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1Van ’t Hoff Laboratory for Physical and Colloid Chemistry, Debye Institute for Nanomaterials Science,
Utrecht University, Padualaan 8, 3584 CH Utrecht, Netherlands

2Materials Chemistry and Catalysis, Debye Institute for Nanomaterials Science,
Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, Netherlands

(Received 1 February 2022; revised 15 July 2022; accepted 30 September 2022; published 28 October 2022)

The internal energy of capacitive porous carbon electrodes was determined experimentally as a function
of applied potential in aqueous salt solutions. Both the electrical work and produced heat were measured.
The potential dependence of the internal energy is explained in terms of two contributions, namely the field
energy of a dielectric layer of water molecules at the surface and the potential energy of ions in the pores.
The average electric potential of the ions is deduced, and its dependence on the type of salt suggests that the
hydration strength limits how closely ions can approach the surface.

DOI: 10.1103/PhysRevLett.129.186001

Introduction.—In porous electrodes, the interface
between solid conductor and liquid-phase ions is at the
pore walls. Charge separation between solid and liquid
occurs within less than a nanometer, and consequently,
electrodes that largely consist of micropores (1–2 nm in
width) have a huge electrified surface area. With carbon
material, it can exceed 1000 m2 per gram of solid, which
allows for energy storage at high density. Moreover, since
the charging process is rapid and reversible, “electrical
double layer capacitors” are suitable for automotive and
consumer applications [1,2]. Microporous electrodes are
also applied in “capacitive deionization” to produce drink-
ing water by removing salt from brackish water [3–5].
Conversely, electrical energy can be harvested from the
mixing of dilute and concentrated salt solutions using
capacitive electrodes [6,7].
The capacitance of a porous electrode provides exper-

imental information about the electrical double layer inside
the pores. From measurements at different ion-to-pore size
ratios, it is clear that pores too narrow to accommodate ions
do not store charge [8,9]. Nevertheless, solvated ions can
lose their solvation shells when they enter into micropores
[10–13]. In the field of capacitive deionization, theoretical
models typically interpret themeasured capacitance in terms
of a dielectric layer of water molecules adsorbed at the pore
walls (the “Stern layer”) and an adjacent diffuse ionic layer
[14,15]. The uptake of salt by microporous electrodes has
been explained on the basis of a modified Donnan equilib-
rium, assuming that all in-pore ions are at the same electric
potential [16,17]. More detailed insights can be obtained
from numerical simulations, for instance using density
functional theory or molecular dynamics [18–20]. Calcu-
lations as a function of distance from a pore wall show
different profiles of the electric field and concentrations of

ions, depending on the distance between opposing walls
[21–24].
In the present Letter, we propose an experimental

thermodynamic approach to characterize the average elec-
tric potential of ions inside a microporous electrode. The
electrode is alternatingly charged or discharged, and the
associated changes in internal energy are calculated from
the amount of electrical work performed on the electrode
[23] and from the exchanged heat, measured via calorim-
etry [25–32]. The changes in internal energy are dominated
by the field energy of the electrical double layer, whose
contribution scales quadratically with applied potential.
However, this contribution is smaller than expected from
the capacitance. Our explanation is that changes in applied
potential do not fall fully across the capacitive part of the
electrical double layer. The average electric potential of the
ions in the pores is changed as well. Moreover, the internal
energy is also affected by the attraction of ions to the carbon
surface.
Experimental.—Experiments were conducted on micro-

porous carbon electrodes in aqueous salt solutions. The
porous working electrode (WE) was connected to an
Ag=AgCl reference electrode (RE) and a porous carbon
counter electrode (CE); see Fig. 1. Heat from the WE was

FIG. 1. Schematic of the experimental setup.
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measured with a heat flux sensor (HFS). More details about
the setup can be found in the Appendix.
The open circuit potential obtained after prolonged

equilibration was chosen as the null point of applied
potentials ΔV. Initially, at ΔV ¼ 0 V, the electric current
I and HFS voltage VHFS were close to zero. Then abruptly,
a nonzero ΔV was applied, resulting in peaks of I and
VHFS; see Fig. 2. After 1 to 2 hours, ΔV ¼ 0 V was applied
again. This charging-discharging cycle was repeated for
ΔV ¼ −0.5 V to þ0.5 V. The results were interpreted
using the following model.
Theory.—The studied thermodynamic system consists

