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Abstract: Variations of the double layer capacitances (DLCs) at a platinum electrode with concentra-
tions and kinds of salts in aqueous solutions were examined in the context of facilitating orientation
of solvent dipoles. With an increase in ionic concentrations, the DLCs increased by ca. a half and then
kept constant at concentrations over 1 mol dm~3. This increase was classically explained in terms
of the Gouy—Chapman (GC) equation combined with the Stern model. Unfortunately, measured
DLCs were neither satisfied with the Stern model nor the GC theory. Our model suggests that
salts destroy hydrogen bonds at the electrode-solution interface to orient water dipoles toward the
external electric field. A degree of the orientation depends on the interaction energy between the
salt ion and a water dipole. The statistical mechanic calculation allowed us to derive an equation
for the DLC as a function of salt concentration and the interaction energy. The equation took the
Langmuir-type in the relation with the concentration. The interaction energy was obtained for eight
kinds of salts. The energy showed a linear relation with the interaction energy of ion-solvent for
viscosity, called the B-coefficient.

Keywords: variation of capacitance with salt concentrations; destroyed hydrogen bonds by salts;
relation of capacitance with viscosity; grand canonical ensemble

1. Introduction

Double-layer capacitances (DLCs) used for an electric energy storage [1,2] have been
developed to enhance the output energy, the power, and the cycle stability [3,4]. The
development has been directed to:

(a) increasing geometrical, active area of electrodes by use of porous electrodes or powder

electrodes [5];

(b) decreasing solution resistance by selecting combinations of solvents with salts [6];
(c) expanding electrochemically inactive voltage domains [7,8], such as by use of ionic
liquids.

Especially, item (b) belongs to a simply chemical handling in examining various kinds
of ions and their concentrations in appropriate solvents. It only deforms charge-discharge
curves by the ohmic drop [9], but does not essentially improve DLCs because a DLC
is caused mostly by orientation of solvent dipoles for relaxing the electric field in the
Helmbholtz layer [10,11].

Ionic effects of the DLCs have sometimes been thought to be expressed by the Gouy—
Chapman (GC) theory, which exhibits V-shaped capacitance vs. voltage curves. However,
no V-shape has been found even in 0.05-mM salts [12]. DLC values have not been obeyed
by the dependence of the square-root of concentrations predicted from the GC theory [13].
The drawback of the GC theory is the extra condensation of ions beyond the finite size
of ions [14]. However, it fails to explain the indistinctively small contribution of ions to
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the DLC in comparison with the Helmholtz capacitance [15]. The weak salt dependence
obtained in the fundamental studies is inconsistent with industrial efforts of enhancing
ionic conductance [4,16-19]. The challenge of examining concentration dependence [20-26]
cannot be covered with thermodynamic bases.

The DLCs also vary with time scales of measurements. A well-known time dependence
is frequency dispersion [27], which has been empirically recognized as the concept of the
constant phase element (CPE) [28-31] or explained in terms of the power law of the
frequency [10,11,32,33]. The salt effects should be taken into account together with the
frequency dispersion. If the frequency-dispersed DLC values were extrapolated to zero
frequency or under a steady state, they would be diverged owing to the power law.
Therefore, applications of the Poisson—-Boltzmann distribution under the steady state are
not, in principle, satisfied with the experimental conditions. In contrast, a short time
extreme has been made in molecular dynamic studies [34-38] in which the time scales
are as short as pico seconds. The time difference in nine powers in magnitude from the
experimental conditions yields ten times larger than the experimental values of DLCs by
applying the frequency dispersion. Therefore, it is necessary to take into account both the
frequency dispersion and the salt effects.

Ions alter DLC values only by a certain degree. This secondary effect motivates us
to consider the interaction between ions and solvent dipoles, an example of which is a
relationship between ions and hydrogen bond structure, addressed by Frank [39] and
Samoilov [40]. The relation has been represented experimentally as Jones-Dole viscosity
B-coefficients [41,42], hydration activation energies by ions [43], ion solvation thermo-
dynamics [44,45], and Setschenow coefficients (salting out) [46,47]. These relations are
predicted to express the ionic effects on the DLCs. These secondary effects should be
discriminated against ion—ion interactions, such as in the Debye theory and the GC theory.

