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Abstract

Potentiometric pH probes remain the gold standard for the detection of pH but are not sufficiently sensitive
to reliably detect ocean acidification at adequate frequency. In Chapter 2, potentiometric probes are made
dramatically more sensitive by placing a capacitive electronic component in series to the pH probe while
imposing a constant potential over the measurement circuit. Each sample change now triggers a capacitive
current transient that is easily identified between the two equilibrium states, and is integrated to reveal the
accumulated charge. This affords dramatically higher precision than with traditional potentiometric probes.
pH changes down to 0.001 pH units are easily distinguished in buffer and seawater samples at a precision
(standard deviation) of 28 upH and 67 upH, respectively. This is orders of magnitude better than what is
possible with potentiometric pH probes.

A constant potential capacitive readout of solid-contact ion-selective electrodes (SC-ISE) allows one to
obtain easily identifiable current transients that can be integrated to obtain a charge vs logarithmic activity
relationship. The resulting readout can therefore be much more sensitive than traditional open-circuit
potentiometry. Unfortunately, however, comparatively long measurement times and significant baseline
current drifts make it currently difficult to fully realize the promise of this technique. We show in Chapter
3 that this challenge is overcome by placing the SC-ISE in series with an electronic capacitor, with pH
probes as examples. Kirchhoff’s law is shown to be useful to choose an adequate range of added
capacitances so that it dominates the overall cell value. Two different ion-to-electron transducing materials,
functionalized single-wall carbon nanotubes (f-SWCNTs) and poly(3-octylthiophene) (POT), were
explored as solid-contact transducing layers. The established SC-1SE-based f-SWCNT transducer is found
to be compatible with a wide range of external capacitances up to 100 uF, while POT layers require a
narrower range of 1— 4.7 uF. Importantly, the time for a charging transient to reach equilibrium was found
to be less than 10 s, which is dramatically faster than without added electronic component. Owing to the
ideal behavior of capacitor, the response current decays rapidly to zero, making the determination of the

integrated charge practically applicable.

Constant potential capacitive readout of ion-selective membranes offers better sensitivity than traditional
potentiometry by giving an easily identifiable transient current spike, which can be integrated to give a
charge proportional to logarithmic of ion activity. Some concerns of this technique include complex fluidic
handling, longer measurement times, baseline drifts and memory effects arising from excess charge

accumulation on the capacitor. Chapter 4 describes an electronic circuit strategy to automate the switching



procedure, resulting in rapid and reproducible measurements. In contrast to earlier work, alternating to a
reference solution is no longer required for establishing a new current baseline. The open-circuit potential
is measured before performing chronoamperometry and its value is applied directly to the sample solution.
The intermittent discharging of the capacitor by the electronic circuit assures that the potential difference
across the capacitor returns again to zero. This electronic capacitive readout system was applied to measure
sodium concentration using a 10 pF capacitor to amplify the signal. The precision was found to be improved
over direct potentiometry, corresponding to 0.11 mmol L™ 1 NaCl and 0.13 mmol L 1 NaCl for standard
solutions and pooled serum sample, respectively. Using the automated electronic system for ion

measurement makes the system more robust while resulting in fast and reliable quantitative measurements.

In Chapter 5, the development of a portable device for constant-potential coulometry is presented. A small
potentiostat along with dedicated electronic circuits are integrated and fitted in a small box (18.5 cm width
x 10.7 cm length x 3.6 cm height with a weight of 370 g). A range of capacitors (22 — 220 pF) are included
in the device, which can be automatically chosen by the control software. The device, the so-called
PotentioCap, was evaluated in standard pH solutions and stabilized seawater samples using a hydrogen-
selective electrode placed in series with a capacitor. The results of transient current and integrated charge
over time correlates well with that from capacitive readout using a benchtop potentiostat with an external
electronic circuit (Chapter 4). Furthermore, a mathematical model is presented to describe the effects of
constant and exponential decay currents on ion-selective membranes using the Nernst-Planck equation.
Numerical simulations are used for estimating the concentration polarization of the ion-ionophore complex
and the ion-exchanger in the space and time domains within the membrane. The mathematical models were
tested with experiments involving current polarized membranes. The calculated phase boundary potential
appears to drift in the same manner as that observed experimentally. In order to improve the measurement
procedure, the characteristics of membrane regeneration by the controlled constant potential is simulated.
By applying a constant open-circuit potential for 1 min, the precision is found to be 40 times better than
without regeneration. Furthermore, a new capacitive model according to RC constant is proposed by
considering the resulting potential change with time. The model results were successfully compared with
the associated current spike obtained from the established RC charging equation and the experimental data.

Electric migrations are shown not to be a significant contribution to the transient current.



Résumeé

Les sondes de pH potentiométriques demeurent la référence absolue pour la détection du pH, mais elles ne
sont pas suffisamment sensibles pour détecter de fagon fiable I'acidification des océans a une fréquence
adéquate. Dans le Chapitre 2, les sondes potentiométriques sont rendues beaucoup plus sensibles en
placant un composant électronique capacitif en série avec la sonde de pH, tout en imposant un potentiel
constant sur le circuit de mesure. Chaque changement d'échantillon déclenche maintenant un transitoire de
courant capacitif qui est facilement identifié entre les deux états d'équilibre, et qui est intégré pour révéler
la charge accumulée. Les changements de pH jusqu'a 0,001 unité de pH sont facilement distingués dans les
solutions tampon et d'eau de mer avec une précision (écart type) de 28 upH et 67 pupH, respectivement. Cela

représente des ordres de grandeur supérieurs a ce qui est possible avec les sondes de pH potentiométriques.

Une lecture capacitive a potentiel constant des électrodes sélectives d'ions a contact solide (SC-ISE) permet
d'obtenir des transitoires de courant facilement identifiables qui peuvent étre intégrés pour obtenir une
relation charge/activité logarithmique. La lecture qui en résulte peut donc étre beaucoup plus sensible que
la potentiométrie traditionnelle en circuit ouvert. Malheureusement, les temps de mesure relativement longs
et les dérives significatives du courant au niveau de la ligne de base rendent actuellement difficile la
réalisation concréte de cette technique prometteuse. Nous montrons au Chapitre 3 que ce défi est surmonté
en placant la SC-ISE en série avec un condensateur électronique, en prenant pour exemple les sondes pH.
Nous montrons que la loi de Kirchhoff est utile pour choisir une gamme adéquate de capacités ajoutées afin
qu'elle domine la valeur globale de la cellule. Deux matériaux différents de transduction ion a électron, les
nanotubes de carbone a paroi simple fonctionnalisés (f-SWCNT) et le poly(3-octylthiophéne) (POT), ont
été étudiés comme couches de transduction a contact solide. Les f-SWCNT, un transducteur classique des
SC-ISE, s'est révélé compatible avec une large gamme de capacités externes allant jusqu'a 100 pF, tandis
que les couches basées sur POT nécessitent une gamme plus étroite de 1 a 4,7 pF. Il est important de noter
que le temps nécessaire a un transitoire de charge pour atteindre I'équilibre est inférieur a 10 s, ce qui est
nettement plus rapide que sans composant électronique ajouté. En raison du comportement idéal du
condensateur, le courant de réponse décroit rapidement jusqu'a zéro, ce qui rend la détermination de la

charge intégrée applicable en pratique.

La lecture capacitive a potentiel constant des membranes sélectives d'ions offre une meilleure sensibilité

que la potentiométrie traditionnelle en donnant un pic de courant transitoire facilement identifiable, qui peut



étre intégré pour donner une charge proportionnelle au logarithme de l'activité ionique. Cette technique
présente quelques inconvénients, notamment une manipulation fluidique complexe, des temps de mesure
plus longs, des dérives de la ligne de base et des effets de mémoire dus a lI'accumulation d'une charge
excessive sur le condensateur. Le Chapitre 4 décrit une stratégie de circuit électronique permettant
d'automatiser la procédure de commutation, ce qui permet d'obtenir des mesures rapides et reproductibles.
Contrairement aux travaux antécédents, il n'est plus nécessaire d'alterner avec une solution de référence
pour établir une nouvelle ligne de base du courant. Le potentiel en circuit ouvert est mesuré avant d'effectuer
la chronoampérométrie et sa valeur est appliquée directement a la solution d'échantillon. La décharge
intermittente du condensateur par le circuit électronique garantit que la différence de potentiel aux bornes
du condensateur revienne a zéro. Ce systeme de lecture capacitif électronique a été appliqué pour mesurer
la concentration de sodium en utilisant un condensateur de 10 pF pour amplifier le signal. La précision a
été améliorée par rapport a la potentiométrie directe, correspondant a 0,11 mmol L 1 NaCl et 0,13 mmol
L1 1 NaCl pour les solutions standard et des échantillons de sérum, respectivement. L'utilisation du systeme
électronique automatisé pour la mesure d’ions rend le systéme plus robuste tout en permettant des mesures

guantitatives rapides et fiables.

Le Chapitre 5 présente le développement d'un appareil portable pour la coulométrie a potentiel constant.
Un petit potentiostat doté de ses propres circuits électroniques intégrés est placé dans une petite bofte (18,5
cm de largeur ,10,7 cm de longueur, 3,6 cm de hauteur avec un poids de 370 g). Une gamme de
condensateurs (22 - 220 uF) est incluse dans le dispositif, qui peut étre automatiquement choisie par le
logiciel de contréle. Le dispositif, appelé PotentioCap, a été évalué dans des solutions de pH standard et
des échantillons d'eau de mer stabilisés a l'aide d'une électrode sélective d'hydrogene placée en série avec
un condensateur. Les résultats du courant transitoire et de la charge intégrée dans le temps sont bien corrélés
avec ceux de la lecture capacitive utilisant un potentiostat traditionnel avec un circuit électronique externe
(chapitre 4). En outre, un modéle mathématique est présenté pour décrire les effets des courants constants
et a décroissance exponentielle sur les membranes sélectives d'ions en utilisant I'équation de Nernst-Planck.
Des simulations numériques sont utilisées pour estimer la polarisation de la concentration du complexe ion-
ionophore et de I'échangeur d'ions dans les domaines spatiaux et temporels au sein de la membrane. Les
modeles mathématiques ont été testés avec des expériences impliquant des membranes polarisées par un
courant. Le potentiel de limite des phases calculé semble dériver de la méme maniére que celui observé
expérimentalement. Afin d'améliorer la procédure de mesure, les caractéristiques de la régénération de la
membrane par le potentiel constant contrdlé sont simulées. En appliquant un potentiel constant en circuit

ouvert pendant 1 min, on constate que la précision est 40 fois meilleure que sans régénération. De plus, un



nouveau modéle capacitif selon la constante RC est proposé en considérant le changement de potentiel
résultant avec le temps. Les résultats du modéle ont été comparés avec succes avec le pic de courant associé
obtenu & partir de I'équation de charge RC établie et des données expérimentales. Il est démontré que les

migrations électriques ne constituent pas une contribution significative au courant transitoire.
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Chapter 1: Introduction

1.1 Electrochemical sensors

Electrochemical sensors form an important class of chemical sensors that grow rapidly. Typically, a
chemical sensor is used to observe responses of analyte relating to the quantity or quality of specific species.
A chemical sensor consists of a transducer which converts such responses to detectable signals by an
instrument. Chemical sensors can be classified according to the type of measurements such as: electrical,
mass, optical, or thermal sensor®. Sensors are designed depending on state of analyte in solid, liquid, or gas.
Compared to other sensors, electrochemical sensors are powerful analytical tools because of their high
sensitivity, high selectivity, rapidity of measurement as well as their ability to make miniaturized and
simplified low-cost devices?®. They are widely used in important applications, i.e. environmental, clinical,
industrial and agricultural analysis. Potentiometry, amperometry, and conductometry are three main types
that being used in electrochemical sensors®. Briefly, potentiometric sensor determines the composition of
the sample at the electrode interface by measuring a potential difference between an indicator and reference
electrode under zero current when local equilibrium is established. Amperometric sensor is carried out by
recording a current when applying a potential across a working electrode and a counter electrode with
respect to a reference electrode to cause oxidation or reduction of an electroactive species. Conductometric
sensors measure the conductivity of the thin electrolyte layer adjacent to the electrode surface. In this thesis
we put the emphasis on potentiometric sensors using ion-selective electrodes which will be explained in

next section.
1.1.1 Electrochemical cells for ion-selective potentiometry

Potentiometric ion sensors are one of the oldest device among electrochemical sensors. About a century
ago, Max Cremer discovered the pH sensitive glass membrane’ and Fritz Haber made glass bulk electrodes
to monitor acid-base titrations®. From the commercial point of view, Beckman simplifies the use of pH
glass electrode in the 1930s°. He developed a vacuum tube voltmeter to use with glass electrode instead of
the usual galvanometer. The new era of potentiometry started when the silver iodide-based iodide selective
electrode was invented by Erno Pungor in the 1960s%. Ross, however, pointed out that it is not possible to
make a glass calcium electrode because the transport rate of calcium ions through glass was too slow. This
brought the basic concept of the liquid membrane electrode!!. About 1969, the liquid-membrane construct

of valinomycin-based potassium selective electrode was invented®? and used for serum measurement®®.

11



Since the first publications, there have been many attempts to develop new types of ion-selective electrodes
(ISEs) containing selective complexing agent for example: the differential CO, electrodes for clinical
blood-gas analyzers®, the polyion-selective electrode for anticoagulant drug heparin and its antidote
protamine®®, and the nitrate-selective electrode for water quality monitoring®. Today, several types of
commercial ISEs are available for direct measurement of cation ion or anion ion activity (concentration) in

liquid samples of different nature®’.
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Figure 1.1. Top: potentiometric cell assembly with a conventional, liquid inner contact ion-selective membrane
electrode as indicator electrode and a double junction reference electrode. Bottom: individual phase boundary
potentials in the potentiometric cell assembly above.

Potentiometry is typically measured under zero current conditions in a galvanic cell. The setup of
potentiometric measurements consists of an indicator electrode and a reference electrode connected to a
high input impedance voltmeter. Here, we focus on ion-selective electrodes (ISEs) and classical Ag/AgCI
reference electrode with aqueous bridge electrolyte of saturated KCI solution immersed in the sample
solution through a liquid junction. The most commonly used ion-selective electrodes are glass electrodes
and liquid membrane electrodes consisting of water immiscible polymeric film loaded with a complexing
agent (ionophore) and an organic ion-exchanger®®. The polymeric membrane is attached to the tip of a

cylindrical electrode body and separates the inner filling solution of ISE from the sample solution as shown

12



in Fig. 1.1 top. The measurement of the potential difference (electromotive force, EMF) under zero current
reflects the sum of all potential difference in the cell. Those potentials are ideally largely independent of
the sample except the potential at the interface of the membrane and sample solution (Fig. 1.1 bottom)?® %,
The potential change is proportional to the change in logarithmic ion activity according to the well-known
Nernst equation. The EMF response of such membranes is normally understood as a phase-boundary
potential which assumes that the distribution of ionic species across the sample-membrane interface is at

local electrochemical equilibrium. The phase-boundary potential is formulated as eq. 1.1%.

- g0 4 BTy, 4@
Epg = Ey + z,Flna,(org) 1.1

where R is the universal gas constant, T the absolute temperature, F the Faraday constant, z, the charge of
the primary ion and a (ag) and a; (org) are the activities of the ion I in the organic and aqueous phase
boundaries. E,° is chemical standard potential in both phases:

F0 — M (a@)-ui(org) 12
1 ZIF !

At room temperature (298 K), equation 1.1 can be simplified to Nernst equation for ion-selective electrodes
as:

EMF = K + Zilna,(aq) 1.3
I

where s is Nernst slope of 59.18 mV, which is divided by the charge of the primary ion. A Nernstian
response slope is accomplished by the assistance of an ion-exchanger in the ion-selective membrane to
maintain permselectivity of the membrane and to keep a (org) constant??. The addition of a selective
receptor (or ionophore) in the polymeric membrane helps to suppress spontaneous ion-exchange with

competing ions of the same charge sign as the analyte ion® 23,
1.1.2 lon-selective membrane

The composition of ion-selective membranes (ISMs) is carefully prepared with the right proportion of high-
purity compounds. ISMs typically consist of a water insoluble polymeric matrix with plasticizer, ion-
exchanger, and ionophore. The molar ratio of ionophore to ion-exchanger is often 3:1 to assure that free

ionophore is in molar excess®. An organic supporting electrolyte such as ETH 500 (tetradodecylammonium
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tetrakis-(4-chlorphenyl)-borate) may be added into membrane to reduce the electrical resistance®.
Tetrahydrofuran (THF) is a solvent used for dissolving the membrane cocktail homogenously. The
membrane cocktail solution is poured onto an inert surface such as glass to allow the solvent to evaporate,
resulting in the formation of a polymer layer with a thickness of 150-200 um. For conventional ISEs, the
membrane is punched to circular shape (~5 mm) and is attached to an electrode containing the inner filling
solution?. In another design, the membrane cocktail solution is drop cast on top of a transducer surface of
a solid-state electrode, depending upon the choice of sensor?®. The polymer materials regularly used as a
membrane substrate is high molecular weight poly (vinyl chloride) (PVC) doped with a plasticizer (e.g.
bis(2ethylhexyl) sebacate (DOS), 2-nitrophenyl octyl ether (0-NPOE)) with a ratio of 1:2 to promote its
plasticity and flexibility of the polymer?’.

1.1.3 Selectivity of ion-selective electrodes

As mentioned above, the ion-selective membrane is doped with a salt of a lipophilic ion, for instance,
tridodecylmethylammonium chloride (TDMAC) as anion exchanger and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate (NaTFPB) as cation exchanger. The structures of ion-exchangers are
shown in Fig 1.2. Before use, the membranes are conditioned in a solution of reasonably high concentration
(millimolar or higher) of the cation or anion of interest. In this manner, the initial counterion of the ion-
exchanger is replaced by the ion of interest. The extraction by simple membranes containing only an ion-
exchanger always favors more lipophilic ion over less lipophilic ones®. The selectivity sequence of such
membranes follows the so-called Hofmeister sequence:

Anion-selective membranes: R™ > CIOs >1">NOs >Br >Cl" > F

Cation-selective membranes: R* > Cs* > Rb* > K* > Na* > Li*

where R and R* denotes an organic anion and organic cation, respectively. Membranes containing only an
ion-exchanger exhibit limited selectivity for hydrophilic species®. Therefore, modern ISMs are comprised
of an additional ionophore to enhance its selectivity for the analyte ion?. The ionophore is a compound that
selectively binds to specific ion over others, e.g. valinomycin for potassium-selective membranes,
tridodecylamine for hydrogen-selective membranes, and 4-tert-butylcalix[4]arene-tetraacetic acid
tetraethyl ester for sodium-selective membranes. The chemical structures of these mentioned ionophores

are illustrated in Fig 1.2.
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Figure 1.2. The chemical structures of ion-exchangers and select ionophores.

The addition of a selective ionophore in the membrane leads to smaller a (org) in eqg. 1.1, resulting in a
greater phase boundary potential at the outer interface®®. The selectivity of the membrane is expressed by
the selectivity coefficient (Ki,**). Its dependence on the standard potential difference and ratios of ion

activities in the organic phase boundaries is described by eq. 1.4%.

pot _ ajlorg) (zF 0_ o
KI] - a](org){RT exp(E] Er )} L4

where | is the primary ion (analyte) and J is the interfering ion. Smaller K,** value indicates better

selectivity for the primary ion over the interfering ion.