essentially of four elements: (1) conductive carbon that is
at the externally applied potential, (2) a dielectric layer of
water molecules adsorbed at the pore walls, (3) ionic
solution inside the pores, and (4) a nearby part of the bulk
electrolyte solution reservoir, at constant electric potential
Vbulk. Experiments start with prolonged equilibration at
open circuit, until the carbon reaches an electric potential
VOCP;eq. We neglect the presence of surface charge at
open circuit, as was done in the interpretation of potential-
dependent salt adsorption experiments on the same elec-
trode material [17]. This implies that VOCP;eq ¼ Vbulk.
During charging, an electronic charge þΔQ is added to

carbon from the external circuit at potential VOCP;eq þ ΔV,
and an ionic charge −ΔQ is added from bulk solution at
potential VOCP;eq. The total electrical work on the system is
therefore

wch ¼ ΔQΔV: ð1Þ

The measurements are essentially isothermal [33], and
pressure-volume work is neglected. The energy change
during charging is the sum of electrical work performed on
the system and heat qch added to the system:

ΔUch ¼ ΔQΔV þ qch: ð2Þ

During discharging, the electrical work on the
system is

wdis ¼ 0 ð3Þ

since ΔQ is removed from carbon at ΔV ¼ 0 V and ionic
charge−ΔQ exits the system at VOCP;eq. The energy change
now equals the discharging heat qdis:

ΔUdis ¼ qdis: ð4Þ

For a full charging-discharging cycle, the total change in
internal energy ΔU is zero, since the system begins and
ends in the same state. Combining Eqs. (2) and (4) gives

qch þ qdis ¼ −ΔQΔV: ð5Þ

This is the irreversible heat produced in resistive parts of
the system. The HFS can be calibrated on this basis; see the
Results section.
In order to interpret the experimental values of

ΔUch ¼ −ΔUdis, it is assumed that the system’s energy
change consists of two contributions: the change ΔUw in
field energy of the dielectric water layer and the change
ΔUions in potential energy of the ions in the pores:

ΔUch ¼ ΔUw þ ΔUions: ð6Þ

Similarly, the change ΔV in applied potential consists of a
change ΔVw in voltage across the dielectric water layer and
a changeΔV ions in the average electric potential of the ionic
solution inside the pores:

ΔV ¼ ΔVw þ ΔV ions: ð7Þ

It is assumed that ΔV ions is a fraction f of the change in
applied potential:

ΔV ions ¼ fΔV: ð8Þ

The associated change in voltage across the dielectric water
layer is given by

ΔVw ¼ ð1 − fÞΔV: ð9Þ

In our experiments, the measured capacitance C of the
electrode is approximately constant:

ΔQ ¼ CΔV: ð10Þ

The combination of Eqs. (9) and (10) indicates that the
capacitance of the dielectric water layer is given by

Cw ¼ C=ð1 − fÞ: ð11Þ

FIG. 2. Measurement of a charging-discharging cycle (1 M
NaCl, 22 °C): time dependence of (a) applied potential referenced
to open circuit potential after prolonged equilibration, (b) electric
current, and (c) voltage of the heat flux sensor.
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Consequently, the change in field energy during charging is
given by

ΔUw ¼
Z ð1−fÞΔV

0

VCwdV ¼ 1

2
ð1 − fÞCðΔVÞ2: ð12Þ

The energy change of the ionic solution is assumed to
consist of two contributions: the electrical work to bring the
countercharge −CΔV to the in-pore potential fΔV, and an
energy change CΔVΔVatt resulting from an attraction
between the ions and carbon surface:

ΔUions ¼ −fCðΔVÞ2 þ CΔVΔVatt: ð13Þ

ΔVatt has units of V and represents a change in potential
energy per elementary charge. The total energy change
follows from Eqs. (6), (12), and (13):

ΔUch ¼
�
1

2
−
3

2
f

�
CðΔVÞ2 þ CΔVΔVatt: ð14Þ

Using Eqs. (2), (5), and (14), expressions for the heats of
charging and discharging are found:

qch ¼
�
−
1

2
−
3

2
f

�
CðΔVÞ2 þ CΔVΔVatt ð15Þ

qdis ¼
�
−
1

2
þ 3

2
f

�
CðΔVÞ2 − CΔVΔVatt: ð16Þ

When it is assumed that the irreversible heat qirr is
approximately the same upon charging and discharging
[33], it is given by