We discuss in this work the ionic effect on the DLCs in the light of the interaction
of hydrogen bonds with ions in the comparison with the viscosity of B-coefficients. The
B-coefficients are empirical values determined from a slope of the viscosity against ionic
concentrations. In contrast, there is a theoretical prospect that the DLC can be expressed as
the interaction energy and ionic concentration through statistical mechanics. We derive here
an equation for the ionic contribution to the DLC, which will have a Langmuir type. We
measure frequency-dispersed DLCs in various concentrations of eight kinds of mono-valent
salts at a platinum wire electrode in order to clarify the ionic contribution.

2. Materials and Methods

A platinum wire, with a diameter of 0.5 mm, was used for a working electrode. It
was put into mixed acid (H3PO4 + HNO3; + CH3COOH, vol. 2:1:1) to remove oxides on
the surface [48]. It was immersed into the aqueous test solution by a given length, ca.
8 mm, which was determined accurately with an optical microscope. Since the wire was
not sealed with any insulating material, it can avoid floating capacitive current at a gap
between the electrode and the insulator. The counter electrode was a platinum wire with
the area 100 times larger than that of the working electrode, and the reference electrode was
Ag-AgC(lin saturated KCl solution. The test solution was deaerated for 20 min before the
voltage application. Aqueous solutions of LiCl, NaCl, KCl, HCI, CsNO3, KNOs, NaNOs,
and NaOH were prepared with reagents at the analytical grade and the deionized water
prepared by CPW-100 (Advantec, Tokyo).

The potentiostat was Compactstat (Ivium, The Netherlands) for ac impedance mea-
surements and cyclic voltammetry. Conditions of ac impedance were the frequency range
from 0.2 Hz to 5000 Hz with the amplitude of 10 mV. All measurements were made at
temperature of 25 £ 1 °C. Voltammetric reproducibility was examined at each experimental
run. Reproducibility of our voltage time curves was examined at three runs to be within
5% errors.
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3. Theory

Our basic concept of an effect of ions on DLCs is to consider competition between
hydration of ions and orientation of water dipoles by the external field. For example, we
compare degrees of hydration on Li* and Na* in the vicinity of an electrode for a common
anion. Li* is more strongly hydrated than Na* to exhibit a hydration radius of Li* larger
than of Na*. It makes the dipoles oriented more radially than Na*. As a result, the diploes
located between the Li* and the electrode may relax more strongly in the external field
than those for Na*, yielding higher DLCs in Li* solution. A thermodynamic measure of
hydration is the interaction energy between ions and water molecules. We incorporate this
energy to the ionic effect on DLCs.

In order to orient dipoles of water molecules on an electrode by the external field for
impedance measurements, the dipoles have to destroy hydrogen bonds with which they
have formed their own surface structure. Since the interaction energy of the water dipoles
is at least ten times larger than the filed-oriented energy [33], only a small part of water
molecules can be oriented with the field, overcoming the structuralization by hydrogen
bonds. This is why values of the DLCs have been observed to be much smaller than those
predicted from a parallel plate capacitive model in the Helmholtz layer, as represented
by the saturated permittivity [11,49-51]. In other words, the dipoles to be oriented are
released from the restriction of the hydrogen bonds by thermal fluctuation.

