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Abstract

The use of large surface-area carbon materials as transducers in solid-contact ion-
selective electrodes (ISEs) has become widespread. Desirable qualities of ISEs, such as small
long-term drift, have been associated with a high capacitance that arises from the formation of an
electrical double layer at the interface of the large surface-area carbon material and the ion-
selective membrane. The capacitive properties of these ISEs have been observed using a variety
of techniques, but effects of the ions present in the ion-selective membrane on the measured
value of the capacitance have not been studied in detail. Here, it is shown that changes in the size
and concentration of the ions in the ion-selective membrane as well as the polarity of the
polymeric matrix result in capacitances that can vary by up to several hundred percent. This data
illustrates that the interpretation of comparatively small differences in capacitance for different
types of solid contacts is not meaningful unless the composition of the ion-selective membrane is

taken into account.



Introduction

Over the past 30 years, much research on ISEs focused on new solid contact materials,
eliminating the inner filling solutions of conventional setups.!~ Important advantages of solid-
contact ISEs are easier maintenance and reduction of pressure sensitivity, expanding the range of
possible applications. The primary function of the solid contact material contacting the ion-
conducting sensing membrane is to act as ion-to-electron transducer. Conducting polymers,®'4
redox-active organometallic complexes and redox buffers,!>-17 as well as intercalation
compounds'® have been studied extensively as transducers for solid-contact ISEs, as have redox-
inactive materials with large surface areas. Among the latter, carbon materials have been studied
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the most, such as three-dimensionally ordered macroporous (3DOM) carbon, colloid-
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imprinted mesoporous (CIM) carbon, single-walled carbon nanotubes (SWCNTSs multi-

3132 carbon

walled carbon nanotubes (MWCNTs),2>28 graphene,?*-3 reduced graphene oxide,
black,*3-3* fullerene,* carbon nanospheres,*® carbon nanohorns,*” and carbon cloth.*®

The transduction mechanism of non-redox active transducers has been established as
arising from a large double-layer capacitance at the interface between the solid-contact material
and the ISE membrane, as shown, e.g., by studies on sensors with 3DOM carbon solid contacts.?’
The magnitude of the capacitance depends on the surface chemistry and surface area of the
carbon.?’ A capacitive transduction mechanism was also confirmed for sensors with SWCNTs*
and reduced graphene oxide®! solid contacts.

A variety of electrochemical techniques can be used to determine the capacitance of a
solid contact, including chronopotentiometry,’ electrochemical impedance spectroscopy (EIS),*-

42 and cyclic voltammetry (CV).2° When studying fully assembled sensors, chronopotentiometry

is preferable to other techniques, as data interpretation is more straightforward and the high



resistance of the ion-selective membrane does not affect the data as much as for EIS** and CV.
Chronopotentiometry to measure the low-frequency capacitance of ISE solid contacts was
introduced by Bobacka,’ initially to study conducting polymer-based transducers, but has
subsequently been used widely for capacitive high-surface area solid contacts t00.2!: 2443 The
potential change over time as measured in chronopotentiometry allows the capacitance of a
sensor to be calculated, with smaller derivatives in the potential versus time plots corresponding
to higher capacitances.’ High capacitances associated with high surface area carbon materials
generally correspond to low potential drifts in long-term potentiometric ion sensing, with some
transducers displaying drifts <10 pV/h.2!-31-33 We note, however, that although a high
capacitance is important for long-term stability of the measured potential under otherwise ideal
conditions, other features of the sensors can affect observed potential stabilities, such as the
hydrophobicity of ionic sites and ionophores, the stability of ionophore complexes, and the
underlying electrode material.* #4-4

Recently, the protocol for chronopotentiometric capacitance measurements was
investigated thoroughly for ISEs with octadecylamine-modified SWCNTs as solid contacts. It
was found that use of several current magnitudes and multiple cycles of positive and negative
currents improves the reliability of measurements.** The same study also compared capacitances
before and after deposition of ion-selective membranes onto the SWCNTs, showing that the
capacitance changed little for ionophore-free NO3™ exchanger membranes, but decreased 30% to
50% for ionophore-based K* and Ca?" sensors. These observations critically improved the
methodology to characterize capacitive solid contacts.