1.1.4 Detection limit of ISEs

The traditional approach to define the detection limit of ISEs is the intersection of the two extrapolated
linear segments of the calibration curve. It means that the detection limit is determined by the potential
response of the background solution containing interfering ion J (absent of primary ion 1) compared with

the Nernstian response of the ISE to the primary ion I, predicted by eq. 1.1. In this manner, the lower

detection limit (LDL) is given by3:

a,(LDL) = K}'al"™ 15
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In case of high selectivity, the use of eq. 1.5 on the basic of thermodynamic displacement (ion-exchanger)
may not be practical for calculation of the lower detection limit. The ion-exchange process at the sample
side creates counterdiffusion ion fluxes at zero current. Primary ions exchanged from the membrane diffuse
away from the membrane to the sample bulk while interfering ions diffuse in the opposite direction. Thus,
the kinetic low detection limit in the case of all monovalent ions may be estimated by®:

1/2
C,(LDL) = (qcf Byer K ) v

where cgr" is the concentration of ion-exchanger (molar) in the membrane and q is the permeability ratio
given by®

DS
= —Zmfaq 1.7
Daqam

where D and & are the diffusion coefficient and diffusion layer thickness of membrane (m) and aqueous

phase (aqg).
1.1.5 Solid-contact ion-selective sensor

Further developments of ion-selective electrode were made to improve the detection limit by replacing the
conventional inner filling solution with a solid-contact material. In this case, an optimization of inner filling
solution is no longer required. In earlier solid-contact electrodes there was a challenge of poor adhesion due
to the formation of a water layer between the electrode surface and the polymeric membrane,® * which
prevented solid-contact ion-selective electrodes (SC-ISEs) from achieving a low detection limit and
resulted in potential drift®. Major improvement of SC-ISEs were achieved by placing a transducing
material that serves as an ion-to-electron translator from selective membrane to electron conductor that
gave operationally stable potentials®=°. In order to obtain a stable electrode potential, the following three
conditions for the solid-contact material need to be met: (1) reversibility and equilibrium stability of the
transition from ionic to electronic conductivity; (2) exchange currents that are sufficiently high in
comparison to the current passed during measurement (3) The absence of parallel side reactions to the main
electrode reaction®®. The use of well-defined SC-ISEs makes potentiometric sensors more robust and
practicable for miniaturization. Materials often used as transducers are conducting polymers *'and carbon
materials*> which are both adequate materials but exhibit different mechanisms of ion-to-electron

transduction.
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1.1.5.1 Solid-contact based conducting polymers.

Among conducting polymer materials (CPs), poly(3, 4-ethylenedioxythiophene) (PEDOT), poly(3-
octylthiophene) (POT), and polypyrrole (PPy) are the oldest CPs used for SC-ISEs*. Those substrates
stabilize the potential at inner interface (metallic electrode/CP layer) by a reversible redox reaction coupled
with ionic transference in the selective membrane. Bobacka’s group investigated the potential stability of
all-solid-state K*-ISEs using PEDOT doped with polystyrenesulfonate (PSS?) as a model electrode®.
Chronopotentiometric measurements of a K*-ISE with PEDOT(PSS) showed that it has negligible potential
drift over time (change in slope of AE/At) compared to a so-called coated-wired K*-ISE (without conducting
polymer). The potential drift was found to be proportional to the capacitance (C) of the solid-contact

material and the current (i) as follows*:

. . AE i
Potential drift = — = =
At C

1.8

According to this relationship, a thicker layer of CP results in a higher capacitance, which enhances
potential stability. The optimization of the capacitance of CPs was studied by Maksymiuk’s group*. The
effective capacitance of a PEDOT solid contact decreased in the presence of the selective membrane due
to low charge transfer onto the polymer layer/membrane interface. This limitation can be minimized by
adding a significantly higher concentration of ion-exchanger into the membrane in order to increase the
concentration of mobile ions and to reduce concentration polarization in the membrane. Lindner and
coworkers improved the hydrophobicity of PEDOT by functionalizing with a Cy4 alkane chain (PEDOT-
Cus) and doped with tetrakis-(pentafluorophenyl)borate®*. Such solid contact was applied for the
development of pH, Na* and K* sensors*. The potential drift was minimized to 0.02 + 0.03 mV/day. For

the pH sensor, the reproducibility of pH measurement was as low as +0.002 pH units.

POT is one of the CPs that is attractive for potentiometric sensors owing to its high hydrophobicity and
ease to deposit on the electrode surface (electrodeposition from the monomer or drop casting from polymer
solution)*”. POT-based ISEs were employed for measurement of both cation and anion species, for example
K*, Ca*, CI, nitrate, carbonate with various polymer substrates®®. The reported long-term potential drift
with POT solid-contacts for Ca-ISE is 0.23 mV/day with a standard potential E° of 259.3 + 1.3 mV*¥. lon-
to-electron transduction processes of POT have been studied by Amemiya’s group*® and Bakker’s group®’.
The processes have been described as consisting of 3 major phases: (i) oxidation of POT to POT* + e (ii)

subsequently by incorporating with anionic lipophilic ion-exchanger (R°) from the membrane to the POT
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layer (iii) and expelling counterions M* from the membrane to the aqueous phase to maintain
electroneutrality (Fig. 1.3). The potential at the inner membrane side is determined by the POT/POT" ratio.
POT, on the other hand, has the disadvantage of being light-sensitive and pH-sensitive.

A) B)

| »D 1 »
>
o S
PEEK
(0]
>
c
PEEK

R*R- M*R-

M+ M+

Figure 1.3. Operation of the voltammetric ISE sensor based on a bilayer consisting of a PVC layer on a poly(3-

octylthiophene)-modified Au electrode. (A) is oxidation and (B) is reduction of POT.

1.1.5.2 Solid-contact based carbon materials

Compared with redox CPs, carbon materials such as graphene, graphene oxide, and carbon nanotubes
(CNTSs) have become well established as solid contact materials for potentiometric sensing owing to their
high lipophilicity and chemical inertness. The transduction mechanism of multi-walled carbon nanotubes
(MWCNTSs)-based SC polymeric ion sensors has been studied by Cuartero et al*®. The results indicate that
the mechanism involves an electrical double layer coupling the capacitive behavior through
adsorption/absorption of a lipophilic anion onto and into the MWCNTSs SC layer, while electrons are located
on the MWCNTSs leading to a charging/discharging capacitive process. As evidence, the capacitive
transduction mechanism of CNTSs is not associated with the oxidation/reduction reaction, which is unlike
conducting polymers, as shown in Fig. 1.4. Grespo and Bakker described anion-selective sensors using
functionalized-MWCNTSs as solid contact material*®. In comparison to POT SC, the functionalized-
MWCNTSs-based sensor is light-insensitive and has medium-term stability of 0.04 mV/h for carbonate
detection. For cation measurement, a Nernstian slope was achieved for K* using single-walled CNTs as SC

with precision of 0.4 mV/decade ax+*2.
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Figure 1.4. Schematic illustration of the capacitive double layer generation by adsorption of either cations or anions

onto the high surface area nanostructured material. (Figure is modified from reference 42) 48

1.2 Constant-potential coulometric method

One of the unresolved issues in zero current potentiometry of SC-ISEs is the insufficient reproducibility
and stability of the standard potential E° due to, for example, the partitioning of solid contact material into
the membrane layer and its sensitive reaction to gases (COzand O) as well as to pH and light® 5%, This sort
of potentiometric sensor measures an open circuit potential (OCP) as an output signal, which makes the
calibration-free procedure challenging. The standard potential, on the other hand, can be adjusted by short-
circuiting with the reference electrode, resulting in a potential difference near to zero®2. This strategy is
especially helpful when it comes to simplifying calibration curves. Conversely, the E° of SC-ISEs based
CPs can be alternated by electrochemical control of applying potential or current pulse®. Furthermore,
non-zero current measurement have been developed to broaden the application of ion-selective electrodes®.
Thin layer coulometry of ion-selective membranes has been demonstrated as a method for potentially
calibration-free ion-sensing®. In this method, ion transfer is triggered by an applied potential, resulting in
ion-transfer current that can be integrated to the overall charge used in the process. With a known sample
volume, the ion concentration in the sample can be determined. One example of thin layer coulometry was
applied to microfluidic device for Ca?* measurement in mineral water®®. A strategy called tuned
galvanostatic polarization was presented to improve the analytical characteristics of ISEs to achieve a lower
limit of detection®®. The procedure is carried out by recording the OCP and subsequently by recording the
potential change while applying an optimized current for a certain time, after which again the potential is
immediately recorded at zero current and used as a readout signal. By this technique, linear Nernstian
response for Ca-ISE was obtained down to 10-%° M. The charge transfer process of CP based ISEs can be

compensated via conditioning by galvanostatic polarization.
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1.2.1 Principle of coulometric readout method

As previously stated, calibration-free sensors are highly desired as ideal analytical tools. Recently, a novel
signal transduction method for SC-ISEs based on constant potential coulometry was presented by Hupa et
al®’. In this approach, the open circuit potential of the SC-ISE is recorded against a reference electrode and
then kept constant throughout the measurement using a potentiostat. A conventional electrochemical cell
with a double junction Ag/AgCl/ 3 M KCI/0.1 M KCI electrode as reference electrode, a glassy carbon rod
as counter electrode, and a SC-ISE as working electrode was employed. The solid-contact material
PEDOT(PSS) conducting polymer was used as an ion-to-electron transducer. Its redox-capacitance
involves cation-exchanger processes with an assistance of cation-selective membrane as described in eq.
1.9:

PEDOT*PSS (iim) + K*(membrane) + € <> PEDOTPSS™ K* (fitm) 1.9

The principle of constant-potential coulometric readout is shown in Fig. 1.5. Since the potential of the SC-
ISE is held constant, any change in the activity of the primary ion in the sample results in a change in the
potential difference between the SC-ISE and the reference electrode (RE). The potential difference will be
compensated by an opposite potential change at the PEDOT(PSS) layer, leading to a transient current
through the counter electrode (CE) until a new equilibrium is reached. The transient current causes the
oxidation/reduction of PEDOT(PSS) (see eq. 1.9), which can be integrated into charge-time information.
Vanamo et al. showed that the total cumulated charge is linearly proportional to the change of the logarithm
of the primary ion activity®®. An attractive feature of this method is that the reading signal could be amplified

by increasing the redox-capacitance (thickness) of the conducting polymer solid contact.
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K+ 2) AE
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Figure 1.5. Schematic illustration of principle of constant-potential coulometric readout.
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1.2.2 Development of coulometric readout

As mentioned earlier, the coulometric readout method is based on a redox process of the solid-contact
conducting polymer and also of the diffusion of primary ions in the membrane. With greater charge passed,
a longer time for the transient current to reach the zero baseline is required. This results in long measurement
times. Han and coworkers, however, found that the electrode geometry of SC-ISEs influences the response
time®. When the capacitance of CPs and the thickness of the covering membrane remained constant, a
larger electrode diameter gave faster response times. This is due to the fact that a small electrode diameter
is unable to convert the entire change of ion activity into charge at a given time. Spin-coating the thin ion-
selective membrane (ISM) instead of drop-casting has been shown to minimize resistance resulting in a
shortened response time of SC-ISEs®. The remarkable property of coulometric transduction method is that
it provides better sensitivity than conventional potentiometry. By using an optimized K*-SCISE, the
technique was shown to detect 0.1% change in K* in activity and small pH change within 5 min of each
equilibrium. It is clear that increasing the PEDOT (PSS) capacitance (by altering the thickness) from 1 mC
to 10 mC can amplify the signal, but at the cost of a response time longer than 5 min. According to
impedance data, the transduction process of the K*-SCISE is restricted by diffusion even for thin ISMs. H*-
SCISEs, on the other hand, give a faster response, possibily due to a higher mobility of H* in H*-ISM®,
This method shows promising results of K* and pH measurement in serum and seawater samples®.
Furthermore, PEDOT(PSS) based SC-ISEs were tested for measurement of divalent ions of Ca?* and Pb?*6%,
The redox-capacitance reaction of PEDOT(PSS) is assumed to follow eq. 1.10. A linearity of accumulated
charge (Q) with logarithmic divalent ion activity was obtained, but the slope (Q vs log a.»+) vs capacitance
value does not increase proportionally since the current signal does not reach zero baseline. In comparison
with monovalent ions of K*-SCISE, the result deviates from the theoretical expectation that Q of
monovalent ions (K*) is not twice larger than Q of divalent ions (Pb?*) at a given time. This appearance
could be due to ion transport limitations or a difference in redox capacitance in the presence of Pb?
compared to K*. Impedance studies confirm that the coulometric response of Pb?* is limited mainly by
charge transfer due to interactions between Pb?*and PEDOT(PSS).

2PEDOT+PSS'(ﬁ|m) + Pb2+(membrane) +2e & (PEDOTOPSS')z Ph2* (film) 1.10

The use of constant-potential coulometric technique for anion measurement was also presented by Han and
coworkers for nitrate, perchlorate, and sulfate®. Contrary to cation measurements, PEDOT doped with
small anions including CI-, NOg", SO.+%, and ClO, was utilized as an ion-to-electron transducer for SC-ISEs.

The mechanism of PEDOT(NOs) based nitrate-selective membrane was proposed with eq. 1.11.
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PEDOT™(NOs)s+ Xe <> PEDOT™* (NO5)px+ XNO3" 1.11

The principle of coulometric transduction is analogous but the observed current is of opposite sign. Cyclic
voltammetry shows that the capacitive currents of 10 mC GC/PEDOT electrodes give rise to the following
order: PEDOT(CI) = PEDOT(SO.s) < PEDOT(NO;) < PEDOT(CIO4), which may be attributed to
hydrophobicity (Hofmeister series) or anion size. However, PEDOT(CI) is relatively independent of
supporting electrolytes, making it an effective solid contact material for anion SC-ISEs. The response time
of anion detection is significantly faster than that of cation detection when a spin-costed ISM (thin
membrane) is used. Transient currents of NOs-SCISE and SO4%-SCISE stabilize with 2 min and 1 min,
respectively. Identical to cation SC-ISEs, the coulometric signal is amplified by increasing polymerization
charge (thickness of PEDOT film), which is proportional to the change in anion activity.

Constant potential coulometry, a new readout method based on non-zero current, has been shown to
improve sensitivity over direct potentiometry. The oxidation/reduction of conducting polymers is, however,
limited by ion transport in the ISMs and also the charge transfer at the CP layer. Different interactions
between primary ions and CPs lead to difference in redox capacitance, which influence the response time.
In order to obtain the most effective coulometric readout for each interest ion, the characteristics of SC-
ISEs e.g. capacitance (thickness of SC), types of transducer as well as thickness of ISMs need to be
optimized prior to starting the measurement, making this approach not obviously suitable for on-field

analysis.
1.2.3 Capacitive model for coulometric readout

The first capacitive model for coulometric signal transduction readout of SC-ISEs with conducting
polymers was presented by Jarolimova and coworkers®. They showed that the capacitive model correlates
well with SC-ISEs using PEDOT(CI) as ion-to-electron transducer. As mentioned previously on the
principle of the approach, the constant potential the ISE with a capacitive transducing layer is held at
corresponds to the open circuit potential of the initial solution, resulting in an initial zero current. A change
in the analyte ion activity at time to will cause a potential change at the membrane-sample boundary as

described by the Nernst equation:

a;i(final)
a;(initial)

AE,p(sample) = Ziilog 1.12
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where s is 59.2 mV for 25 °C and z; is the charge of the analyte ion. The change at the inner membrane side
(inner transducing layer) must be exactly opposite as follows:

a;(initial)

a;(final) 113

AE,p(inner side) = Ziilog

The observed current response is defined in the same way to a constant potential step at a capacitor, which

is expressed as:

. AE,p(inner side) 4+_
l(t) — p . et to/CepReell 1.14
cell

where Cq, is the capacitance of the inner transducing layer and Reen is the resistance of the electrochemical
cell. Equation 1.13 is substituted into eq. 1.14 to determine the relationship between current transient and
activity change in a sample as shown below:

i(t) = ——log (B t-to/CopRecu 1.15

ZiRcell a;(final)

Equation 1.15 explains that a current spike is generated when the sample ion activity is altered. The transient
current decays with an RC time constant as a function of the capacitance of the inner transducer and
resistance of the cell. A SC-ISE covered with a thicker ion-selective membrane has a generally higher
resistance, which results in a longer RC time constant and a smaller magnitude of current. Thus, a well-
defined thin membrane may improve the signal-to-noise ratio and also the response time. At t = 0, the

maximum current can be calculated by:

i(t) _ s log (ai(initial)) 1.16

ZiRcell a;(final)

As evidenced in eq. 1.14 and eg. 1.15, the transient current depends not only on the Nernst function but
also the cell resistance. If the resistance of the membrane does not dominate the cell resistance, this could
be a source of measurement uncertainty. To overcome this problem, the current may be integrated over
time to obtain charge (Q) information as shown in eq. 1.17 where C, is the capacitance of the conducting

polymer.

_ s a;(initial)
Q=Cep z; log ( ai(final) ) 117
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Theoretically, an integrated charge should be proportional to the logarithmic ion activity change. The
sensitivity of observed Q may be improved by increasing C¢, by the thickness of the conducting polymer.
This theoretical prediction agrees well with experimental detection of K* ion as mentioned earlier using the
coulometric readout of K*-SCISE.

A more recent model of the coulmetric readout method was reported by Kondratyeva and coworkers®.
Since the current flow across the ion-selective membrane results in concentration polarization, the previous
theoretical equation (eg. 1.15) may not always allow for a good fit. Hence, this behavior is taken into
account by adding a Cottrellian term to obtain modified equations for chronoamperometric measurements

and coulometric measurements, respectively, as follows:

(4) = BTy, alnitia) [ 1 —t/CopReenr 4 (V) 4-1/2
i® ziFln a;(final) [Rceue pree +(2)t ] 118

a;(initial)

a;(final) [CCP(l - e_t/CCpRce”) + Ntl/z] 1.19

Q= 77l
The parameter N = 2z ' (F/RT) AcC\D, where Ag is the electrode cross-section area, C; is the concentration
of the ionic species in the membrane, and D, their diffusion coefficient. The modified equation was shown
to be a better fitting than the simple equation based RC constant for both current-time and charge-time
information®. A robust theoretical description is useful for predictions of chronoamperometric data
(current) and coulometric data (charge) so that the measurement does not need to reach the equilibrium
state (zero-current baseline). From a practical point of view, this interpretation method is important since it

allows for short measurement times, resulting in higher throughput analysis.
1.3 Fundamental electronic circuits
1.3.1 Ohm’s law

Materials, usually, have a characteristic behavior of resisting the flow of electric charge (current) known as
resistance (R). It is measured in ohms (€2). In the electronic components, a resister is a passive element. The
relationship between current and voltage for a resistor is explained by Ohm’s law: the voltage (V) across a

resistor is proportional to the current (i) flowing through the resistor as described below:

V =IiR 1.20
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A circuit symbol for resistance is illustrated in Fig. 1.6. In this example, the circuit consists of a battery

connecting to 5 kQ, which allows a current flow.

30 VCD { v

Figure 1.6. An example of simple electronic circuit including battery, resistor, and current.

1.3.2 Kirchhoff’s laws

Kirchhoff’s laws were first introduced in 1847 by the German physicist Gustav Robert Kirchhoff. They are
used to quantify how the current flows through a circuit and how voltage varies around a loop in a circuit.
The laws consist of Kirchhoff’s current law (KCL) and Kirchhoff’s voltage law (KVL), which is extended
for analyzing the resistance as well as capacitance in the circuits®®. The fundamental concept in physics
states that charge will be always conserved in the environment. Consequently, Kirchhoff’s current law
explains that the current flowing into a node (or a junction) must be equal to the current flowing out of it.
An example of current travelling down wires is depicted in Fig. 1.8. The sum of the currents in Fig.1.7

indicates that

Il+12 =I3 121

Figure 1.7. Three wires connect at a node. Different currents is flowing thought each wire.