qirr ≅
qch þ qdis

2
¼ −

1

2
CðΔVÞ2 ð17Þ

and the reversible heat qrev is given by

qrev ≅
qch − qdis

2
¼ −

3

2
fCðΔVÞ2 þ CΔVΔVatt: ð18Þ

Results.—Analysis of the experimental data started by
integrating the current peaks, to obtain the change in
equilibrium charge ΔQ; see Fig. 3(a). The measured charge
was linear with applied potential and opposite during
charging (ΔQch) and discharging (ΔQdis). Capacitance
was slightly higher in the cathodic range (ΔV < 0) than
in the anodic range (ΔV > 0); see Table I.
Integration of a peak of the HFS voltage yielded the heat

in HFS units (Vs), different upon charging (qch) or
discharging (qdis); see Fig. 3(b). As expected from
Eq. (5), the integral of the two HFS voltage peaks was
proportional to −ΔQΔV; see Fig. 3(d). The same propor-
tionality constant in units of J/(Vs) was used to convert the
separate heats of charging and discharging into energy

units; see Fig. 3(b). This assumed that the HFS had the
same sensitivity to reversible heat produced by the porous
network and to Joule heat, used for the calibration. This
assumption was not necessarily correct, for instance since
part of the Joule heat was produced farther away from the
HFS than the reversible heat. Some Joule heat came from a
silver epoxy glue contact near the edge of the current
collector. Some Joule heat was also generated by electric
current through the electrolyte solution between the refer-
ence electrode and the WE; this heat was concentration-
and salt-dependent, due to differences in electrical con-
ductivity [36]. The HFS was probably the most sensitive to
heat generated in the porous network, close to and centered
with respect to the HFS. Since reversible heat scales
linearly with f and ΔVatt [see Eq. (18)], an overestimation
of the reversible heat by 33% (in an extreme scenario [36])
would also overestimate f and ΔVatt by 33%.
The same absoluteΔU was obtained via Eqs. (2) and (4).

In kJ/mol, the results were comparable for different salt
solutions. In all cases, a plot of ΔU=ΔQ versus ΔV as in
Fig. 3(c) gave a straight line with a negative y intercept, as
shown in the Supplemental Material [37]. Table I shows the
values of constants f and ΔVatt from the fitting of the

FIG. 3. Data analysis approach, illustrated for 1 M NaCl at
22 °C: (a) Potential dependence of equilibrium charge. (b) Poten-
tial dependence of the heats of charging and discharging, in
sensor units (left y axis) and energy units (right y axis).
(c) Potential dependence of the charging energy [see
Eq. (19)]; the right y axis gives charging energy in kJ/mol.
(d) Irreversible heat −ΔQΔV versus integrated HFS signal for a
full charging-discharging cycle; see Eq. (5).
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results obtained at 22 °C to the following equation, obtained
by dividing the terms in Eq. (14) by ΔQ ¼ CΔV:

ΔUch

ΔQ
¼

�
1

2
−
3

2
f

�
ΔV þ ΔVatt: ð19Þ

Temperature-dependent measurements with 1 M NaCl
indicated that the absolute values of f and ΔVatt increased
with temperature [37]. For all salts, the largest ΔU was
measured at ΔV ¼ −0.5 V, ranging from −25 kJ=mol
(CsCl) to −40 kJ=mol (LaCl3). This is much less than
the full hydration enthalpies of the ions [34], which range
from −280 kJ=mol for Csþ to −3310 kJ=mol for La3þ; see
Table I. This suggests that dehydration of ions as they
entered into micropores was not a strong effect in our
experiments.
Discussion.—To compare the experimental results to

theoretical models of the electrical double layer, one
approach is to focus on the reversible heat. In Ref. [33],
it was identified as the entropic contribution to the grand
potential, in agreement with Overbeek [48]. Glatzel et al.
[49] supported this identification using density functional
theory and calculated the negative ratio of reversible heat
qrev and electrical work wel. For our experiments, Eq. (18)
and wel ¼ 1