To determine whether the identity and size of the ions in the ion-selective membrane

affect device capacitance significantly, we compare here directly capacitances of sensing



membranes that comprised different ions. Effects of the plasticizer and ion concentration were
also studied. The dependence of the capacitance on these factors was overlooked in the past, and
small differences in the capacitances of devices with different solid-contact materials were
emphasized, without taking differences in the composition of the ion-selective membranes into
account. This work helps to assess how meaningful such comparisons are. To illustrate effects of
several different parameters, this work used many combinations of solid contact materials, types
of ionic sites, ionic site concentrations, and target ions. Readers may find Table S1 useful, which

shows a list of all the systems for which capacitance was assessed in this work.

Experimental Methods

Nanographite powder (GS-4827) was purchased from Graphite Store*” (Northbrook, IL,
USA). A suspension of 50 mg of nanographite in 1 mL of THF was sonicated for > 30 min, and
4 uL of this suspension was drop-cast onto a gold or glassy carbon electrode, followed by
deposition of the ion-selective membrane. For details on other experimental details, see the

Supporting Information.

Results and Discussion

Theory of Double Layer Capacitance at Varying Electrode Potential

According to the Gouy—Chapman—Stern model, the electrical double layer at an electrode
surface comprises a closely packed Stern layer at the electrode surface and a diffuse layer that
extends away from the electrode surface into the solution.*® This is consistent with the
occurrence of a potential of zero charge (PZC), and it predicts that the double layer capacitance
increases as the potential deviates from the PZC and ions are packed more closely. However, as a

result of their non-zero size, ions cannot pack infinitely tightly, and the value of the capacitance



levels off at potentials farther from the PZC and decreases at even more extreme potentials.**>?

Larger ions result in a smaller capacitance, as fewer ions are able to pack within the same space.
To take into account ion size, the Gouy—Chapman—Stern theory can be extended using a
modified Poisson—Boltzmann model,>!->? which describes the capacitance of the diffuse layer as

follows:
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where z is ionic charge (for a symmetrical electrolyte with z = Zcation = — Zanion), € 1S the
elementary charge, Nsis Avogadro’s number, cwuik is the electrolyte concentration in the bulk of
the solution, Ap is the Debye length, wp is the potential of the electrode surface relative to the
PZC, kg is the Boltzmann constant, and 7 is the absolute temperature. lon size is taken into
account with v, a packing parameter calculated using

v = 2a3N,Cpuix (4.2)

where a is the effective ion diameter. A drawback of this model is that it assumes cations and
anions to have the same size. Therefore, modifications of this theory for systems with
asymmetrically sized ions were reported.>>*

The approach used here applies mean field theory to model the diffuse layer capacitance
and describes the solution in terms of the number of sites available to ions, the number of ions
present, and the relative cation and anion sizes (for details, see the Supporting Information).>
Predictions of the double layer capacitance using this modified model are shown in Figure 1. The
five electrolyte compositions shown in this graph correspond to the systems studied

experimentally in this work.
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Figure 1. Predictions from mean-field modification of the Gouy—Chapman—Stern model for the
double-layer capacitance of the following electrolyte solutions (on the left, top to bottom):
potassium tetrakis(perfluorophenyl)borate (K- TPFPB; black), tetrabutylammonium
tetrakis(perfluorophenyl)borate (TBA-TPFPB; purple, long dashed), tridodecylmethylammonium
nitrate (TDDMA-NQOs3; green, short dashed), TDDMA-NO; + tetradodecylammonium tetrakis(4-
chlorophenyl)borate (ETH500; blue, dotted), and [K+valinomycin]- TPFPB (orange, medium
dashed). Potentials are referenced for each individual system to the PZC. For the dielectric
constant as well as cation and anion sizes and concentrations used to calculate capacitances in

this manner, see the Supporting Information.

As Figure 1 illustrates, a key prediction of this model is that, in spite of adjustments for

asymmetric ion size, the capacitance near the PZC is only affected to a small extent by the size



of ions present. Further away from the PZC, ion size matters more. Moreover, addition of an
electrolyte is predicted to result in an increase in capacitance, even at the PZC, as an increased
ion concentration decreases the Debye length.