Mathematically, the total current can be generalized in case of n wires connected to a node as:

¥ L, =0 1.22
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Kirchhoff's voltage states that in a closed loop with applied electrical energy, the sum of all voltages within
a circuit across a component must be equal to the sum of all voltages across another component.
Consequently, conservation of charge and energy must occur. Figure 1.8 shows how a 6 V potential from
a battery is applied to a loop containing two resistors of 2 Q and 1Q is distributed over the individual

elements.

6V 2A

+I£I-

2V

Figure 1.8. Overall voltage in a closed circuit when electrical energy is supplied through resistors leading to current

generation.

Kirchhoff's voltage law is applicable to any loop n with any number of components. It can be written in a

general manner as follows:

n_ Y, =0 1.23

1.3.3.1 Series and parallel resistors

i R, R,
a
— AN/ AN
+ Vl - + V2 =

Figure 1.9. A single-loop circuit with two resistors in series.

A combination of resistances is needed when a circuit is comprised of more than one resistor. As illustrated
in Fig. 1.9, the two resistors are in series such that the same current flows across the circuit. By applying
Ohm’s law and KVL, the equivalent resistance Req i sum of the individual resistance (resistors) connected

in series as shown in eq. 1.24.

26



Req = R1 + RZ +- +Rn = 2:1 Rn 124
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Node b

Figure 1.10. A circuit with two resistors in parallel at node a and b.

In the event of a circuit consisting of two nodes where resistors are placed in parallel as seen in Fig. 1.10.
The same voltage across them is the same however the current generation may be difference depending on
each resistance. According to Ohm’s law and KCL, the equivalent resistance Req OF resistors in parallel is

equal to the sum of the reciprocal of the resistance 1 to N as expressed in eq. 1.25.

1ttt L
R_eq_R1+R2+ +RN 1.25
1.3.3 Capacitor
A) B)

Dielectric with permittivity £

Metal plates,
each with area A

"

Figure 1.11. (A) Construction of a typical capacitor and (B) characteristic of a capacitor with applied voltage V.
A capacitor is a passive element and a well-known electrical energy storage unit. A typical capacitor

consists of two conducting plates which are separated by an insulator (or a dielectric) as depicted in Fig.

1.11A. Figure 1.11B shows that when a voltage source is connected to the capacitor, a positive charge (+q)
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deposits on one plate and a negative charge (-g) on the other. Charge accumulation (q) in the capacitor is
proportional to the applied voltage (V) as follows:

q=CV 1.26

where C is the capacitance of the capacitor in units of farad (F). The capacitance is the ratio of the charge
on one plate of a capacitor divided by the voltage difference between the two plates where 1 farad = 1
coulomb/volt. The capacitance of a capacitor depends on the dimensional parameters as given in eq. 1.27.

C=— 1.27

where A is the surface area of each plate, d is the distance between the two plates, and ¢, is the permittivity
of the dielectric material between the plates with value 8.85 x 102 F m%. The current-voltage relationship

of the capacitor can be calculated by taking the derivative of both sides of | = dg/dt as:

av

i=c¥ 1.28

1.3.4.1 Series and Parallel capacitors
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Figure 1.12. (A) Parallel-connected N capacitors and (B) equivalent circuit for the parallel capacitors.

The series-parallel combination of circuit elements provides advantages to simplify circuits. This technique
can be used to extend the series-parallel connections of capacitors®. The circuit in Fig. 1.12A shows that
when N capacitors are placed in parallel the voltage across the capacitors is the same. In order to obtain the
equivalent circuit in Fig. 1.12B, KCL and eq. 1.28 were considered for the equivalent capacitance. As a
result, the equivalent capacitance of capacitors N connected in parallel is the sum of the individual
capacitances as shown in eq. 1.29.
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Figure 1.13. (A) Series-connected N capacitors and (B) equivalent circuit for the series capacitor.

Next, capacitors connected in series is illustrated in Fig. 1.13A and compared to the situation with the
equivalent circuit in Fig. 1.13B. Here, the same current i, which is carrying the same charge, flows through
the capacitors. Considering KVL to the loop in Fig. 1.13A, the equivalent capacitance of capacitors
connected in series is the reciprocal of the sum of the reciprocals of the individual capacitances:

1 _ 1

1 1 1
11,11 41 1.30
Ceq C1 ) C3 Cn

1.3.4 RC circuit

An RC circuit is a series combination of a resistor (R) and a capacitor (C) which are connected to a DC
battery supply as shown in Fig. 1.14. At time zero, initial conditions of the capacitor are i =0 and g = 0.
When the switch is closed, the capacitor progressively charges up through the resistor until the voltage
across the capacitor (V) reaches the supply voltage (Vs). Figure 1.15 shows the plots of capacitor voltage

and capacitor current.

i

Switch
-5 ;

R
O—5© MA/

Figure 1.14. Schematic illustration of simple RC circuit consists of a battery (Vs), a resistor (R), a capacitor (C),

and a switch for open or close circuit.vc is voltage across the capacitor.
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Figure 1.15. Step response of an RC circuit with initially uncharged capacitor: (top) voltage response, (bottom)

current response (The figure modified from www.electronics-tutorials.ws).

Charging up the capacitor (C) through the resistor suffers from the RC time delay®. As time increases, the
voltage of the capacitor increases toward steady state (Fig. 1.15 top). The rate by which the voltage increases
is expressed in terms of the time constant, denoted by tau (z), The time constant of a circuit is the time
required for the response to gain to a factor of 1- e (at t = ) or 63.2 percent of initial voltage value as eq.
1.31:

V() = V(1 —et7) 1.31
or
T=RC 1.32

As the sine voltage across the capacitor is equal to zero at the initial state, the capacitor behaves as a short-
circuit resulting in maximum current flow at t = 0. Such current can be calculated by Ohm’s law. The
current continuously generates until the potential difference of the capacitor approaching zero. Att > 0,
however, the current decay exponentially called charging current as depicted in Fig.1.15 (bottom). The rate

of current decay is obtained from eq. 1.31 and using i(t) = CdV/dt®%, thus
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i(t) = %e‘t/f 1.33

At 63% of capacitor charging voltage results in the current decay to 37% of the maximum value. The current
that is produced before reaching five time constants (5, 98% Volt) is called transient current®. After 5z,
the capacitor is considered to be fully charged where t = o and V¢ = V. At this point, there is no more
charging current flow (i = 0). This period is known as steady state where the capacitor acts like an open

circuit.
1.4 Electrochemical measurements
1.4.1 Potentiometry

A typical potentiometric measurement involves a two-electrode cell consisting of an indicator electrode and
a reference electrode. A high input impedance voltmeter allows one to measure precise EMF values in units
of volts at so-called zero current. The potential of the ISE as indicator electrode is proportional to the
activity of the primary ion while the reference electrode should give a stable and sample-independent
potential. Potential-time changes at ISEs are complex time-dependent phenomena that depend on the
electroactive material (membrane/film) and the bulk solution as well as the membrane|solution interface
and its composition and thermodynamic and kinetic properties®. In this work, potentiometric measurements
were used to evaluate ISEs to confirm that they provide a Nernstian response in which the potential vs log
ai is close to 59.2 mV/decade for a monovalent ion. Potentiometry was also utilized as a standard method
of chronoamperometry and coulometry in order to compare its sensitivity and its reproducibility (Chapters
1, 3).

1.4.2 Chronoamperometry and coulometry

Chronoamperometry is an alternative electrochemical method to zero current measurements. In this
technique the current is measured while a constant potential is applied for a certain time. In our work the
transient current generated from the potential difference is recorded until it reaches a new electrochemical
equilibrium state® 7. Here, the chronoamperometric measurements are carried out in a three-electrode cell
consisting of a working electrode (ISE in series with a capacitor), a reference electrode and a counter
electrode. The potential of the working electrode against the reference electrode is kept constant by a

potentiostat and the current flow between the counter electrode and the working electrode is measured. The
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coulometric method is an integration of the chronoamperometric current over time to obtain charge-time
information. This technique is recorded at a constant applied potential and is therefore called constant
potential coulometry. Coulometric readout is also used to confirm the performance of an ISE connected in
series with a capacitor, which will be evaluated by theoretical predictions involving RC circuit elements.

1.4.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique in which a system is
perturbed with a small time-dependent sinusoidal potential wave at varying frequency where
E = E, sin(wt).®® Normally, a 10mV potential amplitude, Eo, is applied, resulting in frequency-dependent
amplitude and phase shift of the resulting current. This output signal is related to the function of I =
Iysin{(w + @)t} where ¢ is the phase angle. A complex number is the ratio E/I, which determines the
impedance at the corresponding frequency®. The EIS measurement is performed in a three-electrode system
consisting of a working electrode, counter electrode and reference electrode. The Nyquist plot expresses
the conductive behavior (a resistor or a capacitor) that occurs for the real and imaginary components of
impedance denoted as Z.a (x-axis) and Zim (y-axis), and the phase angle at a given frequency range as
shown in Fig. 1.16A.

A) B)

A = high frequencies region
B = low frequencies region

| |
Rs 1
Rct zW
N\ 450 WJ
+—ret— P>

R, Ry ReZ (Z'), Q

-ImZ (-27), Q
Y

Figure 1.16. Schematic of typical A) Nyquist plot and B) Randles circuit.

The EIS response of electrode|electrolyte systems can be modelled as an equivalent circuit. As shown in
Fig. 1.16B, the simplest circuit for a faradaic reaction is the Randles circuit. The faradaic reaction is
occurring in parallel with the charging of the double layer at the electrode surface. Therefore, the charge
transfer resistance, Rc, associated with the faradaic reaction is in parallel with Cq. The rate of the faradaic

reaction is controlled by a diffusion of the reactants to the electrode surface. The diffusional resistance
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element (the Warburg impedance, Zy) is hence in series with R¢.. Here, EIS is used to characterize liquid-
contact ISE in series with a capacitor and solid-contact ISE in series with a capacitor. Charge transfer
kinetics and double-layer contributions at the ISM|solution interface was also investigated. ldeally, at low
frequencies, a vertical line (phase angle at 90°) indicates the domain of capacitive behavior of the electronic
capacitor or transducing material that acts as a pure capacitor.” A diffusion control process will cause a
phase angle shift at 45° at intermediate frequencies. At high frequencies, a semicircle indicates the
resistance of the ISM which can refer to a kinetic control of the double-layer charging and the charge
transfer at the 1SM|solution interface. This work proposes an extension of the Randles circuit when the

working electrode is connected to an electronic capacitor as shown in the relevant chapters.
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Chapter 2: Ultrasensitive seawater pH measurement by capacitive

readout of potentiometric sensors

2.1 Development pH measurements

The measurement of pH is of enormous importance in most chemical, biological and environmental
processes.”!7* Atmospheric carbon dioxide (CO,) output from anthropogenic sources including fossil fuel
combustion and deforestation results in its gradual absorption by marine systems. This oceanic uptake
serves to moderate atmospheric CO, but causes a reduction of surface ocean pH.” This significantly alters
the chemical balance of the marine carbonate system, with a potentially dramatic impact to marine biota
and ocean ecosystems.’® 7" To accurately understand how ocean acidification impacts marine life, it is

necessary to quantify seawater pH variability at an adequate measurement frequency.

While they remain the gold standard, the precision of potentiometric pH probes is limited because potential
drifts/uncertainties (up to 0.02 pH units per day) may become difficult to distinguish from the desired
change in pH.”® 7 Potentiometric seawater pH measurements have been found to exhibit a precision of
about 0.003 pH units,*® or about 0.2 mV. Ion-selective field-effect transistors (ISFET) on the other hand,
gave a precision better than 0.0005 pH units over hours and 0.005 over weeks for the same application.®"
82 Similar to conventional glass electrode, ISFETS are still required regular calibration using standard pH
buffer.®® Spectrophotometry by indicator dye solution affords improved precision, giving a variability of
just 0.4 mpH units for seawater.® 85 For this, the indicator solution must be adequately stored to ensure
long-term stability® and the indicator needs to be highly purified to reduce errors in the pH calculated from
absorbance data.’”- % However, spectrophotometric pH is not the same as pH reported by potentiometry
because very different assumptions are involved in the measurement. With pH indicator dyes the activity

coefficient of the dye depends on solution ionic strength and there is no liquid junction potential.

Here, the determination of pH at very high precision is achieved by modifying the electronic readout of
electrochemical pH probes. Instead of observing potentials over time, which are difficult to distinguish from
unrelated potential drifts, one allows a transient current to occur for a given pH change by placing an
electronic capacitor component in series to the pH probe and holding the cell potential constant. The small
current excursions can be easily identified, background-subtracted and integrated to give a charge that

serves as sensor signal.
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The approach proposed here builds on earlier work by the group of Bobacka®’-¢°

on the basis of a conducting
polymer, poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(styrenesulfonate) (PSS), that serves
as capacitive layer between electrode and ion-selective membrane. Vanamo et al. demonstrated that the
measured current signal can be amplified by increasing the thickness, and therefore the redox capacitance,
of the solid contact conducting polymer.”® The theory for this transduction method suggests that an

increasing capacitance, C, results in a larger measured charge, Q, as follows.®

_ S a;(initial)
Q= Czl- log (ai(final)) 21

Where s is the Nernstian slope (59.2 mV at 25°C), z; is the charge of the detected ion (for hydrogen ions, z;
= 1), ai(initial) and a,(final) are the activity of the detection ion i before and after the sample composition

change.
2.2 Experimental and preparation for capacitive readout method

Materials and reagents Potassium chloride (KCI), sodium chloride (NaCl), hydrogen ionophore I, high
molecular weight poly(vinyl chloride) (PVC), 2-Nitrophenyl octyl ether (0-NPOE), sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB), tetrakis(4-chlorophenyl)borate tetradodecylammonium salt
(ETH 500), and tetrahydrofuran (THF) were purchased from Sigma-Aldrich. Ultrapure Tris-
(hydroxymethyl)aminomethane (Tris) and 0.1 M sodium hydroxide (NaOH) volumetric solution were
purchased from PanReac AppliChem. 1 M hydrochloric acid (HCI) volumetric solution was purchased from
Fisher Scientific.

Instrumentation and Measurements An Ag/AgCI electrode with electrode diameter of 3.00 £ 0.01 mm
and a hydrogen ion-selective electrode (H*-ISE) were use as working electrodes in a conventional three-
electrode system. A double junction Ag/AgCIl/3 M KCI/1 M LiOAc electrode (Metrohm, Switzerland) and
a platinum rod (Metrohm, Switzerland) were used as reference electrode and counter electrode,
respectively. The working electrode was directly connected in series with a commercially available
capacitor ranging from 4.7 to 470 pF. Electrode bodies (Oesch Sensor Technology, Sargans, Switzerland)
were used to mount the polymeric membranes for the H*-ISEs. For potentiometry, the H*-ISEs were
measured and calibrated with a high impedance input 16-channel EMF monitor potentiometer (Lawson
Laboratories, Inc., Malvern, PA) at zero current. Chronoamperometric measurements were performed with
a PGSTAT302N Autolab (Metrohm Autolab B.V., Switzerland) controlled by Nova 2.1.4 software. The
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open circuit potential (OCP) of the working vs reference electrode was determined and enforced as a
constant value by the potentiostat during the chronoamperometric measurements. The measured current
signal was integrated over time to obtain the charge-time relationship. Cumulated charge was then plotted
vs the logarithm of ion concentration (activity). Potentiometric experiments were performed with a high
impedance input 16-channel potentiometer as mentioned before. The EMF vs the logarithm of ion activity

was recorded. All experiments were carried out at ambient laboratory temperature.

Sample preparation Agueous solutions were prepared by dissolving the respective salts in deionized water
(>18 MQ cm). All chemicals were of at least analytical grade. 0.1 mM KCI solution was prepared in 10
mM KNO; background electrolyte and was used as reference solution for measuring the OCP for chloride
ions analysis. The concentration of KCI in a range of 0.1 mM to 3.3 mM was used for this experiment with
0.2 mM increment. For pH measurement, 0.1 M Tris-HCI buffer solution pH 7.00 was prepared in 10 mM
NaCl background electrolyte and was used as reference solution of OCP measurement. Seawater from
Arcachon Bay (France) with salinity of 28.4 was used as sample solution. After filtration the seawater
sample was prepared in 0.1 M Tris-HCI buffer to maintain the pH at 8.0 and used as reference solution. The
desired pH was adjusted by addition of NaOH solution (see Methods in main text).

Preparation of the Electrodes Ag/AgCI electrode was prepared by electrochemical oxidation of an Ag
electrode in 1 M HCI for 1 h at constant anodic current of 1 mA/cm?2. The coated electrode was washed
with deionized water prior to use. A PVVC based ion-selective membrane was used for pH measurements,
which was composed of 15 mmol kg™ hydrogen ionophore I, 5 mmol kg* NaTFPB ion-exchanger, 90
mmol kg™ ETH 500, 118 mg o-NPOE and 59 mg PVC (total mass of 200 mg). The cocktail was dissolved
in 2.0 mL of THF and poured into glass ring (22 mm ID) affixed onto a glass slide. The solution was
allowed to evaporate overnight. This initial membrane was cut with a hole-puncher into small pieces of 8
mm diameter and mounted into Ostec electrode bodies. The electrodes were conditioned overnight in the
10 mM Tris-HCl and 10 mM NaCl pH 7.0 inner filling solution. For seawater experiment, seawater sample

in 10 M Tris-buffer (pH 8.0, salinity 28.4) was used as inner filling solution.

In-line measurement The solution was delivered by peristaltic pumps (ISMATEC, model 1ISM935c,
Clattbrug, Switzerland) equipped with tygon tubing (ISMATEC, inner diameter 1.42 mm). An air gap was
used to separate each solution plug at a flow rate of 333 puL/min. The tygon tube installed on the pumps was
connected to the electrochemical flow cell using PTFE tube (BOLA, inner diameter 0.8 mm). The tip of the
working electrode was inserted into a wall-jet flow cell which allowed the solution stream to flow through.

The open circuit potential (OCP) was determined for the reference solution flow prior the measurement.
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The chronoamperometric experiments were carried out with the same continuous flow system. The fully
automated system was controlled by LabVIEW 10.0. Small pH change of 0.1 M Tris-HCI buffer solution
in bulk solution (500 mL) was prepared by automatic titration by a 765-Dosimat (Metrohm, Switzerland).
The bulk solution was stirred continuously. 1 mL of each sample solution and reference solution were
switched and separated by 11 pL air. Signals were automatically recorded by Nova software (Autolab,
Metrohm, Switzerland). The flow path was flushed with new sample solution before the next measurement.
The same methodology as standard solution was applied to measure pH in seawater sample. Small pH
change was imposed by adding NaOH to seawater sample in 0.1 M Tris-HCI buffer (500 mL). Seawater

sample in Tris-HCI buffer is also used as reference solution.

