and 3.4 to
calculate the irreversible heat and the reversible heat. These heats are plotted in Figure 24.

In all measurements, it is necessary to subtract residual currents following the procedure
described in section 3.3. The cause of the residual currents is unknown, but it is hypothesised
that the platinum counter electrode reacts with dissolved oxygen and with water, which results
in the observed residual currents.
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Figure 23: Calibration curve, obtained by using linear regression through the origin on the data
of all measurements with 1 M NaCl. See Equation 35 for the origin of the axis labels. From linear
regression, K = 0.1222± 0.0021 JK−1s−1.

Figure 24: The reversible and irreversible heat for charging (or discharging) in 1 M NaCl. The
dotted vertical line indicates ψzc.

The irreversible heat displays symmetry around ψzc = +0.21 V vs. Ag/AgCl/sat. KCl. This
suggests that the current, accumulated charge and applied potential are the same in the anodic
and cathodic regimes. Indeed, the applied potentials are exactly the same, except for the sign.
The current peaks, however, are not of equal shape. When measuring cathodically, the sodium
ions enter – and especially, leave – the electrode’s pores more quickly than the chloride ions do
when measuring anodically. This is visible in Figure 25. However, the accumulated charge is
almost exactly the same, as is shown in Figure 26. As it turns out, the irreversible heat is also
the same at cathodic and anodic potentials that are equally far removed from ψzc.
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The trend in the reversible heat in Figure 24 is significantly different from the trend in the
irreversible heat. The reversible heat steadily increases for chloride counterions (anodic), while it
changes sign and remains nearly constant at all potentials for sodium counterions (cathodic).
Some difference between the two ionic species has a major impact on the reversible heat. This
will be further investigated in section 4.4.

Figure 25: Typical current transients for 1 M NaCl at Vapplied = ψzc + 0.5 V = +0.71 V (anodic,
Cl− counterions, blue) and at Vapplied = ψzc− 0.5 V = −0.29 V (cathodic, Na+ counterions, red).
Taken from one anodic and one cathodic measurement.

Figure 26: Capacitance of the electrode when the cell contains 1 M NaCl. The capacitance appears
to be equal (6.1 F) for both Na+ and Cl− counterions.
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4.3 Determining the heat of EDL formation with 0.8 M NaF using the
RTD setup

4.3.1 The zero current potential

As with 1 M sodium chloride, the first step towards determining the heat of EDL formation for
0.8 M sodium fluoride is by determining ψzc. The measurement result shown in Figure 27 is used
for this purpose.

Figure 27: Measurement of the equilibrium open circuit potential ψzc. The gap in the curve is
due to technical difficulties during the measurement.

The potential drops during the entire measurement, but after the interruption it levels off
steadily, to about +0.18 V vs. Ag/AgCl/sat. KCl. This is the zero current potential ψzc.

4.3.2 Cyclic voltammetry

Now ψzc = 0.18 V has been found, a cyclic voltammogram is recorded. See Figure 28.
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Figure 28: Cyclic voltammogram consisting of three cycles, from +0.68 V vs. Ag/AgCl/sat.
KCl to −0.32 V vs. Ag/AgCl/sat. KCl and back, at 500 µVs−1. Arrows indicate the scanning
direction.

The current tends towards a plateau value throughout the potential range, with only minor
deviations in the cathodic region. Therefore, the capacitance appears to be largely independent
of the potential. There are no significant features in the voltammogram, which indicates that
there are no major unwanted electrochemical reactions occurring in the system.

4.3.3 The heat of EDL formation

Calibration of the setup is performed again for 0.8 M NaF. The calibration constant obtained in
section 4.2.3 is not used. See Figure 29 for the new calibration curve. Using the new coefficient
of heat transfer, the heat of EDL formation is again determined and plotted in Figure 30.

Figure 29: Calibration curve, obtained using linear regression through the origin on the data of
both measurements with 0.8 M NaF. See Equation 35 for the origin of the axis labels. From linear
regression, K = 0.1158± 0.0026 JK−1s−1.
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Figure 30: The reversible and irreversible heat for charging (or discharging) with 0.8 M NaF. The
dotted vertical line indicates ψzc.

The reversible heat and irreversible heat follow different trends, as with 1 M NaCl. However,
unlike the 1 M NaCl measurements, the 0.8 M NaF measurements show asymmetry with respect
to ψzc in the irreversible heat as well. This can be explained by asymmetry in the build-up of
charge, as is shown by the different anodic and cathodic capacitances in Figure 31.