Yet, it is important to note that the PZC is not easily defined for electrodes that are not
single crystals. Different crystal facets exposed on the electrode surface will have different
PZCs,* and amorphous electrode materials do not have a well-defined PZC. Moreover, specific
adsorption of ions to the electrode alters the PZC, causing it to deviate from the potential at
which the capacitance is smallest.>® Specific adsorption can be driven by favorable interactions
between the adsorbed ions and the electrode material, such as between chloride and gold
electrodes, but it can also be the result of solvophobic effects, resulting in surface activity and,
possibly, the preferential alignment of ions at the electrode surface. This has been shown to
occur for ionic sites and ionophore complexes used to induce permselectivity and control the
selectivity of ISE membranes, where the polar groups of these species effectively gather at the
membrane/water interface.’s->® Similar effects may also occur at the surface of carbon
transducers. One of the few examples to date for this is the depletion of the K" ionophore BME-
44 from ion-selective membranes in contact with colloid-imprinted mesoporous carbon.>

As illustrated by Figure S2, the capacitance is also affected by the dielectric constant. The
capacitance of ISE membranes plasticized with bis(2-ethylhexyl) sebacate (DOS; £=3.9)% is
predicted to be significantly smaller at the PZC and all other potentials than for membranes

plasticized with o-nitrophenyl octyl ether (o-NPOE, £=23.9).

Nanographite
In order to measure the effects of ion identity on capacitance with an easily available,

low-cost, high surface area carbon material, we used in this work a nanographite powder



previously utilized as solid-contact material for ISEs.%!*%2 Nanographite is composed of graphite
platelets with a particle size distribution from 0.10 to 10 um.*’ It has a Brunauer-Emmett-Teller
(BET) surface area of 165 m?/g, comparable to three other carbon transducers recently used very
effectively, i.e., 3DOM carbon (247 m?/g),2° CIM carbon (442 m?/g),?! and SWCNTs (124 to
1024 m?/g, depending on the preparation and manufacturer).®®> Approximately one quarter of the
surface area arises from micropores (<2 nm), the remainder from mesopores (2—50 nm) and a
small fraction (~2%) from the external surfaces. For the nitrogen sorption isotherm, see the

Supporting Information, Figure S1.

Capacitance of Glassy Carbon Electrodes and High Surface Area Carbons in Absence of lon-
Selective Membranes

The capacitance of bare glassy carbon electrodes in absence of an ion-selective
membrane was measured first, using o-NPOE solutions of ionic site salts commonly used in
ionophore-free ion-exchanger ISEs. EIS spectra could be measured (see Figures S3 and S4)
because the overall resistances of 0-NPOE solutions without a polymer component are relatively
low. The capacitances of the bare glassy carbon electrodes in 10 mM Li-TPFPB and 10 mM
TDDMA-Cl solutions were found to be within error identical (6.2+0.7 uF or 87+10 uF/cm?; and
5.9+0.9 uF or 83+13 pF/cm?, respectively; N=3), in spite of the very different sizes of the cation
and anion in these solutions. Notably, there was within error no effect on the measured
capacitance when a DC bias potential in the range of —100 mV to +100 mV relative to the open
circuit potential (OCP) was applied to the glassy carbon electrode (see Table S2).

The capacitances of both nanographite- and SWCNT-modified glassy carbon electrodes
were studied as representative high-surface-area carbon solid contacts, also using 10 mM

solutions of Li-TPFPB or TDDMA-Clin 0-NPOE in the range from -100 to +100 mV versus the



OCP. Not surprisingly, the capacitances of all electrodes modified with nanographite or
SWCNTs were approximately three orders of magnitude larger than for bare glassy carbon (see
Tables S2 and S3).

For electrodes coated with SWCNTs, the average capacitance in Li-TPFPB was 6.1 £0.7
mF, while in TDDMA-Cl the average capacitance was 4.9 +0.8 mF. Within error, the identity of
the electrolyte ions does not have a measurable effect on the capacitance. This is consistent with
the theory of double-layer capacitance discussed above, which predicts the ion size effect near
the PZC to be small. Notably, the capacitance of SWCNT electrodes in 0-NPOE solutions is
quite repeatable from electrode to electrode. This is due in part to the comparatively robust films
that are formed with SWCNTs, which are not disturbed by immersion into the electrolyte
solution.

Conversely, the nanographite does not form a very robust film, even when poly(vinyl
chloride) (PVC) is included as a binder in a 1:9 ratio w/w with respect to the nanographite.
Notwithstanding, even though there is electrode-to-electrode variability in the magnitude of the
capacitance (see Figure S5), the capacitance of the nanographite films was affected for each
electrode in the same way by the application of a DC potential bias (see Table S3). In solutions
of Li-TPFPB, the measured capacitance was higher at negative potentials than at the OCP, while
in solutions of TDDMA-Cl, the measured capacitance was higher at positive potentials than at
the OCP. This suggests that the capacitance is higher at potentials where the smaller ion has a
higher concentration near the surface.