To avoid deteriorating signals from trapped air bubbles, the air gap was removed before measurement by a
debubbler placed just before the wall-jet cell. Small, well defined changes of pH were achieved by
automatic titration, delivering precise amounts of NaOH into a 0.1 M Tris-HCI buffer. The required volume
of NaOH was determined from potentiometric titration of the buffer and used to achieve the desired change
of pH as a function of added NaOH volume from the Henderson-Hasselbalch equation. A large buffer
volume of 500 mL was used to minimize uncertainties. Each new sample composition was aspirated to the
detection cell for measurement illustrated in Scheme S2.1. After each measurement the residual volume of
the Tris-HCI buffer was corrected for calculating the precise amount of NaOH needed for the following pH
change. Each new sample composition was passed through the cell for sufficient time to eliminate error
from carry-over of the previous sample composition. The OCP was measured in the reference solution
stream of Tris-HCI buffer and subsequently imposed for the sample as well. The OCP was re-measured
before changing to a new pH value to minimize drift. The seawater sample from Arcachon bay with a
salinity of 28.4 was filtered and prepared in 0.1 M Tris-HCI buffer to give a pH of 8.07 by adding NaOH
solution. The automated system consisted of i) sample preparation: Tris-HCI buffer bulk solution was
titrated by 0.1 M NaOH by a 765 Dosimat liquid delivery system (Metrohm, Switzerland). ii) Fluidics: the
solutions were delivered by a peristaltic pump (ISMATEC, Switzerland) with tygon tubing (ISMATEC,
I.D. 1.42 mm) at a flow rate of 333 pL/min to the detection cell. A switching valve (VICI, USA) was used
to switch between solutions and air. iii) Detection: chronoamperometry was performed by NOVA software
(Autolab, Metrohm, Switzerland) to record current-time signals and their integration to charge-time
information. The open circuit potential (OCP) of the working electrode vs reference electrode was
determined and subsequently enforced unto the cell by the potentiostat during the chronoamperometric

measurements.
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2.3 Results and discussion

Here, ultra-sensitive pH measurements are achieved by using, for the first time, electronic capacitor
components instead of conducting polymer layers. This likely provides better stability and further gives
exquisite control for tuning the sensitivity of the method to the pH change of interest. Scheme 2.1 shows
the capacitive readout principle with an ion-selective membrane element connected in series with an
electronic capacitor. The initial open circuit potential (OCP) of the measurement cell is kept constant. A
change in ion activity results in a potential change at the indicator electrode in agreement with the Nernst
equation, which must be compensated by an opposite potential change of the capacitor. For measuring small
pH changes, the compositional change must reach the indicator electrode abruptly to achieve well resolved
current transients that can be subtracted from the background. A segmented flow separates the sample
solution from a reference solution with an air gap®°! to minimize dispersion. Each measurement involves
a sequential alternation of sample (S1) and reference solution (Ref), giving a sharp transition that reflects

the ion activity change (see top right in Scheme 2.1).

Ref | S1 Ref

CURRENT

CONSTANT
POTENTIAL

POTENTIOSTAT

TIME

Scheme 2.1. The potential change observed at a pH electrode is compensated over a capacitive element placed in
series as the overall cell potential is held constant. The alternating introduction of a reference (Ref) and sample
solution (S1) results in current transients that are easily identified and quantified to make ultra-sensitive pH
measurements possible. The important application for this advance is the monitoring of ocean acidification at high

time resolution. SV: switching valve.

Potentiometric probes consisting of an Ag/AgCl sensing element served as an initial model system because
their potential is resistant to the passage of current. The detection protocol involves the measurement of the
open circuit potential (OCP) in the reference solution, which is then imposed at the same amplitude over
the course of the experiment. When a sample of different concentration reaches the electrode, a transient

current spike is observed (Fig. 2.1A). Decreasing sample concentrations result in a reversible change in the
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opposite direction. Integration of the transient currents provide the corresponding cumulated charge over

time (Fig. 2.1B).
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Figure 2.1. (A) observed current transients and (B)
the chloride
concentration from 0.1-1.1 mM in 0.2 mM steps, and

integrated charge upon increasing
back to 0.1 mM, using the chloride sensitive Ag/AgCl
electrode as initial model system to demonstrate the

principle.
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Figure 2.2. (A) Calibration curves for integrated charge
vs. logarithmic chloride activity for the indicated
capacitances, using an Ag/AgCl sensing element as
model system. Blue lines are theoretical based on eq.
2.1. (B) Correspondence between theoretical (eq. 2.1)

and observed charge upon a 10-fold activity change in

the sample for the same range of capacitances (4.7 pF to
470 pF).

A range of commercially available capacitors (4.7 to 470 uF) was evaluated. As shown in Figure 2.2A, a
linear dependence of accumulated charge on the logarithmic chloride activity is obtained with the Ag/AgCl
electrode in agreement with eq. 2.1 and using the known capacitance of the electronic element (solid lines
are predicted from nominal capacitances). Figure 2.2A, B shows that the observed slopes for charge Q vs.
logacr agree well with those predicted from eq. 2.1 for a wide range of capacitances. Larger capacitances
result in a greater charge, proportional to Csz; ! in eq. 2.1, which can therefore be amplified for better

sensitivity. An excessive charge passing through the cell should be avoided to minimize sample and
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membrane perturbations. For this reason, larger capacitances are best suited for small sample concentration

changes to limit the resulting charge.

The constant-potential coulometric approach integrated into an automated air-segmented flow system was
applied to demonstrate the reversible detection of pH change using an H'-selective electrode. The high
resistance of commercial glass pH probes (50 to 500 M) make it too difficult to pass appreciable charge
and result in RC time constants on the order of hours. The membranes used here were polymeric membrane
electrodes containing tridodecylamine as lipophilic H -ionophore for long-term measurement over period
of weeks (see Supporting Information and Figure S2.1 for detail). The membrane electrode chosen here is
of the aqueous inner solution type, and future work will evaluate whether the approach can be made
applicable to solid-contact membrane electrodes. Small, well-defined changes of pH were achieved by
automatic titration, delivering precise volumes of NaOH into a 0.1 M Tris buffer. Figure 2.3 illustrates the
observed reversible transient current spikes over time for pH changes that range from 0.001 to 0.005 pH
units relative to the reference solution, using a 100 pF capacitor for improved sensitivity. The measurement
of reference solution — sample — reference solution gives two current transients, one positive and one
negative. The first peak is used as the signal while the reversal peak serves to establish the new current
baseline for subsequent measurements. The transients are found to be sufficiently sharp, see Fig. 2.3A.
Linear regression of charge and ApH is shown in Fig. 2.4A, described by Q = 1.37x10° C + 56.7x107
CxApH and r? of 0.9993. Equation 2.1 may be rewritten to represent pH change instead of ion activity as

follows:

Q = CsApH 2.2

where s is electrode slope (ideally 58.6 mV at 22 °C) and C is the capacitance used. For the data in Fig.
2.3A, s is near-Nernstian at 56.7 mV (see calibration curve in Fig. 2.4A) and in good agreement with eq.
2.2. The observed reproducibility (average standard deviations, shown as error bars in Fig. 2.4A) is found

as 28 x 10" pH units, which in potentiometry would correspond to a potential change of a mere 1.7 pV.

The proposed method was compared with zero current potentiometry using the same pH electrode (without
capacitor) in otherwise the same measurement setup, sequentially comparing each sample to the reference
solution. The corresponding EMF vs time traces are shown in Fig 2.3B. For the smallest pH changes, it
becomes difficult to distinguish the individual potential responses, while for larger ones, the differences
become evident, but so is the influence of potential drift on the pH data. Figure S2.2 shows the

corresponding plot of measured EMF change vs. ApH, with the slope (sensitivity) indicated as a solid line
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(AEMF = -0.04mV — 37.0mV xApH and 1> = 0.98), which is significantly sub-Nernstian which contrasts to
the expected behavior over a wide pH range (Fig. S2.3). The average standard deviation is found as 0.012
mV or 1.4 mpH units, which is about 2 orders of magnitude worse than with the approach introduced here.
The systematic error originating in the deviation from Nernstian response slope further exacerbates this
uncertainty. Based on the data presented here, the capacitive readout allows one to achieve ultra-precise pH

readings that significantly surpass that of potentiometry for the determination of pH.
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Figure 2.3. (A) Measurement of small pH change in the range of 0.001 to 0.005 units with a 100-pF capacitance.
Detection of the reference sample (light background color) is followed by the sample of increasing pH (darker
background), repeated three times for each pH value. Negative current transients indicate return to reference
solution of lower pH. (B) Same measurement as for (A), but using zero current potentiometry as readout in the

absence of capacitive element.

Fluctuations in seawater pH are mainly driven by an increase in atmospheric CO, shifting the carbonate
buffer system and adversely impacting the development of marine species, particularly calcifying
organisms. Since the industrial revolution, the average ocean surface pH has decreased by 0.1 pH units® at
a current rate of 0.002 pH units per year.%* ® Capturing pH variations at a detection frequency in the order
of days is important to assess ocean acidification dynamics. The precision of potentiometric pH probes is

not adequate for this task.

The proposed method is demonstrated to measure ultra-small pH changes of seawater that was sourced
from Arcachon Bay near Bordeaux in Southwestern France. To eliminate potential sources of error from

CO; re-equilibration with the atmosphere, which contrasts to the expected behavior over a wide pH range
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(Figure S2.4), the seawater samples were treated with Tris buffer to stabilize their pH values. The total pH
scale was used where sulfate ion is also considered by titration to identify the pKa value (Figure S2.5).
Figure 2.4B shows the observed integrated charge as a function of pH for seawater under otherwise the
same experimental conditions as for Fig. 2.4A. Regression analysis gives Q = 0.01x10° C + 65.5x10
CxdpH (r> = 0.9999) corresponding to a near-Nernstian slope of 65.5 mV with the 100 pF capacitive
elements used here (eq 2.2). The reproducibility calculated as the average of the standard deviations is 67
upH, which compares well to the data in Fig. 2.4A. The same samples assessed potentiometrically (Fig.
S2.6) give potential traces that are too difficult to distinguish reliably. While the observed EMF visibly
drifts, the AEMF versus ApH curve plotted as a function of time in Fig. S2.6 (inset) gives a calculated
standard deviation of 0.7 mpH or 0.017 mV. Given the sub-Nernstian response slope for this data, the actual

error is expected to be larger.
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Figure 2.4. (A) Calibration curve of integrated charge from the current transients shown in Figure 2.3A as a
function of pH change. Error bars are standard deviations (n = 3), corresponding to an average of 28 ppH units. (B)
Calibration curve from the same type of experiment as in (A), but with seawater sample from Arcachon Bay
(average standard deviation of 67 yupH). Blue dashed lines are theoretical based on eq. 2.1 and deviate slightly more
for seawater, likely given by the limited extrapolation precision to find the pH change. The seawater sample pH

was stabilized to minimize systematic errors (see text).
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2.4 Supporting information
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Scheme S2.1. (A) Schematic illustration and (B) photos of fully automated system for determination of small pH
change. The system consists of a dosimat for preparing the sample solution, a peristaltic pump equipped with a switch
valve for delivering all solutions to the detection cell, a debubbler device for eliminating the air bubble just before
measurement, and an electrochemical system for recording the signal controlled by Nova software. The lower chart
shows the sequence of the flow of analytes and air-gap before and after passing though the debubbler; S1 and S2 are
sample 1 and sample 2, Ref. is the reference solution.
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Figure S2.1. Long-term stability test of used polymeric membraned electrode based tridodecylamine (TDDA). The
membrane electrodes were used for several experiments in seawater sample and stored for 3 months before this test.
A Calibration curve between EMF and pH with linear regression (solid line) shows Nernstian behavior with EMF =
515.79 mV + 59.61 mVxpH, r?=0.9998.
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Figure S2.2. Repeatability of potentiometric measurement of small pH change utilizing the fully automated system
for Tris buffer solution. Inset: Correlation between EMF change and ApH (open circles) together with linear regression
(solid line, EMF = -0.04mV-37.0mVxpH and r?= 0.98). The sub-Nernstian slope results from potential drifts, see also

Nernstian behaviour in a wide range of pH for the same electrode in Figure S2.3.
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Figure S2.3. (A) Potentiometric measurement of wide range pH change using hydrogen-selective membrane electrode
in universal buffer and 10 mM NaCl, demonstrating Nernstian response slope (compare to Figure S2.2 above where
a narrow pH range gives an undesired sub-Nernstian slope). (B) Corresponding calibration curve of EMF versus pH.

Nernstian response is observed with a linear regression of EMF = 499mV-59.7 mVxpH and r?=0.9999.
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Figure S2.4. Chronoamperometric measurement of small pH change in the range of 0.001 to 0.005 units of unmodified

seawater sample using polymeric membrane electrode assembled with 100-pF electronic capacitor. Increasing sample
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pH (positive current) was switched to reference solution (seawater, negative current) by continuous flow system. Each

sample was repeated three times.
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Figure S2.5. Potentiometric titration curve of Tris buffer in seawater sample (red) and first derivative plot (blue).

Concentration of Tris buffer of 0.084 M was obtained respected to the pKa value of 8.24.
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Figure S2.6. Repeatability of potentiometric measurement of small pH change of seawater sample in Tris-HCI buffer
utilizing the fully automated system. Inset: Correlation between EMF change and ApH (open circles) together with

linear regression (solid line, EMF = -0.03mV-67.7 mVxpH and r?= 0.99).
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Chapter 3: Rapid constant potential capacitive measurements with

solid-contact ion-selective electrodes coupled to electronic capacitor

3.1 Development of solid-contact ion-selective electrodes for capacitive readout

Ion selective electrodes (ISEs) are established in analytical applications including environmental
monitoring, clinical diagnostics, and industrial processes. Classical ISEs based on polymeric membrane
containing ionophores and with an inner filling solution of optimized conditions may give low detection
limits,” high ruggedness as well as high selectivity. Such ISEs have seen significant a research activity for
their use as potentiometic sensors but also with alternative readout principles.”® More recently, the inner
filling solution has been eliminated and replaced with an ion-to-electron transducing material placed

between electrode substrate and membrane to realize all-solid-state ion selective electrodes.””- %

Numerous publications have reported the use of conducting polymers (CPs) as solid-contact material
aiming to achieve robust potentiometric sensors. The most common CPs include polypyrrole (PPy)%,
poly(3,4-ethylenedioxythiophene) (PEDOT)*, and poly(3-octylthiophene) (POT)*’. However, CPs may be
sensitive to light or pH, resulting in potential drifts and undesirable aging.’® Nanomaterials have also been

100

found promising as solid-contact ion transducer, e.g., carbon nanotubes (CNTs),” graphene,'® and gold

nanoparticles.'"!

The research cited above has chiefly aimed for a zero current potentiometric readout of these sensors. In
that case, however, the sensitivity is limited by the Nernst equation. For instance, oceanographic research
for tracing pH change of seawater requires high sensitivity and precision.® Clinical analysis of electrolytes
in biological fluids also exhibits a narrow concentration interval that results in a small potential change.*®
The sensitivity to divalent or multivalent ions is also significantly decreased, described by z; in the term

RT/zF.'%

To overcome the limitation from the Nernstian slope, an alternative readout with conducting polymer
transducing materials as a capacitive layer has been introduced by Bobacka’s group®” . It is coined
“constant-potential coulometry” and gives rise to current transients that are easily identifiable and
integrated, which is in contrast with zero current potentiometric traces. In this method the redox capacitance
of poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(styrene sulfonate) (PSS) in SC-ISE assists

in the transduction of ion activity to an electrical current and charge.
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To achieve this, the potential of the SC-ISE is enforced to a constant value by an external power source (see
Scheme 3.1). A change of ion activity results in a potential change at the sample—membrane interface. Since
the cell potential is constant, this is compensated by charging a capacitive solid contact layer with the same
potential of opposite sign, until the new equilibrium state is established. From this, a transient current is
observed and integrated to give accumulated charge as sensing readout. This charge is expected to be
proportional to the logarithmic ion activity change. A simple theoretical model for the capacitive readout
has been described, giving good agreement with experimental results.®* Polarizations at the ion-selective
membrane have recently also been considered by an extended theoretical equation.®* The charge is
proportional to the thickness of the transducing layer.® A coulometric readout therefore allows one to
amplify the analytical signal by increasing the capacitive thickness of the solid contact. The coulometric
readout of this transient current should depend on the RC time constant, chiefly given by the capacitance

of transducing layer and the resistance of the membrane.®

The main drawback of coulometric readout is the relatively long measurement time and a drifting of the
current that makes reliable integration difficult. In recent work, increasing the geometric surface area of
electrode® or using thin membranes® gave significantly shorter response times. For this reason,
Kondratyeva et al. proposed to use a fixed cutoff time to obtain a reasonably linear dependence of charge
vs logarithmic ion activity.* The approach showed promising results of K* ion measurements in serum
samples when the charge accumulation time was over 300 s. Unfortunately, however, the linearity of the
resulting calibration curve was rather poor. In a compromise between sensitivity and sampling rate, an

optimization of such SC-ISE would be needed to give a coulometric mode that is truly analytically useful.

Very recently, a method for improving the precision and sensitivity of potentiometric pH probes was
presented by our group?® that is based on the principle of constant-potential coulometry.®® The capacitive
readout was carried out with liquid-contact ISEs and a commercially available electronic capacitor placed
in series instead of a chemical transducing material. The sensitivity of pH measurement in stabilized
seawater was found to be dramatically improved, down to a precision of 67 upH units. The uniqueness of
the approach is its simplification by adding the external capacitor to match the desired application. The use
of electronic components also appeared to overcome the drifting currents and long response times
mentioned above. Those results suggest that solid-contact transducers may not behave as ideally as
electronic components and might be the source of this nonideality. We postulate here that an electronic
capacitor may be added to a SC-ISE to dominate the constant potential coulometric readout of a sensor of

interest.
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Scheme 3.1. Large improvement of constant potential coulometric readout by solid contact ion-selective electrodes
(SC-ISEs) by connecting an electronic capacitor in series. (A) The potential change at a SC-ISE is compensated
over a capacitive SC layer material. The nonideality of this material gives rise to slow current transients and
significant drift, giving moderate linearity of the calibration curve. (B) Placing an electronic capacitor in series

imposes its capacitance on the cell and rectifies the non-idealities observed in (A).

In this work, two types of solid-contact materials were explored, with POT as redox material and
functionalized-CNT as capacitive material. Sample pH changes were investigated with PVC-based H*-
selective solid contact electrodes. As expected, the approach gave dramatically shorter measurement times
and allow for an improved sampling rate using established macroelectrode membrane geometries (3 mm
dia.) and thicknesses. Instead of having to optimize the solid contact layer thickness, the added electronic
capacitor was found to be responsible for gaining sensitivity. Importantly, the error of charge integration

originating from the drifting current baseline was largely eliminated.

3.2 Experimental and preparation for capacitive readout method

Materials and Reagents. Octadecylamine functionalized single-walled carbon nanotube (f-SWCNT, 0.5-
200 pwm length and 30-50 nm diameter), regioregular poly(3-octylthiophene-2.5-diyl) (POT) with a weight-
average molecular weight of ca. 34 000 g mol™!, sodium chloride (NaCl), acetic acid, phosphoric acid, boric
acid, hydrogen ionophore I, high molecular weight poly(vinyl chloride) (PVC), 2-nitrophenyl octyl ether
(0-NPOE), tetrakis(4-chlorophenyl)borate tetradodecylammonium salt (ETH 500), sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB), and tetrahydrofuran (THF) were purchased from Sigma-
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Aldrich. Chloroform (analytical grade), 1 M sodium hydroxide (NaOH) volumetric solution and 1 M
hydrochloric acid (HCI) volumetric solution was purchased from Fisher Scientific. A mixed solution of
acetic acid, phosphoric acid, and boric acid was dissolved in 10 mM NaCl to obtain universal buffer at 10
mM final concentration. pH 7.0 served as initial pH, which was adjusted by NaOH or HCl to give the final

pH. All aqueous solutions were prepared in deionized water (>18 MQ cm).