Figure 31: The capacitance with 0.8 M NaF. The capacitance is noticeably greater for Na+

counterions (cathodic, 6.4 F) than for F− counterions (anodic, 5.1 F).
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Figure 32: Typical current transients for 0.8 M NaF at Vapplied = ψzc + 0.5 V = +0.68 V (anodic,
F− counterions, blue) and at Vapplied = ψzc − 0.5 V = −0.32 V (cathodic, Na+ counterions, red).
Taken from one anodic and one cathodic measurement.

Figure 31 shows that more sodium than fluoride can enter the electrode at the same distance
from ψzc, while Figure 32 shows that sodium ions also enter the electrode’s pores more quickly.
Due to the differences in the total accumulated charge and the rate of charge build-up, the
irreversible heat generated while the counterions are Na+ ions is greater than the irreversible
heat observed with F− counterions.

The reversible heat, however, is much higher for F− counterions, despite fewer ions being
involved. This is similar to the result observed for 1 M NaCl, in which EDLs with chloride
counterions give rise to far greater reversible heat, despite the number of ions involved being
(nearly) equal to the number of sodium ions in an EDL with those as the counterions. In both
the 0.8 M NaF and 1 M NaCl cases, the anions appear to differ from Na+ in such a way that
they completely dominate the reversible heat.

4.4 Towards explaining the heat of EDL formation

In an effort to explain why fluoride and chloride counterions give rise to a much greater heat of
EDL formation than sodium counterions, an attempt is made to formulate a model that can
account for the asymmetry in the reversible heat as a function of the potential, as observed for
both 0.8 M NaF and 1 M NaCl in Figure 33. This model is kept relatively simple, in view of the
limited time still available to finish the project.

The heat of EDL formation could have both enthalpic and entropic origins. Enthalpic changes
should be due to, possibly amongst others, the field energy and the hydration of the ions, while
entropic changes should be influenced by the ionic radii. These three contributing factors are
investigated in their own sections.
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Figure 33: Heats of EDL formation. Note the asymmetry with respect to ψzc (+0.21 V for 1 M
NaCl and +0.18 V for 0.8 M NaF, vs. Ag/AgCl/sat. KCl).

4.4.1 Field energy

As mentioned in section 2.4, the field energy is negligible if the Debye screening length far
exceeds the pore diameter. The Debye screening length κ−1 follows from Equation 45 for a
1:1-electrolyte of concentration n0 in units of molm−3.

κ−1 =

√
εrε0kT

2e2NAvn0
(45)

The porous carbon material used in this work has an average pore diameter of approximately 1
nm. For 1 M NaCl, the Debye screening length is roughly 0.30 nm, while for 0.8 M NaF, the
Debye screening length is 0.34 nm. In both cases, the Debye screening length at T = 295 K is
less than the pore size. Therefore, the field energy cannot be out-right neglected if the bulk
concentration is used to calculate the Debye screening length.

While this suggests that the field energy must be considered, there is experimental evidence for
the heat of EDL formation being practically independent of concentration and, consequently,
independent of the Debye screening length. Measurements by Janssen et al. [7] reveal that the
electrolyte concentration only has a minute effect on the heat of EDL formation. By extension,
the Debye screening length appears to be of little consequence. See Figure 34.
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Figure 34: The total heat during charging and discharging at different cell voltages, as found by
Janssen et al. [7] for a compact two-electrode cell. Figure taken from Janssen et al. [7]

It is possible that the field energy still plays a part in the heat of EDL formation, but with
experimental evidence to the contrary, the field energy shall not be considered after this section.

4.4.2 Hydration

The enthalpy of hydration ∆H0
hyd is the enthalpy change when a gaseous ion is dissolved in an

infinitely large volume of water [31]. When an ion is dissolved, it is hydrated by water molecules,
which form a hydration shell around the ion. For such a hydration shell to be affected by EDL
charging, the heat of EDL formation should at least be comparable to the enthalpy of hydration
divided by the number of water molecules in the hydration shell.

Hydration enthalpies are given for Na+, Cl− and F− in Table 3. Conceivably, there may be
interactions in the system which stabilise water molecules after dehydration, thereby reducing
the enthalpy change to less than ∆H0

hyd divided by the number of coordinated water molecules.