In contrast, with SWCNT electrodes (see Figure S6 and Table S4), there does not appear
to be any effect of the potential on capacitance in Li-TPFPB solutions. Notably, in solutions of

TDDMA-CIl, SWCNT electrodes show an unexpected effect at positive potentials. When the DC



bias potential was applied for 10 min prior to acquisition of the EIS spectra, the observed current
was much higher than in the case of Li-TPFPB solutions, suggesting occurrence of an

electrochemical reaction taking place at the SWCNT surface.

Effects of lon Identity and lon Concentration on Double-layer Capacitance of ISEs with lon-
Selective Membranes

Nanographite solid-contact ISEs with ion-selective membranes comprising PVC, o-
NPOE, and one of several salts were studied. The latter were tridodecylmethylammonium nitrate
(TDDMA-NO:3), tetrabutylammonium tetrakis(pentafluorophenyl)borate (TBA-TPFPB), or
potassium tetrakis(pentafluorophenyl)borate (K-TPFPB) to provide for ion exchanger sites. In
the case of K-TPFPB, experiments were also performed with an additional 200 mol %
valinomycin as K* binding ionophore.*® These salts were chosen to include both an example of a
large anion together with a small cation (TBA-TPFPB) and examples of a large cation paired
with a smaller anion (TDDMA-NO3; [K+valinomycin]- TPFPB), as well as two ions of similar
size (TBA-TPFPB). Relevant ionic radii are listed in Table S5. The capacitances of the
respective ISEs were measured using chronopotentiometry by applying currents of several
magnitudes, with 8 cycles of positive and negative currents periods of 2x10 s each.

Table 1 details the capacitances calculated from chronopotentiograms with +50 nA, £100
nA, and +500 nA currents (for examples of chronopotentiograms, see Figure S7). For the smaller
currents, the interface of the sensing membrane and the nanographite is charged only minimally
over the 10 s during which a current is applied, and the measured potential does not change by
more than ~10 mV on application of £50 nA. Under these circumstances, the measured

capacitance does not have a significant dependence on the magnitude and direction of the applied
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current (although, for membranes doped with TDDMA-NOs, there appears to be some effect on

the direction of applied current at a magnitude of = 500 nA).

Table 1. Capacitance at £500, =100, and +50 nA current magnitudes for electrodes with
nanographite solid contacts and o-NPOE-plasticized PVC membranes containing K-TPFPB,
TBA-TPFPB, TDDMA-NOs3, or [K+valinomycin]- TPFPB. In most cases, the capacitance is not

affected by the direction of the current.

current (nA) capacitance (mF) specific capacitance (F/g)“
K-TPFPB?
+500 1.02+0.10 5.1+0.5
+100 1.04+0.11 5.2+0.6
+50 1.03+0.16 5.24+0.8
TBA-TPFPB®
+500 0.59+0.04 3.0+0.2
+100 0.59+0.05 3.0+0.3
+50 0.59+0.06 3.0+0.3
TDDMA-NO3*
+500 0.35+0.07 1.8+0.4
+100 0.34+0.04 1.7+0.2
+50 0.36+0.04 1.84+0.2

K-TPFPB® + valinomycin ¢

+500 0.24+0.03 1.240.2
+100 0.23+0.03 1.240.2
+50 0.25+0.03 1.3£0.2

@ Capacitance per g of nanographite * 10 mmol/kg ¢ 20 mmol/kg in total; 10 mmol/kg as

[K+valinomycin]" complex and 10 mmol/kg as free ionophore.
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As Table 1 shows, for a set of electrodes prepared on the same day with the same
nanographite suspension, the capacitance depends on the identity of the ions in the membrane.
Specifically, the overall capacitance was found to be 75% and 329% larger for electrodes with
K-TPFPB doped membranes than when the membranes contained the same anion (TPFPB") but
either tetrabutylammonium or the K* complex of valinomycin, respectively, as the cation. This
shows that changing the identity of just one of the ions can significantly affect the capacitance.
The capacitance of electrodes with TDDMA-NO3 membranes fell in between those of ISEs with
either TBA-TPFPB or [K+valinomycin]-TPFPB. This demonstrates that the overall capacitance
is indeed affected substantially by ion size. Notably, the capacitance per weight of solid contact
material decreases significantly with the addition of the ion-selective membrane, as expected.
Apart from effects related to other components of the membrane, it is likely that the presence of
PVC not only lowers the membrane polarity but also reduces the carbon surface area that is
accessible to ions, and that this contributes to some extent to the reduced capacitance.