Preparation of Electrodes. Glassy carbon electrodes were modified by f~-SWCNTs?® % or POT!® with a
similar protocol as described. A 1 mg mL of f-SWCNT solution was dispersed in 1 mL THF and a 4.2 mg
mL"! of POT solution was dissolved in 1 mL chloroform. A film of each transducing materials was deposited
on top of each electrode by drop casting one to eight layers (20 pL for each layer) for f-SWCNT electrode
denoted as GC/CNT/H-ISM or 1 layer (10 pL) for POT electrodes denoted as GC/POT/H-ISM. A silicone
mask was placed on the electrode surface to confine the drop cast area to the underlying electrode. Each
layer was left to dry for 10 min and 30 min for f-SWCNT and POT, respectively, before the next layer was
deposited. The membrane cocktail was composed of 15 mmol kg™ hydrogen ionophore I, 5 mmol kg™
NaTFPB ion-exchanger, 90 mmol kg™! ETH 500, and a 1:2 ratio of PVC and o-NPOE (total mass of 200
mg). The cocktail was dissolved in 2.0 mL of THF. Then, 150 pL of the membrane cocktail was drop-cast
on top of the - MWCNT or POT film (3 x 50 uL), and each layer was allowed to dry for 20 min. Finally,

the electrodes were conditioned in universal buffer pH 7.0 overnight before use.

Electrochemical Measurements. Glassy carbon (GC) electrodes with electrode diameter of 3.00 + 0.05
mm (Metrohm, Switzerland), a double junction Ag/AgCl/3 M KCI/1 M LiOAc electrode (Metrohm,
Switzerland) and a platinum rod (Metrohm, Switzerland) were used in a three-electrode cell. A solid-contact
ion-selective electrode (SC-ISE) was connected in series with a commercially available capacitor in a range
of 1-100 pF. A PGSTAT302N Autolab (Metrohm Autolab B.V., Switzerland) controlled by Nova 2.1.4

software was used to perform chronoamperometry and electrochemical impedance spectroscopy (EIS).

The open circuit potential (OCP) of the working electrode vs reference electrode at pH 7.0 (universal buffer)
was determined and subsequently enforced unto the cell by the potentiostat during the chronoamperometric
measurements in universal buffer. Transient currents were recorded, while the pH was alternated by
consecutively adding NaOH for basic range or HCI for acid range. The current was then integrated to obtain
charge versus pH information. EIS experiment were used to explore GC/CNT/H-ISM and GC/POT/H-ISM
with and without capacitor in series. Impedance spectra were recorded at OCP in 10 mM universal buffer
and 10 mM NaCl with an ac excitation amplitude of 100 mV to enhance signal/noise ratio. A frequency

range of 1 MHz — 0.1 Hz was used. Potentiometric measurements were performed by a high impedance
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input 16-channel EMF monitor potentiometer (Lawson Laboratories, Inc., Malvern, PA) using an

Ag/AgCl/3 M KCI/1 M LiOAc reference electrode (Metrohm, Switzerland).

3.3 Results and discussion

This work aims to help develop robust and reliable constant potential coulometric solid-contact (SC) ion-
selective electrodes (ISEs) by exploring the use of an external capacitor. We postulate that the undesirable
current drift observed with SC-ISEs is caused by the faradaic characteristics of the transducing material
that allows for a residual current to be passed. If so, the placement of an electronic capacitor in series to the
ion-selective electrode (see Scheme 3.1B) such that it dominates the overall cell capacitance might alleviate
this important limitation. This approach is motivated by our previous work on aqueous inner-contact ISEs

where an added capacitive element gave rise to rapid current transients with no appreciable drift.?

For this to work, the existing capacitance of the SC-ISE needs to be taken into account. Kirchhoff’s law
may serve as a useful starting point to estimate how the cell capacitance changes when an external

capacitance is placed in series:

11,1 3.1

Ctot Csc Ccap

Accordingly, the total capacitance value (Ci) should depend on the sum of the reciprocal individual
capacitors of the solid contact (SC) and the external electronic capacitor (cap). As an example, Bobacka
reported on capacitances of conducting polymer solid contact layers on the order of 250 pF.%° To keep the
influence of Csc to less than 10%, the added capacitor should have a 10-fold smaller value. From previous

work, however, the sensitivity of the calibration curve is linearly proportional to the capacitance value of

the cell:%

a;(initial)

aj(final) 32

Q = Cior 1 log

where Q is the charge from the integrated current spike, si is the Nernstian slope (for a monovalent ion 7,
ideally 59.2 mV), while aj(initial) and ai(final) are the ion activities for the sample of the initial and the final
solution, respectively. The applied potential corresponds to the open-circuit potential for the reference

solution. From eq. 3.2, the desired total capacitance should be as large as practically possible. This points
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to a narrow, optimal range of capacitance values that combines the desired properties of fast response time

and high sensitivity.

The first example studied here involves a transduction layer composed of functionalized CNTs (f-
SWCNTs). The formation of electrical double layer of functionalized carbon nanotube has been confirmed
to relate to a capacitive mechanism*® while preventing an undesired water layer. The use of functionalized
CNTs up to eight-layer coatings was shown to give high potential stability for use as potentiometric sensors
in environmental applications.?® This f~SWCNT material was chosen in combination with a polymeric pH

electrode for the measurement of pH.

A 0.3 Capacitor 1 pF B  3.-{Capacitor 10 pF C 104 Capacitor 22 uF

pH pH CNT / layers
Figure 3.1. (A-E) Influence of added electronic capacitor in the range of 1-100 uF (A-E) on the response slopes
for GC/CNT/H-ISEs with different transducing layer thicknesses. Shown are the accumulated charge vs pH for the
following number of f-SWCNTSs transducing layers: one layer (green), two layers (pink), four layers (purple), six
layers (orange), and eight layers (black). Experiments are by chronoamperometry in 10 mM universal buffer and
10 mM NaCl in the pH range 4.3 to 11.3, using a pH 7 universal buffer as reference sample (an(initial) in eq 3.2).
The blue dashed lines are theoretical expectations for the added capacitance value (eq 3.2). (F) Quality of linear

regression (R?) for the Q vs pH responses shown in (A-E).

A range of electronic capacitors (capacitance values between 1 pF to 100 puF) were connected in series to
SC-ISEs modified with one to eight layers of f-SWCNTs (see Experimental Section) and evaluated in terms
of their integrated current response as a function of sample pH. Figure 3.1A-E shows the corresponding
calibration curves of charge Q vs. pH change obtained by constant-potential coulometry. Larger capacitors

placed in series resulted in a larger deviation from linearity and a lower precision. This appears to be in
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qualitative agreement with Kirchhoff's law (see above). On the other hand, for all studied thicknesses of the
f-SWCNT layer, a capacitor of 1 uF resulted in the same response curves, independent of the value of the

solid-contact capacitance (Fig. 3.1A).%

A thicker f~-SWCNT coating (four to eight layers) could be combined with capacitances of up to 100 pF and
gave better precision than thin layers (Fig. 3.1A-E). As illustrated in Fig. 3.1F, the linearity was maximal
at a thickness over four layers for all added capacitances, with an R? value better than 0.9985. In agreement
with the calibration curves, small added capacitances of 1 pF and 10 pF were applicable for all thicknesses
of GC/CNT/H-ISEs (R? 0.9976 to 0.9996). The appropriate linear fits for all GC/CNT/H-ISEs are given in
Table S3.1 (Supporting Information). The reason for the observed nonlinearity for the cases where Csc
dominates is explained with the current response not adequately reaching zero baseline (see Fig. S3.1),
which makes it difficult to properly quantify the accumulated charge. The observed slopes versus added
capacitance for the data in Fig. 3.1A-E are shown in Fig. 3.2. Larger capacitances result in a greater charge.
The slope can therefore be amplified by applying a larger capacitance for better sensitivity. The upper limit
depends on the f-~SWCNTs loading of the SC-ISE. When using GC/CNT/H-ISE with four to eight layers,
Q is proportional to added capacitance in the range of 1-100 uF (see linear fits in Table S3.2).

8 CNT
6 CNT

4 CNT

2CNT

1CNT

Slope / uC/pH

0 20 40 60 8 100 120
Capacitor / uF
Figure 3.2. Correspondence between slope obtained from Fig. 3.1A-E and the value of the added capacitance (1-
100 pF). The number of f-SWCNT layers to modify the SC-ISE is represented by color, with green (one layer),
pink (two layers), purple (four layers), orange (six layers), black (eight layers). The dashed line is the theoretical
expectation (eq. 3.2).

From the data in Fig. 3.2, agreement with eq 3.2 can be evaluated. For the measurement of pH, the

theoretical slope of 59.2 mV agrees reasonably well with the 62.5 mV and 64.7 mV obtained for six and
eight layers, respectively, when dividing the slope shown in Fig. 3.2 by the value of the added capacitance.
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Thinner CNT layers and the smaller added capacitors gave 59.9 mV (one layer) and 56.6 mV (two layers),

giving good agreement as well.

The nominal capacitance for the solid-contact layers were evaluated by electrochemical impedance
spectroscopy (EIS). The impedance spectra for GC/CNT/H-ISM with/without a capacitor connected in
series are shown in Fig. 3.3. The semicircle at high frequency relates to the bulk resistance (19.4 + 1.9 kQ)
and geometric capacitance (130 £ 21 pF) of the membrane. The impedance response at low frequency shows
a line at close to 45°, which is evidence for a diffusion process (Warburg impedance). This may indicate
that the current response of GC/CNT/H-ISM is limited by ion transport into the membrane and/or f-
SWCNTs, which might be the cause for current drifts in coulometric readout mode. Increasing the thickness
of the CNT layer decreases the resistance at low frequency (see Table S3.3). The capacitance of each CNT
thickness is estimated by equivalent circuit fitting (Fig. S3.2) as 96.1 uF, 123 uF, 202 uF, 257 uF, and 306
uF for one to eight layers, respectively. From Kirchhoff's law it becomes clear why added capacitances of
10 pF or less gave the smallest deviation from linearity (Figures 3.1 and 3.2). The impedance of
GC/CNT/H-ISM with a 1 pF electronic capacitance placed in series was also evaluated (Fig. 3.3B). The
semicircle impedance at high frequency was similar to that in Fig. 3.3A. However, the low-frequency
response was observed as a vertical line, which is attributed to a dominant capacitive behavior, in contrast
to Fig. 3.3A. By adding the external capacitor, the GC/CNT/H-ISM appears to act as an ideal capacitor
even with different thicknesses of the f-SWCNT layer. Importantly, there is no evidence for this case that

ion transport is limited by diffusion processes, resulting in much fast measurements.

A) GC/CNT/H-ISM B) GC/CNT/H-ISM + 1 uF cap C) GC/CNT/H-ISM + 100 uF cap
0.1 0.1 0.1
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Figure 3.3. Impedance spectra for (A) GC/CNT/H-ISM without electronic capacitor, (B) GC/CNT/H-ISE +
capacitor of 1 pF, and (C) GC/CNT/H-ISE + capacitor of 100 pF in 10 mM universal buffer and 10 mM NaCl (pH
7). The SC-ISEs were drop-cast with different number of f-SWCNT layers, with one layer (green), two layers
(pink), four layers (purple), six layers (orange), and eight layers (black). Impedance measurements at OCP with

100 mV amplitude at a frequency range of 1 MHz to 0.1 Hz.
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To compare, the addition of a higher capacitance (100 uF) is shown in Fig. 3.3C. A nonvertical line at
intermediate frequency is observed for CNT thicknesses of four to eight layers (purple dotted, orange
dotted, and black dotted, respectively), indicating ion transport limitation. However, a near-vertical line in
the low-frequency part was observed as well, which is indicative of the behavior of the electronic capacitor.
This suggests that thick CNT layers with an added large capacitor rely on both diffusion and capacitive
processes. Utilizing a large capacitor for a thin layer of CNTs requires significant ion transport through the
ion-selective membrane and the CNT layer to give the larger charging current, which may become rate
limiting as evidenced by the nonvertical line at an angle of 45° for the thin layer f~SWCNT (Fig. 3.3C;
green dotted and pink dotted). The impedance data are in agreement with the observed nonlinearity of Q vs

pH data with thin layers of f~-SWCNTs (see Fig. 3.1E).
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Figure 3.4. Coulometric measurement of GC/POT/H-ISE with one layer of POT. (A) Linear dependence of
accumulated charge vs pH change (solid lines) by consecutive addition of NaOH or HCI to a universal buffer
solution (initial pH = 7) for a range of electronic capacitances: 1 uF (orange), 4.7 uF (green), 10 uF (purple) and,
22 uF (brown). The dashed lines show theoretical behavior according to eq. 3.2 for the electronic capacitance
values. (B) Relationship between experimental and theoretical slope (red dashed line) as a function of added
capacitance.

POT as a solid-contact material was also explored for capacitive readout because it can be considered a
model material of redox capacitance. POT can be deposited on the electrode surface by either
electropolymerization or drop-casting!®. Commercially available POT for drop-casting is mainly in its
undoped, neutral form%, which has a low conductivity (1 x 10°® S/cm) %, A thin layer of POT has been
shown to be sufficient to eliminate the undesired water layer.%” Thus in this work only one layer of POT
was drop-cast, using the same type of polymeric PVC membrane for pH analysis as above (see
Experimental Section for electrode preparation). Figure 3.4A shows the observed calibration curves of Q
vs pH obtained for GC/POT/H-ISE with a range of added capacitors (1-22 puF). The accumulated Q did not

show good linearity for the entire range of capacitances, but correlation with theory (blue dashed line) was
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excellent with added capacitors of 1 pF and 4.7 pF (R? of 0.999 and 0.996, respectively; see Table S3.4 for
linear equations). Linearity becomes progressively inferior with higher capacitances (Fig. S3.3). Asabove,
this is explained by the inability for the current to properly return to the zero baseline, resulting in an error
for the integration of charge (Fig. S3.4). Figure 3.4B presents the correlation between slope of Q and
capacitances in analogy to Fig. 3.2. The experimental slopes obtained for capacitors of 1 uF and 4.7 uF
correlated well with the theoretical slope (red dashed line), translating to a near-Nernstian slope of 58.1 mV
with eg. 3.2 (Table S3.5). This experiment demonstrates that the upper limit of added capacitance for SC-
ISE modified with a thin layer of CP (POT) is 4.7 pF. If high sensitivity is required, CNT-modified
electrodes seem to have superior characteristics. The capacitance value of POT SC estimated by fitting
impedance spectra (Fig. S3.5; cyan dotted) with the circuit of Fig. S3.2 was 11.1 pF (Table S3.3). The
impedance spectra showed dominant capacitive behavior when the capacitance of the added capacitor was
smaller (1-4.7 pF) than that of POT SC, which correlates well with the results of Fig. 3.4. For larger
capacitors, an ion-transport limiting process is involved, as evidenced by a Warburg line in Fig. S3.5 (purple

dotted and brown dotted), in agreement with imperfect linearity shown in Fig 3.4.
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Figure 3.5. Chronoamperometric (solid black line) and chronocoulometric (dashed red line) response of (A, C)
GC/CNT/H-ISE (one layer of CNT) and (B, D) GC/POT/H-ISE (one layer of POT) with (top) and without (bottom)
capacitor for the measurement of pH in 10 mM universal buffer + 10 mM NaCl. A pH 7.0 buffer served as initial
solution whose pH was sequentially increased to pH 7.4, 8.0, 8.6, 9.0, 9.4, and 9.8 from left to right by consecutively
adding NaOH. The addition of the electronic component dramatically reduces the current transient and therefore

the response time.

The time transients shown in Fig. 3.5A,B confirm that the currents for GC/CNT/H-ISE and GC/POT/H-
ISE without added capacitor do not return to zero upon successive increasing of pH (black solid line),

resulting in a drift for the integrated charge with time (red dashed line). The current decay did not agree
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with an RC time constant, suggesting that the ion-to-electron transducer behaves as a pseudo-capacitor.
Using an electronic capacitor in series with GC/CNT/H-ISE or GC/POT/H-ISE (Fig. 3.5C,D), the current
transient is found to return to zero baseline, giving dramatically shorter response times. The use of an

external capacitor forces the system to behave as an ideal capacitor.

The system GC/CNT/H-ISE with a capacitor of 10 pF was chosen for a more detailed evaluation because
it gave the best compromise between sensitivity (amplitude of current spikes) and linearity. Based on the
data shown in Fig. 3.6A for a range of different SC coatings, a coating of six layers of -SWCNT was
chosen. With this configuration, a tosy, of 9.6 s was observed for the response time. It agrees with the
behavior of an ideal capacitor, where 3RC = 9.7 s. The current integrated between visual achievement of
the equilibrium value (13.6 s) and a further 2 min only increases the signal by 1.2% (2.8 nC), which seems

sufficiently attractive for practical applications.

30
0‘?’"A) GC/CNT/H-ISE+10 pF cap B) GC/CNT/H-ISE
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Time / min Time / min

Figure 3.6. Response time of the accumulated charge Q upon changing the pH from 7.0 to 7.4 at time 0 with (A)
GC/CNT/H-ISEs modified with varying f-SWCNTSs layers of one (green), two (pink), four (purple), six (orange),
eight (black) in series with a capacitance of 10 uF, and with (B) a GC/CNT/H-ISE modified with one layer of f-

SWCNTSs without added capacitor. The addition of a capacitor reduces the response time to a few seconds.

A fast response time of a few seconds is achieved with membranes of regular thickness, for which previous
reports suggested tens of minutes or longer.®” ! To compare, the same GC/CNT/H-ISE without external
capacitor was evaluated in Fig. 3.6B. For this case, the integrated charge with time did not reach an
equilibrium value for 15 min. This transient behavior does not agree with an exponential RC time response
(Fig. 3.5A) and it is difficult to use this signal for charge integration. While a fixed measurement time has
been suggested,® it is rather evident that an external capacitor is preferred as it completely eliminates this

undesirable characteristic.
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3.4 Supporting information

Table S3.1 linear equations fitted for responses obtained with GC/CNT/H-ISEs and added electronic capacitor (in
arange of 1 — 100 pF) for pH change from 4.3 to 11.3.

CNT linear fit equations for added capacitive element

Invers
yers 1 pF¥ R? 10 pF¥ g 22 pF (Y 47 pF R! 100 p¥ R!

Q (pC) = -0.43 + 0.0600 pH 0.9975 Q (uC) = -3.96 + 0.559 pH 0.9995 Q(uC)=-9.59 + 1.31 pH 0.9942 Q(uC)y=-13.30+ 1.91 pH 0.9957 Q(uC)=-22.21 +3.16 pH 0.9816
- Q (pC) = -0.42 +0.0591 pH 0.9982 Q (pC) = -4.26 + 0.600 pH 0.9992 Q(uC) = -9.52+ 1.36 pH 0.9997 Q(uC)=-18.74 + 2.67 pH 0.9991 Q(uC) =-31.93 +4.53 pH 0.9968
Q (uC) = -0.42 +0.0592 pH 0.9984 Q(uC)=-4.38+0.619 pH 0.9995 Q(uC)=-10.58 + L.51 pH 0.9994 Q (uC) = -20.95 + 2,99 pH 0.9992 Q (uC) = -40.35+ 5.71 pH 0.9992
Q (uC) = -0.42 + 0.0592 pH 0.9990 Q(uC)=-4.42+0.622 pH 0.9993 Q(uC)=-11.09 + .58 pH 0.9997 Q(uCy=-2248+3.21 pH 0.9995 Q (UC) = -44.15 + 6.25 pH 0.9995

Q(uC) = -0.42 +0.0592 pH 0.9980 Q(uC)=-4.53+0.641pH 09996 Q(uC)=-1L11+158pH 009997 Q(uC)=-2342+3.32pH 09996 Q(uC)=-4550+645pH  0.9995
Theoretical

) =-0.42 502 ) = 502 ) =-9.13 + L3 C)=-19.50 + 2.7 C)=-41.74 + 5.92
caleulation Q (uC) =-0.42 +0.0592 pH Q(uC)=-4.16 +0.592 pH Q(uC) =-9.13 1.30 pH Q (uC)y 19.50 + 2.78 pH Q(pC)=-41.74 + 592 pH

Table S3.2 linear equations for fitting the slope (from Table S1) vs added capacitor of GC/CNT/H-ISEs for
different thicknesses of f-SWCNT.