Such interactions are not accounted for in the definition of ∆H0
hyd, because this definition

assumes an infinite amount of water, whereas in our case, the amount of water is finite.
Additionally, ions could be stabilised after partial dehydration by adsorbing to the oppositely
charged electrode. This would further decrease the required heat for dehydration.

Ionic species ∆H0
hyd/6 (kJmol−1)

Na+ 68.2
Cl− 63.5
F− 85.8

Table 3: Hydration enthalpies of all ionic species considered in this work, divided by six, the
number of coordinated water molecules [31]

.

However, while these stabilising interactions may exist, it is important to realise just how large
the values for ∆H0

hyd in Table 3 are. The lowest value of ∆H0
hyd/6, 63.5 kJmol−1, belongs to

chloride. While it is the lowest value in the table, it is still higher than the evaporation enthalpy
of water, which is 40.5 kJmol−1 [32]. As such, the hydration enthalpy per water molecule is
greater than the heat required to completely tear a water molecule out of the solution.

It seems reasonable to assume that any interactions that could stabilise the ions or the water
molecules would not exceed the evaporation enthalpy. While this is more of a guess than a
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substantiated assumption, it does allow a simple rule to be formulated for dehydration: for one
of the six bound water molecules to leave the hydration shell of an ion during EDL charging, the

heat of EDL formation must at least exceed 1
6

th
of the hydration enthalpy minus the evaporation

enthalpy of water. For Cl−, the least heat is required: 23.5 kJmol−1. The measured heat is
substantially less than that, as is shown in Figure 35.

Figure 35: The reversible heat per mole of moved ions. The reversible heat (Figure 33) was divided
by Qcharging/F to give the reversible heat per mole of moved ions.

Figure 35 shows that the reversible heat per mole of moved ions is insufficient to account for any
dehydration of the ions. The reversible heat does not exceed 16 kJmol−1, while at least 23.5
kJmol−1 would be necessary for partial dehydration of the chloride ions according to our –
admittedly rather arbitrary – rule. Therefore, hydration cannot be considered a factor in the
heat of EDL formation, just like the field energy. Ions remain fully hydrated, which is consistent
with the Stern layer picture of the EDL, where the ions are separated from the electrode by a
layer of water molecules. With both enthalpic contributions disqualified, this leaves only entropic
effects as a possible explanation of the heat of EDL formation.

4.4.3 Ionic radii

The most promising explanation of the asymmetry in the heat of EDL formation lies in the
entropic change that occurs upon charging and discharging of the EDL. The different types of
ions have different ionic radii, and thus they occupy different volume fractions at the same
concentration. This leads to less freedom of movement (less entropy) for large ions than for small
ones when the ions are confined to a small volume, such as a pore.

When an EDL is charged, ions are exchanged. In the case of large anions and small cations,
applying a positive, anodic potential causes more large anions to enter the pores, while small
cations leave. The entropy is thus reduced. Applying a negative, cathodic potential has the
opposite effect, as is shown in Figure 36. These effects can be captured in a model using a
definition for entropy that accounts for the ionic radii. The model that we use is described in the
remainder of this section.
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Figure 36: Illustration of the essential concept behind the exclusively entropic model.

In the model for the entropic effect, henceforth the exclusively entropic model, the pores and the
bulk solution are assumed to be in equilbrium: µpores+ = µbulk+ and µpores− = µbulk− . This results in
a constant ionic product n2

0 = n+n−. Electroneutrality is also assumed. Furthermore, one
capacitance C is assumed for all ionic species.

Given that the porous carbon is capable of bearing an electric charge, the electroneutrality
condition is:

n+ − n− + zns = 0 (46)

In Equation 46, z = −1 for anodic potentials and z = +1 for cathodic potentials. The
concentration of surface charges ns follows from the capacitance C, the applied potential ψ and
the micropore volume V via Equation 47.

ns =
Cψ

FV
(47)

In this equation, ψ = Vapplied − ψzc. Now, by defining n2
0 = n+n− and realising that zns = ψn0,

we can relate the surface charge to the applied potential and the ions’ concentrations:

n2
0 = n+(n+ + ψns) (48)

This results in a simple quadratic equation:

n2
+ + ψnsn+ − n2

0 = 0 (49)

Solving for the cation concentration gives:

n+ =
1

2

(√
4n2

0 + n2
s − ns

)
(50)

The anion concentration simply follows from n− = n+ + ns.