The ionic contribution of the DLC is proportional to the number of oriented dipoles
which are suppressed by ions against the hydrogen bond. We let the latent number of
dipoles oriented by the electric field be M at the solution-water interface in N ions on
the interface. We define the energy with which an ion can orient a water dipole as —u,
and let the chemical potential of the ion be yi. Then, the energy of orienting the N dipoles
is given by N{—u + (—u)}. Large values of u promote orientation and, hence, increase
the DLCs. This energy represents the probability of the number of the oriented dipoles
through the Boltzmann distribution, exp[B(y + u)N], where 8 = 1/kgT with the Boltzmann
constant kg at the temperature T. Since N ions are selected from M dipoles randomly, there
are M!/N!(M — N)! combinations so that the probability is given by P(N) = {M!/N!(M
— N)!} exp[B(u + u)N]. Since each probability takes part in the orientation, the observed
probability is a sum for N ranging from 0 to M:

E=%N-0" P(N) = (1 + exp[B(p + w))™ ey

This is the partition function for the grand canonical ensemble. We assume that
there is no adsorption of ions or that the ionic concentration at the interface keeps the
value in the bulk, and that the ion with concentration ¢ behaves as an ideal solution such
that the chemical potential can be expressed by y = u°® + kgT In(c/c®). Eliminate y from
Equation (1) yields

E= {1+ (c/c%) explB(p® + w)M )

The ionic contribution of the DLC is proportional to the averaged N:
<N>=3%y oM NP(N)/E =kgT (05 /0u)/E
Inserting Equation (2) into the above and carrying out the differentiation yields
<N>/M=1/{1+ (c°/c) exp[—B(u° + u)l} (3)

This is equivalent to the normalized DLC for the ionic contribution. Equation (3) is
the same form as the Langmuir adsorption isotherm.

Variations of <N>/M with c¢/c® are shown in Figure 1 for some values of B(u° + u). A
problem is a technique of extracting only the ionic contribution from the observed DLC.
Equation (3) indicates that plots of the inverse of the ionic contribution against 1/¢ should
take a line with the intercept 1.
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Figure 1. Variations of <N>/M with ¢/c° calculated from Equation (3) for (1° + u)/kgT = (a) 0, (b) 1,
(c) 2, and (d) 4.

4. Results and Discussion

Nyquist plots of the real impedance, Z;, vs. the imaginary one, Z, at the Pt wire
electrode in 0.5 M of LiCl, HCI, and KCI solutions fell on each line with slope ranging from
5 to 8, as shown in Figure 2. The deviation of the slopes from the infinite (a vertical line)
stands for the frequency dispersion of the DLC. Letting the application of ac voltage be
V = V,cel! for the angular velocity w and the imaginary unit i, the observed ac current
density responding to the voltage is expressed as the time derivative of the charge, CV,
ie., [15]

j=d(CV)/dt = V{—2nf 2 (dC/df) + iwC) 4)

where f is the frequency (= w/2m). This can be represented as the resistance-subtracted
admittance,

IV =Y=Y,+iYy = —2nf>(dC/df) + iwC (5)

where
Y1 =(Z1 — Rs)/{(Z1 — Re)* + Z%) (6)
Yy = —Z/{(Z1 — Re)* + Z5°) @)

Here, R; is the solution resistance determined by extrapolating the Nyquist plot to Z, = 0.
Equations (6) and (7) state that Y, /Y1 = —Z5/(Z1 — Rs), of which values are constant from
the slopes in Figure 2. We set the constant slope to be 1/A. Replacing Y7 and Y; by —27f?
(dC/df) and wC, respectively, by use of Equations (6) and (7), we obtain the differential
equation, —2mf 2(dC/df)/wC =Aor —f(dC/df)/C = A. A solution is

C=Cf ®)

where C; is the capacitance value at f = 1 Hz. Elimination of C in Equation (6) by use of
Equation (8) yields the expression for the admittance

Y =(A+i) wC=2m(A +i)Cy f H1 )

or
log Y, = log(2nCy) + (1 — A)log f (10)
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Figure 2. Nyquist plots in the aqueous solutions of 0.5 M (a) LiCl, (b) HCl, and (c) KCL.

All the plots of log Y5 against log f showed lines with correlation coefficients close to
0.9999 for 1 Hz < f <5000 Hz. Values of A obtained from the slopes (1 — A) ranged from
0.09 to 0.11. Therefore, Equation (9) holds commonly for all the salts and the concentration
ranges used here. Non-zero values of A suggest the CPE behavior. Plots of log Y vs. log
f showed the behavior similar to those of log Y,. They included noises more than log Y>
because of Y7 ~ Y, /10.