CNT/ layers slope vs capacitance
linear equation R?
1 S (UC pH1) =-0.14 +59.9 C (mV pH1) 0.9555
2 S (KC pH!) = 0.04 + 56.6 C (mV pH-1) 0.9834
4 S (UC pH1) = 0.13 + 56.8 C (mV pH-) 0.9959
6 S (KC pH1) = 0.09 + 62.5 C (mV pH1) 0.9972
§ S (UC pH1) = 0.08 + 64.7 C (mV pH-) 0.9974

Theoretical calculation S (UC pH1) = -0.00 + 59.2 C (mV pH1)

*S = slope obtained from Table S3.1, C = capacitance in pF.

Table S3.3 Value obtained from equivalent circuit (Fig. S3.2) fitting of impedance spectra of GC/CNT/H-ISEs and
GC/POT/H-ISE without added capacitor.

SC materials Thickness/ layers C, (pF) Ru (KQ) Z (XY Csc (nF) Roveran (KQ)
£-SWCNT 1 106 19.8 14.0 96.1 89.9
2 120 20.0 39.8 123 46.8
4 120 2.1 46.5 202 453
6 152 17.3 69.3 257 34.0
8 154 18.0 67.1 306 34.9
POT 1 123 154 6.36 11 141.8

Table S3.4 linear equations fitted for GC/POT/H-ISEs with different capacitors in the range of 1 — 22 uF for pH
change from 4.3 to 11.3.

POT/ linear fit equation for different capacitors
laver
ayer 1 nF R 47 pF R 10 pF R 22 oF R
1 Q(HC) =-0.40 + (0.0568 £ 0.003)pH ~ 0.9991  Q (uC)=-1.90+ (0271 £0.019)pH 09958 Q(uC)=-3.42 +(0.49220.024)pH 09911 Q (uC)=-6.28+(0.94=0.26)pH 09521
Theoretical
caﬁ‘\’j::i Q(uC) =-0.42 + 0.0592 pH Q (1C) = -1.96 + 0.278 pH Q(uC) =-4.18 +0.502 pH Q(uC)=-9.18 + 1.30 pH.
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Table S3.5 linear fit equations of slope (from Table S3.4) vs added capacitor (1 - 4.7 uF) of GC/POT/H-ISEs.

POT/ layers slope vs capacitor
linear equation R?
1 S (uC pH1) = 0.0 + 58.1 C (mV pH-) 1
Theoretical calculation S (uC pH1) = 0.0 + 59.2 C (mV pH)

*S = slope obtained from Table S3.4, C = capacitance in pF
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Figure S3.1. Current response over time of GC/CNT/H-ISE with 1 layer of f-SWCNTSs connected in series with
100 pF of electronic capacitive element. The experiment was done by consecutive addition of NaOH in 10 mM

universal buffer and 10 mM NaCl, giving a pH range of 7.0 to 11.3 from left to right.

Figure S3.2. Equivalent circuit for impedance analysis of solid-contact ion-selective electrode (SC-ISE). The
resistance Rm represents the resistance of the bulk membrane. The capacitor Cg is the geometric capacitance of the

membrane. Zw is the Warburg impedance. The capacitor Csc is the capacitance of solid-contact material.
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Figure S3.3. R-squared vs added capacitor in the range of 1 puF to 22 uF obtained from linear regression of charge

vs pH (Table S3.4) of GC/POT/H-ISE.
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Figure S3.4. Current response with time of GC/POT/H-ISE with one layer of POT connected in series with a 22
uF electronic capacitor. The experiment was done by consecutive addition of NaOH in 10 mM universal buffer and
10 mM NacCl, resulting in a pH change from 7.0 to 11.3 (left to right).
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Figure S3.5. Impedance spectra of GC/POT/H-ISE with and without applying a capacitor in series: without a
capacitor (cyan), with a capacitor 1 uF (orange), with a 4.7 puF (green), with a capacitor 10 puF (purple), and with a
capacitor 22 pF (brown). The impedance measurements were done in 10 mM universal buffer and 10 mM NacCl at
OCP with 100 mV of amplitude. A frequency range of 1 MHz to 0.1 Hz was applied. Inset is magnification at high

frequency.

Impedance Analysis of ISEs containing POT as transducing layer

The EIS experiment was done with an identical GC/POT/H-1SM as illustrated in Fig. S3.5. A single layer of POT was
drop cast on the electrode surface and subsequently covered with a thick H-ISM membrane in analogy to the other
electrode. The impedance spectra were recorded with the same procedure as GC/CNT/H-ISM. The high-frequency
semi-circle corresponds to the bulk resistance (15.4 kQ) and geometric capacitance (123 pF) of the membrane as
shown in the inset of Fig. S3.5. Warburg impedance of GC/POT/H-ISM without capacitor (cyan dotted) was noted at
low frequency. It is recognized by straight line at 45° angle to the axis, which is usually due to the limitation of ionic

transport by diffusion to the interface. The capacitance value of POT SC, estimated by fitting the impedance spectra
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with the same circuit (Fig. S3.2), was 11.1 pF. The current recorded for coulometric measurement showed baseline
drifting (Fig. 3.5B), which may be explained that POT layer may allow for a current to pass. It is reasonable that the
system of GC/POT/H-ISM did not exhibit ideal capacitive behavior. In the presence of external electronic capacitor
of 1 pF and 4.7 pF (orange dotted and green dotted), the impedance did not show evidence of a diffusion process but
instead of a capacitive process. This is compatible with the coulometric results shown in Fig. 3.5D where pure
capacitive behavior was observed. However, with large applied capacitances of 10 puF or 22 uF (purple dotted and
brown dotted), the low-frequency impedance showed a non-vertical line nearly an angle of 45° and also close to
original impedance of pure POT SC-ISE (cyan dotted). This implies that the system was no longer dominated by the
added capacitor. This is analogous to the explanation for GC/CNT/H-ISM with large added capacitances: this case
requires a comparatively large charge accumulation which is limited by the ion transport into POT layer for
oxidation/reduction process. The capacity of POT at the interface may not be sufficient for to absorb the large ion to
electron transduction charge required by the larger capacitor. The results for the capacitors 10 puF and 22 pF (Fig.
3.4A-B) agree with the fact that the observed charge was lower than theoretical expectations.
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Chapter 4: Electronic control of constant potential capacitive readout

of ion-selective electrodes for high precision sensing

4.1 Development of automatic capacitive readout system

Among diagnostic tools for the detection of electrolytes in clinical samples, the most commonly used
technique is potentiometry using ion-selective electrodes (ISE). The output potential is proportional to the
logarithmic ion activity in solution, expressed by the Nernst Equation . Owing to the logarithmic
relationship between potential and ion activity, the precision of potentiometric sensors may be negatively
affected by potential drifts that make it difficult to identify signals arising from a sample composition
change 8. Biofouling of polymeric membrane-based electrochemical sensors caused by the adsorption of
cells and biomolecules is a further known limitation for application in complex biological samples such as
blood, serum or urine. Such biofouling may affect the sensor performance by perturbing the diffusion of
analyte to the sensing interface, and as well altering ion concentration at the membrane surface owing to

the bioactive film 109110,

Our group has recently described a method for improving the precision and sensitivity of potentiometric
probes based on the principle of constant potential coulometry for a so-called capacitive readout 25, which
is a further development of a concept originally introduced by Bobacka's group 5758 8%, Here, the sensing
electrode consists of a liquid-contact ISE in series with an electronic capacitor. The open-circuit potential
(OCP) for a reference solution is measured and subsequently enforced onto the electrochemical cell,
keeping it constant while changing the sample composition. Any change in analyte activity now results in
a potential change over the capacitive element, which results in an identifiable current transient. The charge
obtained by the integration of the current signal is proportional to the logarithmic ion activity and scales

with the Nernstian slope as well as the value of the capacitive element ,

The current transient is easier to identify and isolate from the background than a slowly drifting potential
signal, as also reported by Han et al. using solid-contact ISEs . This approach may give much improved
sensitivity. By measuring pH using electronic components in stabilized seawater as an early example, a
precision on the order of a few tens of pupH units was achieved ?°. The approach is attractive because the
value of the external capacitor may be chosen to match the desired application. The use of electronic
components instead of a capacitive layer of the solid-contact transducer material as reported earlier 58

also drastically reduced the drifting currents caused by the non-ideality of those transducers 2> 11,
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Despite these advantages, the protocol reported earlier ?° involves complex fluidic handling. Each
measurement requires a sequential alternation of sample and reference solution to establish the new current
baseline for the charging/discharging cycles of the electronic capacitor. Particularly, the chemical
discharging step (with the help of reference solution) may result in a residual charge accumulation across
the electronic capacitor over repetitive measurements, thereby leading to undesired memory effects. Such
memory effects restrict one of taking complete advantage of the coulometric technique in terms of achieving
lower detection limits with a superior precision and resolution. Moreover, care must be taken to achieve a
sufficiently sharp transition between reference solution and sample to generate a single peak-based rapid
capacitor charging event that precisely reflects the potential change. In our previous work, the partial mixing
of the reference and sample solution was avoided by using an air gap, in analogy to sequential flow analysis,

but this may not be practical in routine use.

In this work, the capacitive readout method described above is simplified by an automated electronic
switching protocol. Instead of alternating to a reference solution between every measurement to discharge
the capacitor and establish a zero-current baseline, the open-circuit potential (OCP) for the reference
solution is here separately measured and stored. The discharging of the capacitor is achieved by short
circuiting the element, again executed by electronic control. The stored reference OCP is subsequently
applied to each sample solution, resulting in a sharp current transient. Since the capacitor is discharged
electronically, the repetitive introduction of the reference solution is no longer required. As a result, the
repetitive measurement of a given sample solution is conveniently possible. Because the cell is at open
circuit while introducing the sample solution, charge accumulation induced memory effects at the capacitor
are further suppressed and as are current baseline drifts. Furthermore, the adopted approach provides the
feasibility for sample measurements at stopped flow, which is in agreement with electrochemical clinical

analyzers, and gives reduced electrical noise.

As an example of clinical relevance, the concept described above is explored for the detection of sodium in
serum samples. Sodium plays a key role in our body and represent the most frequent ion in extracellular
fluids. It accounts for approximately 90% of the total cationic species present with a relative narrow
concentration range between 135 and 145 mmol/L 2113, Sodium participates in maintaining normal blood
pressure and also supports the activity of the nervous, muscular, and cardiovascular systems 4 1% Sodium
is therefore routinely determined in the clinical laboratory. Among disorders caused by fluctuation in serum
sodium concentration, hyponatremia (sodium in blood < 135 mmol/L) ¢ and hypernatremia (sodium in
blood > 145 mmol/L) **" are the most common. Precise, sensitive, and reliable sodium measurements are

required because incorrect treatment may lead to fatalities 11312°, Current guidelines recommend treatment
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options where sodium levels should not rise faster than 0.5-0.7 mM/h 21122 or approximately 10 mM
during 24 h 12212 Routine measurements of sodium in blood serum in the clinical laboratory is mainly by
ion-selective electrodes, among other possible techniques 2432, The reported measurement precision is

about 2-5 mmol/L of sodium 124 125.:133.134 "which this work aims to improve upon.

4.2 Experimental and preparation for capacitive readout method

Materials and Reagents Sodium ionophore X, poly (vinyl chloride) (PVC, high molecular weight), sodium
tetrakis[3,5-bis-(trifluoromethyl)  phenyl]borate (NaTFPB), 2-nitrophenyloctyl ether (0-NPOE),
tetradodecylammonium tetrakis(4-chlorophenyl) borate (ETH 500), tetrahydrofuran (THF), sodium
chloride (NaCl, >99.5%), and pooled human serum (human male AB plasma, USA origin, sterile-filtered)
were purchased from Sigma-Aldrich. Verified human serum contains a sodium concentration of 141 mmol
/ L. All aqueous solutions were prepared in deionized water (>18.2 MQ-cm). Single-in-line package (SIP)
reed relays (9007 series) were purchased from Coto Technology, inc. The data acquisition device (NI USB-
6009) was obtained from National Instruments Corporation. Tantalum through-hole capacitors of 10 pF
(KEMET) was used for all experiments. The electronic components were connected on a breadboard.

Sample preparation The standard solutions of NaCl without background electrolyte were prepared by
dissolving the respective salt in Milli-Q water. The relevant concentration range is between 135 mM and
145 mM, where 135 mM of NaCl solution was used as the reference solution for the open-circuit potential
(OCP) measurement in constant-potential coulometry. The incremental NaCl concentration increase was
2.0 mM. Aliquots of the pooled serum sample were spiked with NaCl to construct a calibration curve in 2.0
mM increments. Unspiked serum sample (141 mM NaCl) was used as reference solution for OCP

measurement.

Electrode preparation A PVC based ion-selective membrane was used as indicator electrode for sodium
measurements, which was composed of 15 mmol kg—1 sodium ionophore X, 5 mmol kg' NaTFPB ion-
exchanger, 90 mmol kg™' ETH 500, 117 mg o-NPOE, and 58.5 mg PVC (total mass of 200 mg). The
cocktail was dissolved in 2.0 mL of THF and poured into a glass ring (22 mm ID) affixed onto a glass slide.
The solution was allowed to evaporate overnight. This parent membrane was cut with a hole-puncher into
small pieces of 8 mm diameter and mounted into Ostec electrode bodies. The electrodes were conditioned
overnight in a 140 mM NacCl inner filling solution. A double junction Ag/AgCl /3 M KCI / 3 M KCI
electrode (Metrohm, Switzerland) and a platinum rod (Metrohm, Switzerland) were used as reference

electrode and counter electrode, respectively.
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Electronic circuit A fully automated system configured for performing coulometric measurements is
illustrated in Fig. S4.1 (see Supporting Information). The electronic circuit to implement the automated
system is illustrated in Scheme 4.2. A commercially available 10 uF capacitor (C) is connected in series
with the sensing electrode. Here, two SIP reed relays (S1 and S2) operate as electronical switches and are
controlled through the data acquisition device and a custom-developed LabVIEW program. While one of
the relays (S1) makes or breaks the contact between the sensing electrode and potentiostat through the
capacitor C, the other relay (S2) assists in short-circuiting the capacitor in order to discharge it. For
coulometric measurements, the potential of the sensing electrode (vs reference electrode) is kept constant

by the potentiostat.

Reference solution measurement Repetition of sample measurement

A) Introducing reference C) Introducing sample D) Applying OCPs.

POTENTIOSTAT POTENTIOSTAT POTENTIOSTAT

— —
REFERENCE SAMPLE SAMPLE
B) Measuring OCP; F) discharging capacitor E) Measuring current

POTENTIOSTAT POTENTIOSTAT POTENTIOSTAT
1 H

REFERENCE SAMPLE SAMPLE

Scheme 4.1. Schematic diagram of constant potential capacitive readout by integrating the electrochemical
detection cell with an electronic system. A-F describe the operational steps where S1 and S2 are reed relay switches
1 and 2. IE is the indicator electrode, RE the reference electrode and CE the counter electrode. The operation
consists of 2 main parts, the measurement of the reference solution (A and B) and repetitive sample measurements
(C-F).
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Scheme 4.2. Electronic diagram used for automatically controlling the capacitive readout system. NI USB-6009:

National Instrument USB-6009; C: capacitor. For other symbols see Scheme 4.1.

Capacitive measurements of sodium activity are performed following the steps shown in Scheme 4.1; Table
4.1 shows the summary of all the operations involved in these steps. A) While the reference solution is
introduced to the indicator electrode (IE), the electrical connection between the sensing electrode and
potentiostat is broken to avoid current flow. The capacitor is also short-circuited to keep it discharged. B)
On stopping the flow, all the relay switch connections are made for measuring OCP of the reference
solution, whose value is stored by the software of the potentiostat. C) The IE is subsequently disconnected
from the potentiostat while the capacitor is kept discharged for replacing the sample solution in the detection
cell. Then relay switch across capacitor is opened and a reference OCP is applied to the stagnant sample
solution in step D. E) The connection between IE and potentiostat is now established to allow current
through the capacitor, which is measured over time by chronoamperometry. F) After each measurement,
the capacitor is discharged by short-circuiting it using the relay switch. Before starting the next
measurement, the same sample solution is replaced in the detection cell and the operations are repeated
from step C to F (n = 5 for standard solution and n = 3 for serum sample). The reference solution can be re-

measured by returning to step A whenever desired.

Chronoamperometric Measurements The reference solution was delivered by a peristaltic pump
(ISMATEC, Switzerland) with tygon tubing (ISMATEC, 1.42 mm ID) at a flow rate of 1.56 mL/min for
60 s to the detection cell. When the solution reaches the sensing electrode, flow rate is reduced to 0.08
mL/min until OCP become stable (160 s). The flow was stopped and the OCP of the reference solution
between the indicator electrode and the reference electrode was determined and subsequently enforced unto

the cell by the potentiostat during the chronoamperometric measurements. A switching valve (VICI, USA)
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was used to alternate between solutions. The sample solution was introduced into the detection cell with
the same flow rates used earlier with reference solution. The flow was again stopped before applying
reference potential to the sample solution. The measurements were each repeated 5 times for artificial
solutions and 3 times for serum sample solutions. However, for each repetition, the sample solution in
detection cell was replaced by flowing a fresh sample solution of the same concentration for a duration of
10 s at the rate of 0.08 mL/min. Constant-potential coulometry was performed using Autolab (Metrohm,
Switzerland) and the obtained current was recorded with NOVA software. The current signal was

subsequently integrated over measured time using the same software to obtain the charge.

Table 4.1 Steps and operations of sensing measurement.

Steps Switch 1 Switch 2 (S2) Pump Flow r-ate Operation
(S1) (mL min?)
A open close on 1.56 (60 s) Flow reference solution
0.08 (160 s) to the detection cell
B close close off - Measure OCP of
reference solution
C open close on 1.56 (60 s) Introduce sample
0.08 (160 s) solution to the detection
cell
open open off - Apply OCP of reference
E close open off - Measure transient
current vs time
F open close off - Discharge the capacitor

4.3 Results and discussion

For the capacitive readout principle using an electronic capacitor with polymeric membrane ion-selective
electrode reported recently by our group %, the indicator electrode was integrated into a flow-jet cell to
expose the reference and sample solution to a continuous solution flow. The concentration changes of the
analyte in the sample relative to that in the reference solution resulted in a potential change that was imposed
onto the capacitive element. To obtain a quantifiable current transient peak, the longitudinal dispersion
between the two solutions had to be minimized. In the absence of segmented flow, allowing for a direct
contact of the two solutions, the partial mixing resulted in a smearing of the current-time profile (see Fig.