2
CΔV2 indicate that this ratio is given by

−qrev=wel ¼ þ3f − 2ΔVatt=ΔV: ð20Þ

One of the conclusions in Ref. [49] is that steric ion
interactions play a key role in determining the −qrev=wel
ratio. Ion-wall interactions were not taken into account in
Ref. [49], corresponding to the case where ΔVatt ¼ 0 V.
Larger hydrated ions lead to a smaller −qrev=wel ratio, in
line with the small values of f that we find for solutions
with Mg2þ, Ca2þ, and La3þ, our most strongly hydrated
ions. Theory predicts that the −qrev=wel ratio becomes
smaller at increasing ionic strength [49], in line with the

relatively small values of f that we find in 5 M NaCl and
1 M LaCl3, although theory overestimates the measured
effects. One source of discrepancy is uncertainty about the
dielectric constant of water inside micropores, expected to
be much closer to that of ice than to that of liquid water
[17,50]. A calculation [37] shows that our electrodes have
the capacitance of a parallel plate capacitor with the
thickness of a water molecule and a dielectric constant
of 2.1, the experimental value for water between capacitor
plates 1 nm apart [50]. Another source of discrepancy is the
possibly higher sensitivity of the HFS to reversible heat
than to Joule heat, an effect for which no corrections were
made in our data analysis.
Our alternative approach to interpret the data focuses on

the change in internal energy. The parameter f describes
which part of a change in applied potential is felt on
average by ions in the pores. One theory that gives a
constant value of the electric potential in micropores is the
modified Donnan theory [17], but it is not applicable here,
since most of our experiments were at high ionic strength
(≥ 1 M), where diffuse layer overlap is negligible. At high
ionic strengths, theoretical calculations predict that much of
the net ionic charge is close to the surface [21,22,51,52]. In
our measurements, the weakness of the measured heat
effects and the similar capacitances found with different
salts suggest that steric hindrance is not a strong limiting
factor for the entry of ions into the micropores. The ionic
core diameters range from 0.14 nm (Liþ) to 0.36 nm (Cl−)
[34], the Stokes diameters from 0.24 nm (Csþ) to 0.48 nm
(Liþ) [53–55], and the hydrated ion diameters from
electrostatic modeling from 0.42 nm (Kþ) to 0.62 nm
(La3þ) [34]. This remains smaller than the wall-to-wall
distance of 0.9 nm, an average of local values [8,56].
Nevertheless, there is a trend between the value of f and the
strength with which the ions are hydrated. Our least
hydrated ions are Cl−, Csþ, Rbþ, Kþ, and Naþ, whereas
Liþ, Ca2þ, Mg2þ, and La3þ are more strongly hydrated, in

TABLE I. Measured cathodic and anodic capacitances, and internal energy parameters f and ΔVatt from Eq. (14), for different
aqueous salt solutions at 22 °C. Results at 1 M are given in order of increasing cationic hydration strength, as indicated by hydration
enthalpy ΔHhyd and hydration numbers from electrostatic modeling (Nmod) and electrochemical quartz crystal microbalance
measurements (NEQCM). For chloride, −ΔHhyd ¼ 365 kJ=mol [34], Nmod ¼ 2.0 [34], and NEQCM ¼ 0.6 [35].

Salt solution
Ccathodic
(F) �0.2

Canodic
(F) �0.2 f �0.010

ΔVatt
(V) �0.020 Cation

−ΔHhyd [34]
(kJ/mol) Nmod [34] NEQCM [35]

1 M CsCl 6.1 5.1 0.109 −0.092 Csþ 280 2.1 0.5
1 M RbCl 5.9 5.1 0.099 −0.095 Rbþ 305 2.4 � � �
1 M KCl 5.9 5.0 0.101 −0.107 Kþ 330 2.6 1.3
1 M NaCl 6.0 5.0 0.093 −0.103 Naþ 415 3.5 2.2
1 M LiCl 6.1 5.0 0.079 −0.125 Liþ 530 5.2 2.6
1 M CaCl2 6.9 6.1 0.064 −0.155 Ca2þ 1600 7.2 3.7
1 M MgCl2 7.1 5.3 0.059 −0.122 Mg2þ 1945 10.0 5.8
1 M LaCl3 7.0 6.1 0.029 −0.148 La3þ 3310 10.3 � � �
0.1 M NaCl 5.3 4.8 0.119 −0.078
5 M NaCl 6.7 5.7 0.081 −0.125
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that order, as indicated by hydration enthalpies and
hydration numbers from electrostatic modeling [34] and
electrochemical quartz microbalance measurements [35];
see Table I. Our results agree with the view that weakly
hydrated ions come relatively close to the pore walls,
where the electric potential changes strongly with applied
potential—resulting in relatively high values of f—and that
strongly hydrated ions remain farther away from the pore
walls due to steric hindrance, resulting in lower values of f.
This does raise the question of why this trend is not only
observed in the cathodic range, where the cations are the
counterions, but also in the anodic range, where the
counterions are chloride. Our explanation is that at 1 M
salt concentration, the ionic strength is sufficiently high that
“ion swapping” occurs [8]. Both types of ions are present in
the pores across the entire potential range, and a positive
shift in applied potential causes an exchange of positive
ions by negative ions.
The origin of the ion attraction parameter ΔVatt remains