We evaluated C; from the intercepts of the lines of the plots in Equation (10) at several
concentration of salts, ¢, and plotted C; against c in Figure 3 for some salts. Values of
C; at low concentrations increased linearly with an increase in ¢, and approached each
constant value. The ratio of the increasing amount to C; was at most 1.5, depending on the
kind of salts. A line extrapolated to ¢ = 0 means an imaginary value of C;, which might
be determined for ¢ = 0 or in pure water. Therefore, the extrapolated values should be
independent of the kinds of salts. Unfortunately, (C1). = varied actually with a set of
experimental runs. Iterative runs showed that the variation of (C1). = ¢ was not caused by
salts but was by history of the Pt electrode. A long-term use of the electrode increased
(C1)c = o probably because of an increase in the surface roughness by the iteratively chemical
treatment with the mixed acid. In order to avoid the aging effect, we normalized C; at any
value of ¢ with (C1)c = g at a given salt in the following discussion of the salt effects.

The GC theory predicts the proportionality of the DLCs to c!/?, which inspired us to
make C; vs. ¢'/2 plots in the inset of Figure 3. The linear relation is found for ¢ < 0.2 M
although the GC theory is not only valid for ¢ < 0.05 mM [12,52]. Consequently, our data are
not satisfied with the GC theory. The c!/? dependence is caused by the Poisson-Boltzmann
distribution, which is based on the electrostatic interaction of ion—field and ion—ion. The
invalidity of the ¢!/2 dependence implies that the ionic effect on the DLCs does not result
from the electrostatic interaction.
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Figure 3. Variations of the capacitances at f = 1 Hz with concentrations, c, of (a) NaOH, (b) LiCl,

(c) KCl, and (d) KNOs3, where values of C; is normalized to the averaged value, 30 uF cm 2. The
inset is plots of C; against c!/2 of the type of the GC theory.

If the DLCs obey the Stern model, i.e., a series combination of the Helmholtz capaci-
tance, Cpm, with the ionic capacitance, Cjop, by the GC theory, the observed DLC values
should have a linear relation of 1/C; with ¢=1/2 (in Figure 4) through 1/C; = 1/Cym
+1/Cion, = 1/Crim + kc=1/2, where Ciop, is proportional to cl/? by the GC theory. The
variations in Figure 4 have no linearity, and, hence, the Stern model is not suitable for
the concentration variations of the DLCs. The concentration dependence in the previous
report [53] has suggested a parallel combination of Cpyy, and Cjon. This model is based on
the following concept: Dipoles of solvent molecules are oriented both with and without aid
of ionic interaction by the external electric field. We let the DLCs generated by the former
and the latter dipoles be (Crm)c # 0 and (Crm)c = o, respectively. Since the equivalent circuit
of the two DLCs is a parallel combination, the observed DLC is given by the simple sum of
the two

C1=(C1)e=0+(C1)c 20 (11)

where (Cy). - ¢ corresponds to the averaged value of 30 uF cm~2 in Figure 3. In contrast,
(C1)c £ o corresponds to the increasing parts in Figure 3.
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Figure 4. Stern-type plots of 1/Cy vs. ¢ /2 for the ions in Figure 3.

Our concern is the ionic contribution, (Cy) ¢ . In order to apply Equation (3) to our
experimental results, we normalized (Cy). x o with the difference between (Cy)c = pigh and
(C1)c = ¢ to denote

¥ =[(C1)ec 20 — (C1)ec =0l/[(C1)ec = high — (C1)c =0l (12)
Then, the inverse of Equation (3) can be rewritten as
1/y=1+K/c

where
K =c® exp[—B(1° + u)] (13)

Figure 5 shows dependence of the inverse of the normalized DLC through
Equation (12) on 1/c for four salts. The plots fell on each line, passing through the unity
intercept. Therefore, Equation (3) should hold for a given value of u. Equation (3') states
that slopes of the lines in Figure 5 represent K. Equation (3) at low concentrations can be
approximated as