S4.2A in Supplementary Information). The current excursion was sluggish and had difficulty returning to
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baseline, making it unreliable to integrate the charge (Figure S4.2B). In previous work, this challenge was
overcome by a flow design where the aqueous solutions were separated by an air gap that was removed just
prior to the detection cell by means of a debubbling device #. The debubbler characteristics involve a
limiting air volume (11 pL) and a specific range of flow rates (0.5 mL/min to 2.0 mL/min), which may be
undesired. Moreover, this arrangement added significant complexity and required the measurement of

continuously flowing samples.

Here, an improved capacitive readout system is described that gives a well-defined current signal without
requiring segmented flow, just by using electronic switching components. The electronic circuit used to
establish a robust capacitive readout is shown in Scheme 4.2. It consists of two switching modules. One of
them opens and closes the circuit between sensing electrode and potentiostat to avoid undesired current
flow through the cell. Another switch is placed across the electronic capacitor itself. If the connection is
made, the capacitor is short circuited and allowed to discharge. This alleviates the need to discharge the
electronic capacitor by alternating to a reference solution. Repeated measurement pulses can now be

imposed onto the same sample by using the potential value for the reference solution stored in memory.

The operational steps for a constant potential coulometric measurement are summarized as follows (see
Scheme 4.1 and Experimental Section). The initial potential of indicator electrode in contact with the
reference solution is first observed and stored while short circuiting the capacitor (Scheme 4.1B). The cell
is then maintained at open circuit while introducing the sample solution (Scheme 4.1C). In the next step
(1D), the switch across the capacitor is opened to place the element in series with the indicator electrode.
The potential stored in the first step is now applied to the cell, the current transient is recorded and
subsequently integrated to give the analytical signal. The last step involves again the short circuiting of the
capacitor to discharge it and placing the cell in open circuit so that the sample can be replaced with another

one (return to previous step) or with the reference solution (first step of the cycle), as desired.

The proposed protocol was explored using sodium ion-selective electrodes containing an aqueous inner
solution. To evaluate the system, a range of potential increments from the open circuit potential were
applied by a potentiostat to a solution containing 135 mM NaCl. The chosen range of 2 mV approximately
reflects the potentiometric measuring range for the detection of sodium ions in physiological samples. The
potential increments result in appropriate current transients (Fig. S4.3, top) and corresponding integrated
charge values shown in Fig. S4.3, bottom. Figure 4.1 shows the observed slope of 10.3 + 0.37 nC mV1,
which agrees with the expected value of 10.0 nC mV! for the chosen capacitive element (10 pF). Figure

S4.3 gives repeated charge-time integrations obtained for a fixed applied potential increment of 1.2 mV.
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The measurement uncertainty is calculated as an average standard deviation of 0.368 nC (n = 11),
translating into a precision of 0.035 mV or 0.14 mM (ca. 0.14% precision of concentration uncertainty) in
direct potentiometry.
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Figure 4.1. Capacitive readout upon applying incremental potential values of 0.4-2.0 mV to a cell containing a
reference solution of 135 mM NaCl. Left axis: Correlation of integrated charge with applied potential (blue circles)
with the linear regression (blue solid line) of Q (nC) = 0.23 — 10.3xE (mV), R? = 0.999. Right axis: Purple triangles

give the precision of concentration uncertainty calculated from the error bars of the charge values shown

The capacitive readout using the electronic discharging system introduced here was subsequently applied
to the measurement of NaCl solutions in the concentration range of 135 mM-145 mM, which reflects the
normal sodium range in blood serum, at concentration increments of 2.0 mM. An initial experiment was
carried out with variable NaCl sample concentrations while using 135 mM NaCl as a reference solution.
The sample solution was transferred to the detection cell by flow, which was then stopped for measurement.
Figure 4.2A and S4.4 illustrate the observed current spikes and integrated charge over time of NaCl
solutions at varying concentrations (n = 5 for each concentration). Since the reference potential is a stored
value and the capacitor is discharged after each reading by the electronic circuit, consecutive readings on
the same sample and on different sample solutions can be measured without repeatedly returning to the
reference solution. This improves sample frequency relative to previous work 2: shown here are 5 readings
each for 5 samples during a period of 33 min.

Figure 4.2B shows an overlay of magnified current spikes recorded at different levels of sodium

concentration. A higher sodium concentration in solution causes a larger potential difference between

sample and reference potential, resulting in a larger current spike (ohm's law) and integrated charge.
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Figure 4.2. Constant-potential coulometric measurement of NaCl standard solutions of different concentrations at
2 mM increments, using 135 mM NacCl as reference solution. The experiment was performed with a Na*-ISE with
a 10 pF capacitor placed in series, using the automatic measurement system with electronic components. (A)
Repeatability of the 5 consecutive current-time traces for each NaCl sample, ranging in concentrations from 137
mM to 145 mM. (B) Overlay of the current-time transients shown in (A). (C) Linear dependence of charge vs log

anaci (upper black x-axis), corresponding to the sodium concentrations on the blue x-axis.

The corresponding integrated charge-time information is shown in Fig. S4.4. A linear correlation of charge
vs logarithmic sodium activity with the regression equation of Q (C) = —80.5x10% - 81.4x108xlog anaci is

given in Fig. 4.2C. The value is super-Nernstian (theoretical: 59.2x10® C/decade)®. This is explained by a
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flow-induced potential drift, which may have a significant impact on the recorded electrode slope because
of the very narrow potential window of about 2 mV. However, the reproducibility of measured data is not
affected as the influence of the drift remained consistent for all sample measurements. An apparently super-
Nernstian slope of 75.03 mV was also obtained when measuring by direct potentiometric as shown in Fig.
S4.5C, suggesting that this is not connected to the novel readout protocol. The narrow measuring range
allows one also to represent the calibration curve linearly (see blue x-axis on Fig. 4.2C), corresponding to
the fitting equation of Q (C) = 0.31x10° — 2.32x10®xcnaci. The precision obtained from capacitive readout
is found as 0.11 mM NacCl (average standard deviation, n = 5), which is similar to that observed by potential
control only (see above). Direct potentiometry was carried out as a comparative method for the same range
of NaCl by flow analysis as given in Fig. S4.5A. The calibration of electromotive force (EMF) vs
logarithmic of NaCl activity (and NaCl concentration) are shown in Figure S4.5B and C. The precision
from potentiometry is found to be 0.52 mM (n = 5), which is five times worse than the measurement using

the capacitive readout method.
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Figure 4.3. Residual plots of (A) capacitive readout compared with (B) direct potentiometry at 141 mM NacCl.
Circles are the variations of the observed sodium concentrations from the mean value (black solid line). Red dashed

lines are 2SD for each technique.

Figures 4.3 and S4.6 give the residuals for the capacitive and potentiometric readouts given as the deviations
of the measured concentration from the mean value. The red dashed line is double the average standard

deviation (2SD) of each technique. The residual plot for the capacitive readout shows that the errors
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distribute symmetrically and close to the zero line (Fig. 4.3A). It indicates that the proposed method gives

improved precision that allows one to diminish the uncertainty of sodium activity measurements.
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Figure 4.4. Sodium measurements in pooled serum obtained by capacitive readout and direct potentiometry. (A)
Overlay of integrated charge vs time traces measured by capacitive readout using Na*-ISE and 10 pF capacitor for
2 mM NaCl concentration increments, as indicated, where unmodified serum served as the reference solution. (B)
linear dependence of charge vs logarithmic sodium activity with R? = 1.000. (C) Linear regression of EMF vs
logarithmic sodium activity recorded by direct potentiometry for the same concentration range with R? = 0.964.

The lower x-axis (blue) shows the corresponding sodium concentrations for information.

The polymeric-membrane based sodium-selective electrode was subsequently used to measure sodium
concentration in pooled human serum by the proposed method. Calibration curves were obtained by
standard addition of NaCl into serum sample at increments of 2 mM while the observed potential for
unspiked serum was used as the reference value. Figure 4.4A shows an overlay of overall integrated charge
recorded at different levels of sodium in the serum sample. The currents integrated for the visual period of
the transient (2 s) and a further 10 s are found to be different by just 1.8% (0.3 nC). This response time is
attractive for practical applications. A linear regression of charge as a function of logarithmic sodium
activity with Q (C) = —75.5x10® — 77.6x10®xlog anaci Was obtained. The charge vs concentration
relationship is given by the second x-axis, using a fitting equation of Q (C) = 0.30x10°° — 2.10x10*XCac,
giving a precision of 0.13 mM NacCl (standard deviation; n = 3, see Fig. 4.4B). The relationship between
current-time and charge-time are shown in Fig. S4.7. Direct potentiometry was used as a comparative
method for serum sodium as well. It was found that the measured potential tended to deviate from linearity
(EMF (mV) =170 + 89.0%log anaci) as illustrated in Fig. 4.4C. As the NaCl concentration range of 141 mM-
151 mM in serum provides a potential difference of about 2 mV, the observed potential was found to

fluctuate and the changes were difficult to distinguish as seen in Figure S4.8. For this reason, the standard
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deviations were found to be larger than for the capacitive readout method (Fig. 4.4B and C). The precision
for direct potentiometry (1.60 mM) was an order of magnitude inferior compared to the proposed method.
The results indicate that the capacitive readout with the incorporated automated switching protocol through
electronic components can be used to measure the concentration of sodium in the relevant concentration

range of clinical samples.
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Figure 4.5. Predicted charge from fitting to the charging current equation. (A) Plot between the natural logarithm
of the current vs time for a standard solution concentration range from 137 mM to 145 mM, where 135 mM NaCl
was used as reference solution (data shown in Figure 4.2A). Solid lines are linear fits for In | vs time. (B) Linear
correlation of predicted charge vs. log anaci with regressions of Q (C) = —41.9x10% — 42.4x108xlog anaci and Q (C)
= —63.0x10°8 — 63.8x108xlog anaci for 1 RC and 3 RC interval times, respectively. Lower blue x-axis shows the

corresponding sodium concentrations.

The experiments described above involve the integration of each current transient until a near-zero baseline
is reached, which takes on the order of 10 s (Fig. 4.2). This time could be considerably shortened if the
current transient is reliably described by a circuit containing a capacitor and resistance in series (I = lo &

URCY, In that case, a simple extrapolation to longer times would allow one to detect the charge in a much
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shorter time. To evaluate this, the logarithmic current over time is shown in Fig. 4.5A as solid line. The
data suggest that the logarithmic current changes linearly with time. By correlating the slope of this fitted
line to a single time constant (RC), the charge was determined within a plotting range of 1 RC (0.22 s), 3
RC (0.66 s) where the capacitor accumulates ~ 63%, 95% of the final charge as follows:

Q(®) = CLlog [%] (1-e7) 1)
Q) = C(RI) (1 —e7w) @
Q(t) = slope I, (1 — e_R_tC) 3)

where the slope and |, was obtained from Fig. 4.5A, s is the Nernst slope and z is the charge of the analyte
ion. The linearization of the predicted charge vs logarithmic sodium activity resulted in near-Nernstian
slopes of 67.08 mV and 67.14 mV for RC and 3 RC time intervals, respectively, and a precision of 0.24
mM (see Fig. 4.5B). The charge predicted at infinite time interval was found merely 5% greater than that
of 3 RC. Moreover, the slope and the precision of infinite time interval is about the same as RC and 3RC
intervals. While this approach appears to be promising, it goes at the expense of precision as the value is
worse than that obtained from the full integration method (0.11 mM NacCl, Fig. 4.2C), which includes
additional charge increments at longer times. Still, the method may be attractive for rapid measurements
where waiting for an equilibrium state is not desired. In that case the acquisition time for each signal can
be shortened from 10 s to just 0.22 s. Note, however, that data acquisition time is not equal to sensor
response time and the two should not be confounded. In particular, the flow system used here for switching
sample solutions limits the chronoamperometric sample throughput (see 2.5 Chronoamperometric

Measurements) and may need to be optimized to further shorten turnover time.
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4.4 Supporting information

ez

3

Figure S4.1. Photograph of electronic control for constant-potential capacitive readout. All devices were placed in

a Faraday cage, including the peristaltic pump, switching valve, NI USB-6009: National Instrument USB-6009; C:

capacitor; S1: reed relay switch 1; S2: reed relay switch 2; IE: indicator electrode; RE: reference electrode; CE:

counter electrode. The sample and reference solutions were transferred by an automated flow system.
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Figure S4.2. Capacitive readout of pH change using a continuous flow without an air-gap dividing the two

solutions. The experiment was performed by placing a hydrogen ion-selective electrode in series with a 100 pF
capacitor. Tris-buffer in 0.1 M NaCl background solution was used for monitoring pH change between reference

solution (pH 7.0) and sample solution (pH 8.0). A) chronoamperometric record of current over time. B) Integrated

charge accumulation over time.
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Figure S4.3. Reproducibly study carried out by Na*-selective electrode connected in series with a 10 yuF capacitor
in a 135 mM NacCl reference solution. Constant-potential coulometry was performed by applying a fixed potential
to the reference solution for 11 repetitions. Top) A chronoamperometric record of current-time obtained by applying

constant potential of 1.2 mV to the cell. Bottom) Charge integration over time for the data shown in the top graph.

A U]

139 mM

141 mM

Charge / nC
I
o

143 mM

145 mM

10 15 20

Time / min

25 30 35

Figure S4.4. Integrated charge—time information obtained by the constant-potential coulometric measurement of
NaCl standard solution at different concentrations using a 2 mM increment, where 135 mM NaCl was used as
reference solution (Figure 4.2A). The experiment was performed by Na*-ISE with a 10 pF capacitor placed in
series. The automatic measurement system was controlled by electronic components.
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mM) with an increment of 2.0 mM using a Na*-1SE (n = 5). The measurement was performed by the same automatic
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flow system. B) Linear correlation of EMF vs log anaci with EMF (mV) = 166.2 + 75.03xlog anaci and R? = 0.9984.
C) Plot of EMF vs concentration of NaCl with fitting equation of EMF (mV) = 63.2 + 212.97xCnaci and R% = 0.998.
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Figure S4.6. Residual plot of A) capacitive readout and B) potentiometric readout used for sodium measurements

ranging from 137 mM to 145 mM. Shown are the deviation of the observed concentrations from the mean value
(black solid line). Red dashed lines indicate twice the standard deviation (2SD) for each technique.
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Figure S4.7. Results of capacitive readout of serum sodium in the range of of 143 to 151 mM NaCl at 2.0 mM
increments where unspiked serum (141 mM) served as the reference solution. Na*-ISE controlled by electronic
circuit and connected in series with a 10 JF capacitor was used to monitor the concentration changes. A) Overlay
of current-time traces at different concentration of serum sodium. B, top) Complete chronoamperometric raw data

with n = 3. B; bottom) Integrated total charge over time (10 s) for the data shown in B, top.
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Figure S4.8. Direct potentiometry of serum sodium with a sodium-selective membrane electrode. Measured EMF
over time obtained from introducing different concentrations of serum sodium (141 mM — 151 mM) to the indicator
electrode by the same automatic flow system used throughout the study.
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Chapter 5: Development of portable capacitive readout device and

computer simulation of current-polarized ion-selective membranes

5.1 Understanding membrane polarization for development of portable constant-potential
coulometric device

Conventional ion-selective electrodes (ISEs) are mainly used in zero-current potentiometry for a wide range
of applications, particularly environmental and clinical analysis. The sensing membrane of ISEs is usually
made of poly(vinyl chloride) (PVC) in which dioctyl sebacate (DOS) or 2-nitrophenyl octylether (0-NPOE)
(1:2 wt ratio) serves as the plasticizer. An ion exchanger (lipophilic anions or lipophilic cations) and a
selective complexing agent (ionophore) are added into the membrane to allow ion-exchanger properties of
the membrane such that the concentration of interest ions in membrane phase must remain constant during
an experiment?®, Prior to use, such membranes are conditioned in primary ion for 10-20 h to achieve a
steady state®. In traditional ISEs, an insoluble ion-selective membrane (ISM) separates the inner filling
solution and aqueous sample. Its potential difference is measured against a reference electrode. Since the
ion-transfer reactions at the membrane|sample interface are usually very fast, the thermodynamic control
of phase-boundary potential is sufficient to described electromotive behavior of the sample composition.
Thus, the majority of theoretical models of ISEs have focused on steady-state approaches.3¢-13, However,
a number of attractive methods in order to enhance ISEs performance have been reported either under
controlled current or potential conditions™®. Lindner and researchers introduced a method to achieve lower
detection limit by applying relatively small galvanostatic current in order to gradually compensate ion flux
across a perm-selective PVC0, Pulstrodes based on non-equilibrium measurement by imposing current
pulse to forces ions to extract into the membrane in order to adjust concentration of primary ions in phase
boundary region. The transient potential is recorded as a signal readout'#*. More recently, a novel technique
based on constant-potential coulometry of solid-contact ISEs based conducting polymers (CPs) was
reported®”*°, The CP is placed between the metallic surface and the ISM and serveds as redox-capacitor. A
constant potential is applied during the entire measurement whilst the concentration of the primary ions is
altered, resulting in a transient current. Since the oxidation/reduction of CPs may be limited by charge
transport, our group presented the use of commercially available electronic capacitors instead of CPs on a
method so-called constant-potential capacitive readout®®. Hence, ideal capacitive properties have been
confirmed and it can be easily altered to amplify the current signal, making it optimally suitable for each
application. Coulometric readout is known to improve sensitivity by producing a current signal that is easier

to identify than that of direct potentiometric measurement® . This approach has also been extended to the
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establishment of the CP solid-contact ISE placed in series with a capacitor based on Kirchhoff's circuit
laws!*!, Capacitive readout has been accomplished for ultrahigh-sensitive measurement of pH in modified
seawater samples and measurement of sodium in serum using solid-contact ISEs in series with a capacitor®:
111 Additionally, an electronic circuit was modified in order to automatically control measurement
procedure of capacitive readout®’. Due to the equipment’s size, however, it is not yet suitable for on-field
analysis. In this work, we describe for the first time a portable constant-potential coulometric device by
inegrating a small potentiostat and electronic circuit. A range of capacitors of interest was placed inside the

device. This approach aims for real-time monitoring, for instance of small pH variations in seawater.

By implementating non-zero current technigues as mentioned above it is evident that the current flow alters
the concentration profile of all mobile ionic species in the membrane!3® 42, Computer simulations,
therefore, may be advantageous to acquire a better understanding of the response mechanisms and dynamic
phenomena of ISEs. There is a series of theoretical descriptions available for such dynamic potentiometry.
Dynamic evaluation of concentration profiles under zero-current condition have been developed using the
Nernst-Planck-Poisson equations!#® 144 or the phase boundary model**> 16, In addition, digital solutions
were presented to study the electrical behavior of membranes based on liquid ion-exchangers and extended
to ionophore membranes with mobile ion-exchanger sites'*’. Buck and Berube explored time-dependent
models of electron hopping in the ISMs using the theta function8, Mathematical models to describe the
effects of constant current have been investigated by Lindner’s group and provide information on
concentration polarization in the membrane in space and time'*® as well as for large-current
chronopotentiometry of ionophore-based ion-selective membranes'®. In chronoamperometry, a classical

model has been obtained by considering a modified Cottrellian term®L,

For the theoretical description of constant-potential coulometry, the transient current has been described in
terms of the RC time constant (or 1) involving resistance (R) and capacitance (C) of the electrochemical
cell. This approach was further studied by Mikhelson’s group where concentration polarization is
considered so that a Cottrellian term was added into the charging equation®. However, there is no
mathematical model available for explaining the phenomena of ion transport inside ISMs during and after
a passage of exponentially transient current. Consequently, a knowledge of concentration and potential
profiles in the space and time domains would be helpful for the development of the measurement procedure
for portable capacitive readout device. A full understanding of the associated mechanism may allow us to

enhance performances of the approach in terms of the resulting sensitivity, reproducibly and precision.
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Here, we developed a new portable device based on the constant-potential coulometric principle where a
potentiometric pH probe is placed in series with a commercial capacitor for seawater measurement. The
computer simulation based on Fick’s second law describes how a non-constant current gives rise to
concentration polarization and affects the phase boundary potential of the ISE. We show that a regeneration
of membrane is required in order to acquire better precision. A modified RC charging current equation

considering membrane polarization over time is reported that also includes electrical migration effects.
5.2 Experimental and preparation for capacitive readout method

Materials and Reagents. Sodium chloride (NaCl), acetic acid, phosphoric acid, boric acid, hydrogen
ionophore I, high molecular weight poly(vinyl chloride) (PVC), Bis(2-ethylhexyl) sebacate (DOS), 2-
nitrophenyl octyl ether (0-NPOE), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB),
tetrakis(4-chlorophenyl)borate tetradodecylammonium salt (ETH 500), and tetrahydrofuran (THF) were
purchased from Sigma-Aldrich. Chloroform (analytical grade), 1 M sodium hydroxide (NaOH) volumetric
solution and 1 M hydrochloric acid (HCl) volumetric solution was purchased from Fisher Scientific.