The concentrations of the ions are needed to determine the heat T∆S. To do so, Equation 51 is
used for the entropy S. This equation describes the entropy as a mixing entropy of spheres of
different sizes [33].

S = −k
[
Nw lnφw +N+ lnφ+ +N− lnφ−

]
(51)

In this equation, the ionic species’ volume fractions φ+ and φ− follow from Equation 52, which
features the ionic concentrations n±, volumes v± and radii r±.

φ± = n±NAvv± = n±NAv
π(2r±)3

6
(52)
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The water, lastly, has a volume fraction φw = 1− φ+ − φ−. The amounts of ions N+ and N−
and the amount of water Nw can be determined in a straightforward manner, following
Equations 53 and 54, in which V is the micropore volume. The water concentration nw can be
determined from the molar volume of liquid water, 18mLmol−1.

N± = V n±NAv (53)

Nw = V nwNAv (54)

With the entropy defined and all variables explained, it is time to return to the heat of EDL
formation. The entropic contribution to the heat of EDL formation is T∆S, the difference
between the entropy at an applied potential ψ and at the zero current potential ψzc.

T∆S = T
(
S(ψ)− S(ψzc)

)
(55)

If entropic effects are solely responsible for the heat of EDL formation, Equation 55 is the
expected measurement result. To assess the viability of the model, the model and the
experimental data are compared in Figure 37.

Figure 37: The model (lines, translated to ψzc) compared to experimental data (cross markers).
Parameters: rNa+ = 350 pm; rCl− = 435 pm; rF− = 415 pm; CNaCl = 6 F; CNaF = 5 F; V = 38
µL.

The parameters used to create the near-perfect fit in Figure 37 are not entirely representative of
the system, but the chosen values are not physically implausible. The primary objection to the
fit is the choice of ionic radii, which differ from literature values [30, 34]. The literature values
for the ions are rNa+ = 358 pm, rCl− = 332 pm and rF− = 352 pm [34]. While a deviation from
the literature values is not necessarily problematic, it is curious to see that our model works
when Cl− and F− are larger than Na+, which is the opposite of generally accepted reality.
However, even this is not necessarily problematic, because the literature values are determined
using conductivity measurements, from which hydrodynamic radii are obtained [35]. A
hydrodynamic radius obtained via a conductivity measurement is unlikely to be an appropriate
indication of the size of an ion in porous carbon, where the assumption that a hydrated ion is
simply a free-floating sphere does not necessarily hold.
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There is also a slight deviation from the literature value of the micropore volume (475 mLg−1 in
our case vs. 400 mLg−1 in literature) [30]. This is not necessarily problematic, as the deviation
is not very large and the literature value was determined using nitrogen adsorption. A micropore
volume obtained via nitrogen adsorption is not necessarily representative of the ion-accessible
volume, which is the volume that matters in this model.

All in all, despite its shortcomings, the model is clearly capable of producing the correct trend,
which is encouraging. This model for the entropic heat generation should definitely be further
developed. One way to improve it would be to use the excluded volume instead of the occupied
volume of the ions [26]. This would involve a different expression for the entropy, such as the
entropy of hard sphere ions, which can be calculated using the mean-field formalism [36]. By
treating the ions as hard sphere ions, correlations between the ions can be accounted for. This is
probably necessary, as our current model predicts ionic volume fractions as high as 30% for Cl−

ions in 1 M NaCl at applied potentials around +0.71 V vs. Ag/AgCl/sat. KCl.

Another reason to change the expression for the entropy is the predicted concentration
dependence of the result. Experimental results from Janssen et al. [7] indicate that the heat of
EDL formation is practically independent of concentration, as shown in Figure 34. Consequently,
the predicted entropy change should also be independent of the concentration. This is not the
case, however, as Figure 38 shows.

Figure 38: Concentration dependence of the exclusively entropic model, using the parameters used
for NaCl in Figure 37. The dotted vertical line indicates ψzc.