Notably, we found a significant batch-to-batch variability in capacitance of electrodes
with nanographite solid contacts in spite of painstaking efforts to standardize all fabrication
steps. This may be caused by differences in the nature of the suspensions prepared at different
times and minor differences in the process of forming the nanographite films. Figure 3 also
shows the capacitance values for multiple batches of electrodes prepared over a time period of
several months. Although Figure 3 shows some overlap in the capacitance ranges for the
different types of electrodes due to a higher variation in capacitance between different batches,
there is the same trend of the capacitances in the order [K+valinomycin]- TPFPB < TDDMA-NO3

< TBA-TPFPB < K-TPFPB as also shown in Table 1.
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The effect of an additional electrolyte on the capacitance was assessed using the same
chronopotentiometry method for ISE membranes doped with 10 mmol/kg TDDMA-NO3 only
and for membranes doped with 10 mmol’kg TDDMA-NO3 and 10 mmol/kg ETHS500 (electrodes
prepared on the same day with the same nanographite suspension; see Table 2). Although the
capacitances of these two sets of electrodes are close, addition of ETH500 increases the
capacitance of TDDMA-NOs electrodes within a 95% confidence interval. As evident from
Figure 1, theory predicts a capacitance increase by ~25% with addition of this concentration of
ETHS500, while the experimental result is an increase by ~24%. Increases in capacitance with
ionic strength should be taken into account when comparing data for solid-contact ISEs with

membranes differing in ionic strength.

Table 2. Average capacitance determined with +£500, +100, and +50 nA currents for electrodes
with nanographite solid contacts and plasticized PVC membranes containing TDDMA-NOs3, and

TDDMA-NO3 with ETH500 (prepared on the same day with the same nanographite suspension).

current (nA) capacitance (mF) specific capacitance (F/g)
TDDMA-NOs

500 0.50+0.03 2.5+0.2

100 0.51+0.06 2.5+0.3

50 0.49+0.04 2.5+0.2

TDDMA-NO; + ETH500

500 0.61+0.08 3.0£0.4
100 0.61+0.06 3.1£0.3
50 0.64+0.09 3.2+0.4
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In order to probe whether specific interactions of the ions with the nanographite affect the
capacitance of devices with an overlying ion-selective membrane, the same experiments were
performed with SWCNTs as solid-contact material. We note that the overall capacitance was
slightly smaller with SWCNTSs as compared to nanographite, which is explained by use of only
half the mass of carbon applied per SWCNT-modified electrode as compared to the
nanographite-based electrodes, and the two carbon types having quite different specific surface
areas per weight. Therefore, we refer here to specific capacitance, computed as capacitance per g
of carbon material.

For both types of solid contact, the specific capacitance depends on the composition of
the ISE membrane. As shown in Figure 2, the specific capacitance increased in the order
[K+valinomycin]-TPFPB < TDDMA-NO3 < K-TPFPB when using SWCNTs as the solid contact,
the same as for nanographite solid contacts. Interestingly, the specific capacitance ranges from
1.5 to 3.5 F/g for various ions with SWCNTs, while for nanographite the specific capacitance
ranges from 1.2 to 5.2 F/g. Thus, the difference in capacitance between electrodes with and
without valinomycin is larger in magnitude when using nanographite as compared to SWCNTs.
A likely reason for this is the presence of internal surfaces in nanographite that exhibit size

exclusion effects, while SWCNTSs have only external surfaces.
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Figure 2. Specific capacitance values of nanographite (upper four data sets) and SWCNT
(middle three data sets) solid contacts with 0-NPOE plasticized PVC membranes containing
K-TPFPB, TDDMA-NO3, [K+valinomycin]- TPFPB, and TBA-TPFPB. The lower three data sets
are for specific capacitance values of nanographite solid contacts and plasticized PVC

membranes with various plasticizers and concentrations of K-TPFPB.