Cl/(cl)czo ~ 1+ Hc (14)

where
H ={(C1)c =high/(C1)c =0 — 1}/K (15)

Equation (14) has a form similar to the viscosity B-coefficient [41,42], /19 =1 + Bc,
where 7 and 7 are viscosities, respectively, for any concentration and ¢ = 0. Figure 3 has
demonstrated the linear relation of C; with ¢ at low concentrations. Therefore, the term
H can be regarded as equivalence to the B-coefficient. It is plotted in Figure 6 against
the B-coefficients for eight kinds of salts. The enhancement of H with an increase in B
supports that the ionic variations of the DLCs are caused by the interaction between ions
and solvents. A difference of H from the B coefficients lies in the fact that signs of H were
always positive while B can take negative values. In other words, ionic effects always
enhance the DLCs whereas they increase or decrease viscosity depending on species.
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the salts specified in Figure 3.
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Figure 6. Dependence of the coefficient, H, in Equation (14) on the viscosity B-coefficient.

Equation (13) shows that —log K includes the interaction energy u, which may be
related with the B coefficients. Figure 7 shows dependence of 1/kgT, being a part of —log
K, on the B coefficients. A linear relation indicates that the B coefficient should represent
the ionic interaction energy with solvents rather than intensity variables such as viscosity
or DLCs. The linear relation seems to be in abnormal behavior in that the ionic interaction
energy has the linear relation with concentrations rather than logarithmic ones. This is
due to the complicatedly dynamic mechanisms of Jones-Dole B-coefficients rather than a
simple difference in free energy of interactions.
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Figure 7. Dependence of u/kgT obtained in Figure 5 on the viscosity B-coefficients, where no value
of u/kgT for CsNO3 was determined explicitly.

The ionic interaction energy, u, releases water molecules from hydrogen bonds to
orient the dipoles toward the external field. It seems to be close to the free energy of
hydration of ions in water. A number of the data on the hydration have been compiled [44],
which can be used for comparison with our evaluated energy. Available data are the
Gibbs free energy of interaction of ions hydrated with water in infinitely diluted solution,
ApydG [44]. The dimensionless energies are plotted in Figure 8, exhibiting a positive
correlation except for HCI. The correlation indicates that the ionic enhancement of the
DLCs should be brought about by hydration of ions, which corresponds to the destruction
of hydrogen bonds by ions to facilitate orientation by the field. The slope of the linearity
is 0.03. This extremely small value suggests only 3% contribution of the hydration to the
DLCs, not only because of the one-directional orientation by the external electric field
from multi-directional orientations by ions but also because of difference in the number of
oriented dipoles.
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Figure 8. Variation of the interaction energy of the DLCs with the Gibbs free energy of the hydration.

5. Conclusions
The experimentally conclusive results are that:

(i) values of DLCs increase with ionic concentrations and reach saturated values at most
1.5 times as large as the ion-free value;
(i) the values are not at all proportional to ¢!/2 by the GC theory;
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(iii) the Stern model is not valid in the context of the concentration dependence;
(iv) ionic effects are caused by ion-solvent interaction rather than ion-ion interaction;
(v) variation of C; with c depends on ionic properties.

In particular, item (ii) controverts the participation in ion-ion interaction which has
been classically employed through the Poisson-Boltzmann equation or the GC theory.

The ionic contribution of the DLC can be formulated through the following model. An
ion relaxes a hydrogen-bonded water molecule in the Helmholtz layer by the amount of
the ion-water interaction energy so that the water dipole may be oriented with the external
electric field. The average number of the oriented dipoles provides the ionic contribution
of the DLC. It can be derived through the grand canonical statistical mechanics, yielding
the dependence of the capacitance on the concentrations with a Langmuir type. The ionic
contribution can be extracted through the parallel combination model rather than the Stern
model, according to the previous work.

DLC values for eight salts at various concentrations allows us to determine the ion-
water interaction energy, which is specific to each ion. The energy has the strong correlation
with the viscosity B-coefficients, which stands for the ion—solvent interaction. It also shows
correlation with available hydration energy of ions.
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