Finally, a possible improvement that does not require a different expression for the entropy, is to
use two capacitances C+ and C− for the cations and the anions respectively, instead of using one
capacitance C for both. This would be especially helpful for NaF, as the electrode’s capacitance
for F− is significantly smaller than its capacitance for Na+.
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5 Conclusions and outlook

With the temperature difference measurement setup, it is possible to measure the reversible heat
of EDL charging in porous carbon over a range of voltages, from an applied voltage that is 0.5 V
more positive or negative than the equilibrium potential down to one that is only 0.1 V more
positive or negative. As a result, the heat of electrical double layer formation can be determined
as a function of the applied potential for chloride, fluoride and sodium counterions.

There is asymmetry in the heat of EDL formation as a function of the applied potential, both for
1 M NaCl and for 0.8 M NaF. The heat of EDL formation is much greater with Cl− and F−

counterions than with Na+ counterions. This is likely due to differences in the ionic radii, which
lead to vastly different entropic changes and different EDL formation heats. Enthalpic changes
appear to be less important, as dehydration is unlikely to occur with as little heat as is
measured. Additionally, the electric field energy is likely very small [28].

As a result of the seemingly negligible enthalpy, a simple, exclusively entropic model for the heat
of EDL formation works quite well to explain the experimental results. The model takes the
ionic radii and the micropore volume into account. Although using literature values for the ionic
radii does not result in a quantitative fit, the model is capable of reproducing the experimental
data using ionic radii that are at least physically plausible.

Future developments in this line of research will focus on improving the model, for example by
considering one capacitance for each ionic species, instead of one capacitance for the
two-component electrolyte. Considering the high ionic volume fractions predicted by the model,
it is likely also justified to change the expression for entropy to account for correlations between
the ions’ positions. Finally, other models will be tested, such as the existing modified Donnan
model by Porada et al. [28], which could be expanded to allow the enthalpy and entropy to be
calculated.

Experimental work will continue by investigating different ionic species. If ionic radii matter as
much as this work suggests, the relatively large Li+ ions and the relatively small K+ ions should
be worth looking into. Divalent ions could also be interesting, provided that a suitable 2:2- or
2:1-electrolyte can be found. A 2:2-electrolyte is preferable if the number of moved ions is to be
calculated. It could also be useful to attempt to work with the ionic species that have already
been investigated, but at lower electrolyte concentrations, as this would increase the Debye
screening length. This should suppress the influence of the – presumably already tiny – electric
field energy on the heat of EDL formation. Lowering the electrolyte concentration would also
put the exclusively entropic model, which predicts significant concentration dependence of the
reversible heat, to the test.

Finally, two new types of measurements will be attempted. To learn more about the
accumulation of ions in porous carbon, NMR measurements will be conducted at the same time
as charge measurements, which should provide information about the co- and counterion
concentrations in the porous carbon. This would, for example, allow one to find out if fluoride
indeed enters the electrode in smaller amounts than sodium or chloride.

The other new type of measurement is one in which the heat of EDL formation is determined at
different temperatures. This should allow the separation of the enthalpic and entropic
contributions to the heat of EDL formation.
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8 Appendix I: Derivation of the temperature difference
equation

In general, a Wheatstone bridge looks like the circuit in Figure 39. There are four resistors
which, in a balanced bridge, are of equal electrical resistance. The voltage across the bridge ∆V
is zero when the bridge is balanced [37].

Figure 39: Wheatstone bridge circuit with an alternating current source.

If the bridge is not balanced, however, there is a non-zero voltage ∆V across the bridge. This
voltage is equal to the difference in voltage over RA and RC .

∆V = VA − VC (56)

The applied voltage is V , which means that VB = V − VA and VD = V − VC . The voltages over
RA and RC depend on the applied voltage and the values of both resistors in their respective
branches of the parallel circuit.

VA = V

(
1− RA

RA +RB

)
(57)

VC = V

(
1− RC

RC +RD

)
(58)

Plugging Equations 57 and 58 into Equation 56:

∆V = V

[(
1− RA

RA +RB

)
−
(

1− RC
RC +RD

)]
= V

[
RC

RC +RD
− RA
RA +RB

]
(59)

If only one resistor differs from the others, as in the case with three reference thermometers Re
and a measuring thermometer RM , the situation becomes simpler. In the present case, the
measuring thermometer takes the place of RD. Plugging RA = RB = RC = Re and RD = RM
into Equation 59 gives:

∆V = V

[
Re

Re +RM
− 1

2

]
(60)

∆V

V
=

Re
Re +RM

− 1

2
(61)

∆V

V
+

1

2
=

Re
Re +RM

(62)