There is the possibility that the capacitances as determined here do not fully reflect the
formation of an equilibrium electrical double-layer but are affected by the slow ion movement in
the bulk of the ion-selective membranes. Indeed, it has been reported for chronopotentiometry
with activated carbon electrodes that the experimentally measured capacitance decreased by 30%
when the charging time was reduced thousandfold.®* In a case like this, the experimentally
determined capacitance is expected to depend on the electrical resistance of the electrolyte
solution. This prompted us to assess the resistance of ISEs with nanographite solid contacts and
overlying plasticized PVC membranes.

Resistance values are shown in Table S6, and a similar plot to Figure 2 showing the
resistances of all electrodes across multiple experiments is presented in Figure S8. The resistance
of these sensors is affected by the identity of the ions in the ISE membrane, as is expected due to
differing ion mobilities in the membrane bulk. Because conductance is the inverse of resistance,

it follows that the conductance of the ion-selective membranes falls in in the order
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[K+valinomycin]- TPFPB < TDDMA-NO3 < TBA-TPFPB < K-TPFPB, which is identical with
the order of capacitances. However, while the capacitance for K-TPFPB was approximately four
times the capacitance for [K+valinomycin]-TPFPB, the conductance for K-TPFPB is only about
twice as large as for [K+valinomycin]- TPFPB. Clearly, differences in mobility of ions in the
membrane bulk alone cannot explain the large differences in the measured capacitances. Indeed,
the small capacitance changes when the applied current was increased tenfold suggest that
effects of ion mobilities in the membrane bulk, if relevant at all, are comparatively small,

especially at an applied current of £50 nA.

Effect of Membrane Polarity on Double-layer Capacitance

As discussed in the theory section above, the dielectric constant of the medium is an
important factor in determining the capacitance, with smaller dielectric constants expected to
result in smaller capacitance values (see Figure S2). Therefore, we also used as plasticizer both
DOS and o-NPOE. Notably, maybe counter-intuitively, DOS with its lower dielectric constant
(£=3.9) is well known to interact more strongly with small cations such as K* and Ca?" than o-
NPOE (£23.9), which can be explained by cation—dipole interactions to the carbonyl groups of
DOS.%

Figure 2 shows a comparison of the capacitance of ISEs with nanographite solid contacts
and sensing membranes containing 10 mM K-TPFPB as ionic site and DOS or o-NPOE as
plasticizer. Using DOS results in a decrease in the capacitance by roughly 50% compared to
membranes plasticized with o-NPOE, similar to the theoretically predicted decrease, which is
~70%. It can additionally be seen that with o-NPOE as plasticizer, increasing the K-TPFPB
concentration results in a capacitance increase by a similar magnitude as theoretically predicted,

that is, ~30%. Clearly, comparison of capacitance values for different carbon materials when
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using different plasticizers or different ionic site concentrations is not meaningful unless these
effects are considered. As shown in Figure 3 too, ISEs with larger capacitances generally have

larger uncertainties associated with them. (For the resistance of these electrodes, see Figure S9.)

Secondary Effects of lon Identity

It is somewhat surprising that the ion identity has such a large effect on the observed
capacitance, as double layer theory does not predict that ion size is as influential on the
capacitance when measured near the PZC. As Figure 1 shows, theory predicts only a difference
of ~10% between ISEs with membranes doped with K-TPFPB or [K+valinomycin]- TPFPB.
Several reasons that may be considered for this finding.

One explanation that might be considered is that the identity of the ions in the ISE
membrane affects water uptake. Water uptake into an ISE membrane results in an increase in the
dielectric constant and, therefore, a higher capacitance. However, it has been shown that higher
concentrations of both ionic site and ionophore result in decreased water uptake into plasticized
PVC membranes,® and that for more hydrophobic ionophores water uptake is smaller.5’
Therefore, one might suspect that less hydrophobic ions result in larger water uptake, and,
consequently, higher dielectric constants, resulting in higher capacitances. This does not appear
to be the case here, though, as suggested by the resistance and capacitance values of ISEs with
membranes that contained TDDMA-CI and Li-TPFPB. While the uptake of water into ISE
membranes takes place over the course of ~24 h, neither the capacitance nor the resistance of
TDDMA-CI and Li-TPFPB electrodes changed significantly over a period of 20 h of
conditioning in 10 mM LiCl (see Table S7). lon-exchange does not take place in these systems
because the exchangeable ion in the membranes of these ISEs is identical with the ion of the

same charge sign in the conditioning solution. Therefore, water uptake is the only significant

17



process during conditioning. Although there is a slight decrease in capacitance of the Li-TPFPB
electrodes over time, it is clear that, even with no conditioning, the capacitance of the Li-TPFPB
electrodes is much higher than that of TDDMA-CI electrodes. This suggests that differences in
water uptake cannot explain the majority of the capacitance differences observed here.