speculative. The typical value of −0.1 V corresponds to
−4kBT per elementary charge. Direct evidence for the
attraction of ions to the electrode surface was given by the
detection of excess salt inside micropores in the absence
of an externally applied potential [17,57], and this was
ascribed to image charge attraction [17,58–60]. However,
the resulting contribution to the potential energy would
then probably depend on the applied potential [17],
whereas in the fitting of our data, ΔVatt is a constant.
An alternative is a more chemical explanation, for instance
involving Van der Waals attraction [19,61]. In the present
Letter, the ΔVatt parameter can be viewed as an empirical
way to account for the asymmetry of measured heat versus
applied potential. In most of our experiments, the reversible
charging heat is clearly exothermic in the anodic range and
endothermic in the cathodic range, an example of electro-
static cooling [62]. Although we ascribed the origin of the
ΔVatt parameter to ion-carbon attraction, it cannot be ruled
out that ΔVatt partly originates from the presence of net
surface charge at open circuit. It is noted that the ΔVatt
parameter could not be detected in earlier measurements of
the total heat from the cathode and anode [33], since the
�ΔQΔVatt contribution to the (dis)charging heat of the
cathode canceled with the ∓ ΔQΔVatt contribution to
the (dis)charging heat of the anode; see Eqs. (15) and (16).
Conclusion.—The potential-dependent internal energy

of porous carbon electrodes was determined experimen-
tally. The precise scaling of the internal energy with applied
potential was interpreted in terms of the average electric
potential felt by ions inside the pores, which depends on
the hydration strength of the ions. Moreover, a nonzero
potential energy of the ions at open circuit was ascribed to
a potential-independent attraction of the ions to the carbon
surface. In the future, calorimetric measurements could
be valuable to characterize the electrical double layer
inside other types of porous electrodes, for instance

supercapacitors. Also, numerical simulations using
molecular dynamics or density functional theory could
be performed to account for our experimental results.
Moreover, further experimental information could be
obtained about our experimental system, for instance by
detecting in-pore ionic concentrations via in situ NMR
spectroscopy.
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Appendix on experimental details.—Our experimental
approach was inspired by Janssen et al. [33], with impor-
tant differences. Rather than being measured from a
complete electrochemical cell, heat was now detected from
a single electrode; see Fig. 1. Furthermore, measurements
were no longer in a two-electrode configuration, but three
electrodes were used. A PARSTAT PMC-1000 potentiostat
controlled the electric potential of the porous working
electrode (WE) with respect to an Ag=AgCl/saturated KCl
RE (Radiometer REF201), and the measured current
flowed toward a CE.
Both WE and CE were porous carbon disks of the same

material as in Ref. [33], with a diameter of 21 mm, a
thickness of ∼0.25 mm, a mass of 63 mg, a specific surface
area of 1400 m2=g, a porosity of 60%, and an average
distance between opposing pore walls of ∼0.9 nm [37].
Each porous disk was fixed at the center to a nonporous
carbon disk, using nonconductive glue, and electrical
contact was realized by using a rubber O-ring and a flat
Teflon ring (internal diameter: 18.5 mm) to press the
porous-nonporous disk combination against a fixed non-
porous carbon disk, connected at the back via silver epoxy
glue to electrically insulated copper wire.
As in work by Munteshari et al. [30], heat from the WE

was measured with a heat flux sensor (gSKIN® XP 26 9C,
greenTEG AG, Switzerland). Its voltage was read using a
Keithley 2182A Nanovoltmeter. The glass electrochemical
cell was immersed in water in a box thermostated by a
Julabo F25 refrigerated-heating circulator. Aqueous solu-
tions of neutral pH were prepared from Milli-Q water and
high purity salts [37] that are stable in the applied potential
range [63]. More details about the setup can be found in
Ref. [36].
A typical experiment started by equilibrating cell tem-

perature for two days while monitoring the open circuit
potential, VOCP. It stabilized at an equilibrium value VOCP;eq
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of about þ0.2 V vs RE [37]. Subsequently applied poten-
tials Vapplied were referred to VOCP;eq by giving values of
ΔV ¼ Vapplied − VOCP;eq. Before the start of charging-
discharging experiments, ΔV ¼ 0 V was applied, allowing
≥ 1 hour for the current to become minimal (< 20 μA).
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