2∆V + V

2V
=

Re
Re +RM

(63)

2V Re = (2∆V + V )(Re +RM ) (64)
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2V Re = 2∆V Re + V Re + 2∆V RM + V RM (65)

V Re − V RM = 2∆V Re + 2∆V RM (66)

V (Re −RM ) = 2∆V (Re +RM ) (67)

Introducing Re +RM = Re −RM + 2RM :

V (Re −RM ) = 2∆V (Re −RM + 2RM ) (68)

Rearranging:

(V − 2∆V )(Re −RM ) = 4∆V RM (69)

Re −RM =
4∆V RM
V − 2∆V

(70)

Defining ∆R = RM −Re:

∆R = − 4∆V RM
V − 2∆V

(71)

The electrical resistance of a Pt100 RTD depends on temperature following R = 100 + 0.385005T .
Consequently, the difference in resistance between the two resistors RM and Re is given by:

∆R = RM −Re = 0.385005(TM − Te) = 0.385005∆T (72)

The quantity of interest is the temperature difference. Rearranging and combining Equation 72
with Equation 71 gives:

∆T = − 1

0.385005
∆R = − 1

0.385005

4∆V RM
V − 2∆V

(73)
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9 Appendix II: Software reference

All software used to record, analyse and plot data for this work has been written in Python 3,
with the exception of the ziControl program for the Zürich Instruments HF2LI, the VersaStudio
program for the PARSTAT MC1000 and the NOVA program for the Metrohm Autolab
PGSTAT100. Except for a small amount of Interactive Python code, all Python code is
contained in scripts and can be easily accessed. The scripts are described in the Measurement
and data treatment manual [38]. The required Python version and modules for running the
scripts are listed in Table 4 and can also be found in the manual [38].

Name Version Function
Python 3 3.6 or higher Core
NumPy Most recent stable version Mathematical operations

Matplotlib Most recent stable version Plotting
Argparse Most recent stable version Command line argument parsing
wxPython Most recent stable version GUI
PyVISA Most recent stable version SCPI (using NI-VISA)

Table 4: System requirements for using the Python scripts that have been designed for this work.
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10 Appendix III: Validation of the calibration routine

To establish whether the scripts for calibration of the HFS and RTD setups, CalibrateRTD.py
and CalibrateHFS.py, work correctly, test current data for which Πirr and K can be calculated
analytically can be generated. Such test current data comprise two rectangular peaks: a
charging peak from t0 to t1 with height h1 and a discharging peak from t1 to t2 with height h2.
The accompanying temperature data need not be generated: the charging and discharging
temperature peak areas can simply be set to two constant values, B1 and B2. The calibration
constant K then follows from Equation 74.

K =

∫ t1
t0
ψR(t)I(t) dt+

∫ t2
t1
ψR(t)I(t) dt

B1 +B2
=

∫ t1
t0
ψR(t)h1 dt+

∫ t2
t1
ψR(t)h2 dt

B1 +B2
(74)

The potential over the solution, ψR(t), takes the form of Equation 75. In this equation, Qfull is
the total charge built up during charging.

ψR(t) = ψ

[
1− Q(t)

Qfull

]
(75)

In the case of rectangular peaks, an analytical expression exists for the integrals
∫ t1
t0
ψR(t)I(t) dt

and
∫ t2
t1
ψR(t)I(t) dt. Consider a current profile as in Figure 40. During charging, Q(t) rises

linearly to Qfull = h1 × (t1 − t0) = h1 × t1. During discharging, it drops to Qfull + h2 × t2.

Figure 40: The general form of the model dataset with rectangular peaks.

In this specific situation,
∫ t1
t0
ψR(t)I(t) dt becomes:

Πch
irr =

∫ t1

t0

ψR(t)I(t) dt =

∫ t1

t0

ψ

[
1− Q(t)

Qfull

]
I(t) dt = ψh1

∫ t1

t0

[
1− h1 × t

Qfull

]
dt (76)

This works out to:

ψh1

∫ t1

t0

[
1− h1 × t

Qfull

]
dt = ψh1

∫ t1

t0

dt− ψh2
1

Qfull

∫ t1

t0

tdt = ψh1t1 −
ψh2

1t
2
1

2Qfull
(77)

Which can be further simplified:

ψh1t−
ψh2

1t
2
1

2Qfull
= ψh1t1

[
1− h1t1

2Qfull

]
(78)

Finally, the result takes the form of Equation 79.
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∫ t1

t0

ψR(t)I(t) dt = ψh1t1

[
1− h1t1

2Qfull

]
= ψ

[
Qfull −

Q2
full

2Qfull

]
(79)

For the discharge,
∫ t2
t1
ψR(t)I(t)dt does not take the same form, because

Q(t) = Qfull + h2 × (t2 − t1). For convenience, time is reset at the start of the discharge peak,
such that t1 = 0 and Q(t) = Qfull + h2 × t2. Using this, Equation 80 is formulated.