An alternative explanation for the large effect on ion size on capacitance relates to the ion
size itself. For smaller ions, one might suspect that there is a larger accessible surface area in a
porous solid contact. Indeed, optimization of the ion size relative to the pore size has been shown
to result in increased capacitance for electrical double-layer capacitors (although ion sizes in the
latter case are typically substantially smaller).%®-%° This would perhaps be expected to result in a
difference between the capacitance measured on positive current application versus that
measured on negative current application, which at least near the open circuit potential was not
observed in this work. Moreover, DFT analysis of the N> sorption isotherm shows that =7% of
the pore volume and ~26% of the pore surface area in nanographite pertains to pores with
diameters of 2 nm or smaller, suggesting that under full equilibrium conditions the surface areas
accessible to smaller ions is not much larger than for bigger ions. It seems rather unlikely,
though, that full equilibration of the electrical double layer is reached over the short time period
of the 10 s current pulses, as they are illustrated in Figure S7. Instead, the pore structure of
nanographite may hinder over a short timeframe the access of ions to smaller pores, which may
be followed over a longer time period by charge redistribution into the entire pore system.
Similar kinetic limitations of ion transport into meso- and microporous carbon materials have
been reported in the field of electrostatic capacitors.”®’! It appears quite possible that smaller

ions, in addition to being able to access a somewhat larger surface area than larger ions, also
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penetrate the porous nanographite layer more quickly than larger ions, but this effect is not
necessarily directly related to mobilities in the membrane bulk.

Lastly, as mentioned above in the discussion of the theory of the double-layer
capacitance, it is possible that specific interactions between the ions in the sensing membrane
and the nanographite (or SWCNTSs) surface affect the capacitance in a wide range of potentials
relative to the PZC.” This could result in the OCP arising at a point that does not correspond to

the PZC.

Conclusions

Chronopotentiometry experiments show that the capacitance of solid-contact ISEs is
affected substantially by the identity of the ions in the sensing membrane. Both the cation and
the anion matter, with larger ions generally resulting in smaller capacitances. As predicted by
double-layer theory, a higher concentration of ions in the membrane results in increased
capacitance, be that whether a highly lipophilic electrolyte is added into the ISE membrane or
whether the concentration of the ionic sites is increased. Also, as confirmed by variation of the
plasticizer, the capacitance increases with the polarity of the membrane matrix. This
demonstrates that comparison of relatively small differences in capacitance of ISEs with
different solid-contact materials is not meaningful if the identity and concentration of the
membrane ions and the membrane polarity are ignored.

Interestingly, the largest effect of ions on the capacitance of membranes as measured with
chronopotentiometry is likely not an effect of ion size on the maximum ion concentration in the
double layer, since these measurements are taken near the OCP (see the section on double-layer
theory). This effect is still poorly understood but may be related to charge redistribution within

the high surface-area carbon layer, which is too slow to occur on the time scale of a typical
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chronopotentiometry experiment. Also, for high surface-area carbons with many micropores, the
accessible area is likely different for ions of different sizes.

We note that comparisons are made more difficult by the vastly different electrode sizes
and thicknesses of the transducer layer that have been reported in the literature. Often, when ion-
selective electrodes are developed for a specific application, the capacitance is assessed using the
electrode construction (i.e., plasticizer, ions present in the membrane) most desirable for the
application. While this value will in fact be most relevant to the device’s specific use, it is not
necessarily the most useful value to compare different types of solid contacts. For the latter
purpose, reporting of capacitance per weight of solid-contact material is recommended.*
Moreover, in particular for high-surface-area solid-contact materials, the batch-to-batch
variability of the capacitance can significantly exceed in-batch variability. This should also be

considered when comparing different devices.

Associated Content

Supporting Information

The Supporting Information contains further experimental details, the BET sorption isotherm of
nanographite, model predictions of the effect of the solvent dielectric constant on the
capacitance, chronopotentiograms as well as capacitance and resistance values for different
electrodes, the equivalent circuit model used to fit impedance data, and a description of the

model used to predict the effect of membrane properties on capacitances.
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