Πdis
irr =

∫ t2

t1

ψR(t)I(t) dt =

∫ t2

t1

ψ

[
1− Q(t)

Qfull

]
I(t) dt = ψh2

∫ t1

t0

[
1− Qfull + h2 × t

Qfull

]
dt (80)

This works out to:

ψh2

∫ t1

t0

[
1− Qfull + h2 × t

Qfull

]
dt = ψh2

∫ t1

t0

[
1− Qfull

Qfull
+
h2 × t
Qfull

]
dt =

ψh2
2

Qfull

∫ t2

t1

tdt (81)

This can easily be integrated, which gives the final result for
∫ t2
t1
ψR(t)I(t) dt:∫ t2

t1

ψR(t)I(t) dt =
ψh2

2

Qfull

∫ t2

t1

tdt =
ψh2

2t
2
2

2Qfull
(82)

Using Equations 79 and 82, Equation 74 can be solved. The answer can then be compared to the
numerical result obtained from the data treatment software. This has been done for various
chosen values of ψ, B1, B2, h1, h2, t1 − t0 and t2 − t1. See Table 5.

ψ (V) h1 (A) h2 (A) t1 - t0 (s) t2 - t1 (s) B1 (Ks) B2 (Ks)
Πcha

irr (J) Πdisa

irr (J) Ka (J/(Ks)) Πchn

irr (J) Πdisn

irr (J) Kn (J/(Ks))
0.5 3 −3 2 2 2.5 0.5
1.5 1.5 1 1.49325 1.50825 1.0005
0.4 2 −2.5 2 1.5 2 0.75
0.8 0.703125 0.546591 0.796398 0.708167 0.547114
0.2 −1 1.25 4 3.5 0.25 1.5
0.4 0.478516 0.502009 0.3992 0.470587 0.497021

Table 5: Results of calibration using test data. Numerical results are given with as many decimals
as the software would provide. Results marked with superscript a are analytical, whereas those
marked with n are numerical.

The analytical and numerical results are found to be in good agreement. Any differences can
easily be explained by the limited resolution of the test data, which always contains only 2000
data points. Therefore, it can be safely concluded that the data treatment software works
correctly.
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11 Appendix IV: Operation of the RTD setup

11.1 The calorimeter circuit

The circuit diagram of the calorimeter in the RTD setup is an unbalanced Wheatstone bridge
with an alternating current source. See Figure 41.

Figure 41: Wheatstone bridge circuit in its general form (LHS) and as it is implemented in the
RTD setup (RHS).

The alternating current source is the second output channel of the Zürich Instruments HF2LI
lock-in amplifier. Originally, it was the first output channel, but this channel ceased to function,
presumably due to a voltage spike. The IN and IN DIFF inputs of channel 1 are used to
determine the voltages across the two reference thermometers at the start of the opposite arms of
the Wheatstone bridge, RA and RC . This allows the voltage ∆V across the Wheatstone bridge
to be determined as ∆V = V (IN) - V (IN DIFF). Lastly, half of the applied voltage is measured
as the voltage across one of the reference thermometers using the IN input of channel 2.

11.2 Calculating the temperature difference

To calculate the temperature difference in the RTD setup, Equation 83 is used.

∆T = − 1

0.385005
∆R = − 1

0.385005

4∆V RM
V − 2∆V

(83)

With the exception of RM , all quantities in Equation 83 are measured. RM is calculated via
Equation 84, with T = 22 ◦C.

R =
100− T
0.385005

(84)

It may be best to change the setup to allow a direct measurement of the measuring
thermometer’s resistance RM , but calculating it is not particularly objectionable.

11.3 Controlling the lock-in amplifier

The Zürich Instruments HF2LI is controlled via the ziControl program. The use of this program
and two accompanying Python scripts is described in the Measurement and data treatment
manual [38].
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12 Appendix V: Problems and peculiarities

During the course of the project, several theoretical and practical problems have been
encountered. Most of the important, unsolved problems are listed here.

12.1 Time stamps in the RTD setup

12.1.1 Lost seconds

Due to the data saving method used by the Zürich Instruments HF2LI lock-in amplifier, time
stamps for ∆T (t) are not recorded live. While the instrument does indicate a sampling frequency,
this is not the exact sampling frequency, and using it to determine the time is ill-advised.

Instead, the time of file creation tc and the time of last modification tm are used to determine
the time stamps. The time between data points is assumed to be constant during the entire
measurement, which means that, for a data point of index i ∈ [0, 1, ..., N) in a dataset of N
points, the time stamp is given by Equation 85.

ti =
i× (tm − tc)

N
(85)

This is a reasonably accurate method, but it is not perfect. In all datasets, one second goes
missing roughly every hour. This results in a tiny systematic error in the time.

12.1.2 Time zones and daylight savings

The Python script responsible for determining tc and tm is affected by the computer’s internal
clock and needs to be adjusted whenever the time zone changes from CET to CEST and from
CEST to CET. Instructions can be found inside the script itself, HF2Li Reader.py [38].

12.1.3 Time-outs

The Metrohm Autolab PGSTAT100 potentiostat occasionally takes a longer time step between
current data points. This happens when a different voltage is applied (ca. 10 s without new
data) and when a large amount of data is saved (in excess of 60 s without new data). The former
is generally not problematic, but the latter is. Saving is indicated in NOVA by double horizontal
lines in the procedure. It is best to schedule saving at the end of charging or discharging. Note
that this is only relevant in very long (>40 h) measurements, as saving is not necessary during
shorter measurements.

12.2 The RTD setup’s elevated baseline

As mentioned in section 3.2, unwanted resistances in the Wheatstone bridge circuit give rise to
an elevated ∆T baseline, as these resistances lead to a non-zero ∆R, even when there is no
temperature difference between the reference and measuring thermometers. The elevated
baseline results from several phenomena.

The reference and measuring thermometers have different resistances in their leads, which is
responsible for part of the elevated temperature difference baseline. This is mainly due to the
Pt100s being used for two-wire sensing instead of the recommended three- or four-wire sensing.
This leads to increased sensitivity, but also to differences in the thermometers’ impedances. Note
that these truly are impedances and not simple resistances, for they depend on the frequency.

There is also the issue of self-heating. The amplitude of the voltage applied to the Wheatstone
bridge circuit is deliberately kept at a low VLI = 0.5 V, as it is found that higher applied
voltages lead to a further elevated baseline. This is due to self heating, which is stronger in the
measuring thermometer than in the more massive reference thermometers.
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12.3 Limited sizes of current datasets

Both potentiostats used in this work can only store a limited number of current data points. The
Metrohm Autolab PGSTAT100 will not save more than 10000 data points during charging or
discharging, which makes measuring one point per second impossible when charging for three or
more hours. For long charging and discharging periods, one point should be recorded every two
or more seconds.

The PARSTAT MC1000 averages current data points if measurements go on for too long. There
are several HFS datasets in which the current data consists of points spaced by more than half a
minute. No noteworthy attempts to address this have been made.
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13 Appendix VI: Cyclic voltammetry combined with
calorimetry

At one point, while recording cyclic voltammograms, it was realised that both setups’ heat
sensors could also be used to collect data during cyclic voltammetry. This would allow the heat
data to be plotted against the potential data, as the time stamps would be known for both the
calorimetric and electrical measurements. This turned out to be particularly effective with the
HFS setup, for which an example measurement result is given in Figure 42.

Figure 42: A cyclic voltammogram and its corresponding HFS signal. dV/ dt = 5 mVs−1. The
applied potential is in V vs. Ag/AgCl/sat. KCl. Note that there is a slight difference between the
start and end points of the two measurements.

Is should, however, be noted that this type of measurement is not new. Combined calorimetric
and voltammetric measurements date back to 2002, when Soto et al. [39] used a thermistor
inside an electrode to conduct measurements similar to the one in Figure 42. Interestingly, their
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setup is much like our RTD setup. Soto et al. [39] also used a Wheatstone bridge for their
measurements, although there is no mention of reference thermometers.
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