Aqueous solutions were prepared by dissolving the respective salts in deionized water (>18 MQ cm).

Preparation of the electrodes. A PVC based ion-selective membrane was used for pH measurements,
which was composed of 15 mmol kg™! hydrogen ionophore 1, 5 mmol kg ! NaTFPB ion-exchanger, 10
wt%, 5 wt% or 2.5 wt% of ETH 500, The rest weight is plasticized polymer with 1:2 ratio of 0-NPOE or
DOS and PVC (total mass of 200 mg). The cocktail was dissolved in 2.0 mL of THF and poured into glass
ring (22 mm ID) affixed onto a glass slide. The solution was allowed to evaporate overnight. This initial
membrane was cut with a hole-puncher into small pieces of 8 mm diameter and mounted into Ostec
electrode bodies. The electrodes were conditioned in inner filling solution of 10 mM universal buffer and

100 mM NaCl overnight.

Sample preparation A mixed solution of acetic acid, phosphoric acid, and boric acid was dissolved in 10
mM NaCl background electrolyte to obtain the universal buffer at 100 mM final concentration. Seawater
from the Mediterranean Sea (Italy) with a salinity of 38 parts per thousand was used as sample solution.
The seawater sample was prepared in 100 mM Tris-HCI buffer to maintain the pH at 7.9 and used as
reference solution. The desired pH was adjusted by addition of 1 M NaOH or 1 M HCI solution.

Electrochemical Measurements. A double junction Ag/AgCl/3 M KCl/1 M LiOAc electrode (Metrohm,

Switzerland) and a platinum rod (Metrohm, Switzerland) were used in a three-electrode cell for all
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experiments. A PGSTAT302N Autolab (Metrohm Autolab B.V., Switzerland) controlled by Nova 2.1.4
software was used to perform chronoamperometry, chronopotentiomety, and electrochemical impedance
spectroscopy (EIS). Chronoamperometry of a hydrogen-selective electrode (H'-ISE) connected in series
with a commercially available capacitor (1 pF to 220 pF) was used as a standard method in order to evaluate
the new portable potentiostat. The procedure was reported elsewhere (publication III).
Chronopotentiometry was used to study current perturbation of H'-ISE without a capacitor in series. The
potential was recorded before, during, and after applied current range from 1 nA to 1000 nA. EIS
experiments were used to explore H*-ISEs containing different plasticizers and concentrations of ETH 500
without capacitor in series. Impedance spectra were recorded at OCP in 10 mM universal buffer and 100

mM NaCl with an ac excitation amplitude of 10 mV. A frequency range of 100 kHz — 0.1 Hz was used.

Fabrication of a portable potentiostat A portable potentiostat configured for performing coulometric
measurements is illustrated in Fig. 5.1. It is called PotentioCap. The dimensions of the box is 18.5 cm width
x 10.7 cm length x 3.6 cm height and its weight is 370 g. This instrument is based on a small commercial
potentiostat called EmStat Pico module (PalmSens BV, The Netherlands) with high speed mode. The
Emstat is a complete potentiostat in a module. Its main characteristic is its impressive integration. It includes
a complete programmable measurement system in a very small size that is 30.5 mm width x 18 mm length
x 2.6 mm height. This permits us to fit all needed circuits in a small enclosure. PotentioCap contains
tantalum type capacitors (22 pF, 47 pF, 100 pF, 220 uF) coupled with relays that are electric switches
operated by a signal in one circuit to control another circuit. The control is through an insulated USB
interface connected to a computer using a standard serial port. Three electrodes channels including working
electrode, reference electrode, and counter electrode of the potentiostat are available on standard BNC
(Bayonet Neill-Concelman) connectors. A custom-developed LabView 2010 software is used to operate
the measurement. Figure 5.1A shows the top view of the box, which indicate the internal states of the
instrument. The back side view (Fig. 5.1B) shows the position of the USB connector. The front side view
shows the connections for the three electrode cell (Fig. 5.1C). The electronic circuit to implement the
automated system is illustrated in Fig. 5.1D. The instrument includes three main parts: i) The isolation part
that galvanically isolates the instrument. ii) The switches part is a set of relays that reorganize the signal
path. iii) The potentiometer part is the measurement part. The 'brain' of the PotentioCap is the Emstat

module that controls every part of the device.

For coulometric measurements, the open circuit potential (OCP) of the sensing electrode (vs reference
electrode) is determined and subsequently enforced unto the cell by the potentiostat during the

chronoamperometric measurements in universal buffer. Transient currents were recorded while the pH was
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alternated by consecutively adding NaOH for the basic pH range. The current was then integrated to obtain

charge versus pH information.
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Figure 5.1. Configuration of PotentioCap: (A) the top view, (B) the back side view, (C) the front side view,

and (D) the electronic circuit.

5.3 Results and discussion

We use here a hydrogen-selective based PVC polymeric membrane as sensing electrode. The H-ISEs is
prepared as seen in the Electrode preparation section. Two types of plasticizers including PCV/DOS and
PVC/NPOE were added with the lipophilic electrolyte ETH 500 at 10 wt%, 5 wt%, and 2.5 wt% relative to
total membrane mass. Those H-1SEs were characterized by EIS in 10 mM universal buffer pH 7.0 and 100
mM NacCl as shown in Fig. S5.1. The resistance of PVC/NPOE (Fig. S5.1A) was found to be significant
smaller than that of PVC/DOS (Fig. S5.1B) owing to the lower lipophilicity of NPOE. According to Ohm’s
law, a smaller resistance leads to a higher current, which may be an advantage for a better signal-to-noise

ratio of chronoamperometric measurements. ETH 500 was added to further reduce the resistance of the
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membrane. EIS shows that a higher percentage of ETH 500 give a lower resistance for both of PVC/NPOE
and PVC/DQS, as expected. Coulometric readout involves current (electric charge) passing between a H-
ISE and a counter electrode. Thus, chronopotentiometry was used to study the potential change of the H-
ISM during passage of current and described in term of potential stability. Figure S5.2 illustrated the
potential changes of the H-ISEs in universal buffer: i) OCP recorded before perturbation for 1 min (black
line), ii) potential drift (iR drop) recorded during current perturbation for 2 s (green line), and iii) OCP
recorded immediately after current perturbation for 1 min (yellow line). As described by Ohm’s law, the
potential is proportional to resistance, which agrees with the chronopotentiogram where iR drop of
PVC/DOS (Fig. S5.2B) is greater than PVC/NPOE (Fig. S5.2A). Next, we focused on the potential stability
of the H-ISEs based on PVC/NPOE and PVC/DOS containing different amounts of ETH 500. The potential
rising sharply over the time indicates the effects of current on concentration polarization of ionic species in
the membrane. Figure S5.3 shows chronopotentiometric measurements of potential drift while currents
ranging from 1 to 1000 nA were applied for 2 s. The slope of potential over time for PVC/NPOE and
PVC/DOS are plotted in Fig. 5.2. Larger current perturbations result in greater potential drifts. However,
the H-1SEs prepared with PVC/NPOE gave more stable potentials than with PVC/DOS. The potential of
PCV/NPOE is found to drift less with a lower amount of ETH 500 but this was not the case for PVC/DOS.
From the experimental data, hydrogen-selective membrane based PVC/NOPE plasticizer containing 2.5
wt% ETH 500 provides best potential stability. This optimized H-ISE was employed for further

experiments.
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Figure 5.2. Slope of potential drift over time recored by chronopotentiometry when various current is appled to H-
ISEs based (A) PVC/NPOE and (B) PVC/DOS with 2.5 wt% (orange circle), 5 wt% (green circle), and 10 wt%
(blue) of ETH 500.
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After current perturbation, the membranes were left at open circuit to allow the potential to regenerate for
1 min. The difference of OCP before and after applying current is shown in Fig. 5.3. It is clearly seen for
both PVC/NPOE and PVC/DOS that the potential deviations between regenerating potential and initial
OCP is larger than about 0.1 mV where a current over 100 nA (or charge over 0.2 pC) is applied. The H-
ISE with 2.5 wt% ETH 500 is shown to give a smaller potential deviation. This result allows us to choose
a proper capacitance of the capacitor in series with the H-ISE that is optimized for each application.

Although the larger capacitance gives better sensitivity it also requires more charge pass across the

membrane, leading to larger changes of the phase boundary potential.
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Figure 5.3. Potential deviations between before and after current perturbation of H-1SE with (A) PVC/NPOE and
(B) PVC/DOS plasticizer containing 2.5 wt% (orange circle), 5 wt% (greeen circle), and 10 wt% of ETH500.

Constant-potential capacitive readout using optimized electrode and capacitance was tested by the new
portable device, the so-called PotentioCap. The circuit was electronically controlled as mention in Chapter
4. The H-ISE is placed in series with a capacitor of 47 pF in order to improve sensitivity. The OCP of the
H-ISE against a commercial Ag/AgCl reference electrode was measured in universal buffer pH 7.90 as a
reference potential and stored by the device. The pH of the universal buffer was changed in increments of
0.01 pH units by the addition of NaOH. The reference potential was sequentially applied to the cell.
Transient currents were then recorded with an interval time of 5 ms. The current was integrated over time
to obtain the charge-time information. The capacitor was electronically discharged prior to the next
measurement. The obtained results were evaluated by using the Autolab as a potentiostat coupled with the
electronic control for capacitive readout as shown in Fig. 5.4. Both current and integrated charge signals
obtained from the PotentioCap (Fig. 5.4 solid line) are found to be comparable to the ones obtained from
the Autolab (Fig. 5.4 dashed line). This may imply that potable PotentioCap can be used instead of Autolab,

which is better suited for on-site analysis.
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A) Current vs time B) Charge vs time
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Figure 5.4. Chronoaperometric measurements of H-ISE in series with a 47 uF capacitor. (A) Current transient and
(B) integrated charge of 0.01 - 0.05 pH units obtained from Emstat (solid line) vs Autolab (dashed line).
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Figure 5.5. Calibration curves of charge vs pH with difference capacitors of 22-220 pF obtained from A)
PotentioCap and B) Autolab.

The corresponding calibration curves of integrated charge against pH are illustrated in Fig. 5.5. As expected,
an increase of the capacitance value enhances the sensitivity of the pH measurement, which was observed
for both PotentioCap and Autolab. A linear correlation of charge vs pH is observed by using capacitors
ranging from 22-100 uF. However, the obtained charges deviated from linearity and the standard deviations
(n = 3) were substantially greater when a 220 pF capacitor was used. The results are consistent with
chonopotentiometric measurements in which charge flows across the membrane of more than 0.2 uC
resulted in a significant deviation of the membrane potential. As a consequence, a H-ISE connected in series
with a 47 uF capacitor is found to provide sufficient sensitivity and reproducibility for pH measurement

with an increment of 0.01 pH units. The slope of using the capacitor of 47 uF in series with H-ISE obtained
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from the PotentioCap is 2.68 nC/decade, which is comparable to one from Autolab with 2.65 nC/decade.
The observed slopes are near the theoretical value of 2.78 pC/decade, which suggests that near-Nernstian

behavior (59.2 mV) is achieved.

Subsequently, the PotentioCap device was tested with actual seawater samples without filtration. Seawater
was collected from Mediterranean Sea (Italy) with a salinity of 38 ppt. The pH of seawater was stabilized
in 10 mM Tris buffer at pH 7.90. As illustrated in Fig. 5.6, a linear relationship between integrated charge
and pH change is obtained from PotentioCap (black solid line) with a linear equation of Q (uC) = 2.494pH
— 0.002, which agrees well with the linear curve obserbed from Autolab (blue dashed line: O (uC) =
2.494pH + 0.003). PotentioCap and Autolabe give precisions of 0.6 mpH and 0.5 mpH, respectively, which
are better than a conventional pH glass electrode (0.02 pH precision). On-site saltwater measurement with
a portable capacitive reading device has been found to be practicable. However, in order to achieve the best

performance for this approach, the measuring procedure still needs to be optimized.

Q/uC

T T T T
0. 001 002 003 004 005 0.06

ApH
Figure 5.6. Calibration curves between charge and pH change of stabilized seawater obtained from PotentioCap

(black solid line) comparing with Autolab (blue dashed line).

Computational simulation of the ion-selective membrane is important to understand how concentration of
ion species polarize in the membrane. In order to evaluate the mathematical model, the simulation was
firstly carried out for a controlled current experiment. When a current i is applied across the ion-selective
membrane, an ion flux J will occur. Based on the Nernst Planck equation in absence of electrical migration
and convective effects at the interface, the relationship between this flux and the concentration gradient will

be governed with Fick’s first law:

(Cj,n+1 (t)a_ Cj,n(t)) 51
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where D and & are the diffusion coefficient and the diffusion-layer thickness of ion .J with charge z; in the
membrane phase, ¢;»+(?) and c;.(?) are the time-dependent concentrations at membrane phase of species j
from position # to position n+/. The first element near membrane surface is the position n=0, while F is
the Faraday constant and A is the membrane surface area. Concentration changes with time are described

by diffusion as:

DAt

Cj,n(t + At) = Cj,n(t) + {Cj,n—l — ch,n + Cj,n+1}# 5.2
In case of electrical migration and diffusion are considered, eq. 5.2 is modified to:
D At ZiF
Cj,n(t + At) = Cj,n(t) + #{Cj,n—l - ch,n + Cj,n+1 + (Cj,n—l - Cj,n+1) 2;7A¢} 5.3

where At is the time increment chosen in the simulation and A¢ electrochemical potential. The term F/RT
is 28.92 mV at 298 K. Subsequently, the membrane potential of the membrane exhibiting the concentration
polarization is determined. The membrane potential normally depends on the phase boundary potentials at
both sides of the membrane. If the phase boundary at the inner side is symbolized by a prime (‘), the

membrane potential is given as:

az.
RT il
EM = _ln in —(qu, 54
ZjF az. ay,
J i“j
J

Here, we assume that the hydrogen ion activity in sample solution is constant due to its buffering property,

A= aj'.lzzl. For simplicity membrane activity coefficients are set to unity so that a}?j = chj . If the

thus a.z;
JjI
ion j extracting into the membrane containing excess amount of ionophore L, it may from complex jL with

an assistance of ion-exchanger R. To solve free membrane concentration of j denoted as ¢;™ for calculation
of eq. 5.4, the complex formation according to eq. 5.5 is used.
m _ _CR 5.5

ch =
J Bjrelt

Figure 5.7 depicted the computational simulations of potential drift (top) and concentration polarization in
the membrane (bottom) of chronopotentiometry of H-ISE in universal buffer pH 7.14. The following

parameters were used for the simulations: zj= 1, At=1ms, i=100nA, A= 0.2 cm?,, Do = 102 m? 571, §
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=150 um, and aj(aq) = 107!% L = 15 mM, logBn = 12.6. Figure 5.7 (top) shows the magnitude of the over
potential including the iR drop of 1.3 mV while 100 nA current is applied for 2 s. After current perturbation,
the response potential drops to near the OCP. The proposed mathematical model correlates well with the
experimental results under the same conditions. The passage 0.2 uC of charge across the membrane causes
~1% change in membrane concentration, which reduce to ~0.2% after left to regenerate at zero-current for
1 min (see Fig. 5.7 bottom). The outcome demonstrates that the suggested mathematical model is reliable

and may be adapted for controlled potential experiments.
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Figure 5.7. Simulation of membrane potential (top: red solid line) and concentration (bottom) over time during
current perturbation and fitting with an experimental result (top: black solid line). The horizontal lines identical
original OCP (top) and original primary ion concentration in the membrane (bottom). The blue line is when current
100 nA is applied for 2 s.

The first prototype of PotentioCap relies on the electronic circuit presented in Chapter 4. The measurement
procedure consists of six parts: i) disconnecting of the sensing electrode to introduce reference solution, ii)
making the connection for measurement and storing the value of the OCP of the reference solution by the

potentiostat, iii) changing to the sample solution while the electrode connection is broken, iv) applying the
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reference potential to the cell, v) immediately recording the transient current once the connection is made,
and vi) electronic discharging the capacitor prior to next measurement. Step iii to vi are repeated for each
sample as needed in order to determine standard deviations. The demonstration of using the portable
PotentioCap for pH measurement is shown in Fig. 5.4-5.6. It is critical to understand the phenomena of ion
diffusion in the selective membrane during the entire experimental processes in order to optimize the

measuring protocol.
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Figure 5.8. Numerial simulation of (A) concentration polarization and (B) potential response during constant-
potential coulometric measurement. Black horizontal line in (A) indicate initial concentration in the membrane. (C)
Simulated open circuit potential (OCP) (red circle) comparing with OCP obtained from experimental result and
theoretical prediction based on Nernst egation (black solid line) and (D) Calubration curves of potential vs pH

obtain form simulation (black solid line) and experimetal (red dashed line).

Here, we used the mathematical model described above to predict the membrane concentration and potential
as illustrated in Fig. 5.8. The computational simulation mimics the real experimental procedure when an

exponential current (RC current) is generated by the controlled constant potential. Figure 5.8A shows how
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the transient current (charge flow) influences the concentration gradient at the H-ISM interface for the
measurement with three repetitions of a 0.01 pH increment. In between each sample, the membrane was
regenerated under zero current for 2 min. It is clear that the membrane concentration at the interface does
not reach initial concentration (SmM hydrogen ion complexes) despite the regeneration. The membrane
concentration at the interface decreases by ~1% at the end of the measurement. The phase boundary
potential as a result of concentration gradients in the ISM is depicted in Fig. 5.8B. The OCP of each pH
sample solution was determined before recording current as illustrated in Fig.5.8C. In comparison to
calculated potential response (red circle), the OCP acquired from the experiment (green rectangular) exhibit
the same tendency of potential drift. The Nernst equation is used to predict theoretical value of potential
change over time (Fig. 5.8C black solid line). The potential raises upward as a result of anodic current
perturbation compared to zero current potentiometry. Consequently, linear relationships between potential
and pH obtained from both of experimental and simulation are sub-Nernstian with a slope of 56.1

mV/decade and 56.4 mV/decade, respectively (Fig. 5.8D).

Note that the slope of charge over pH change is equal to the Nernst slope multiplied by the capacitance
value (slope = snemstC). If Snemst Was 56.4 mV, the calculated slope of AQ/ApH is 2.65 uC/decade when a 47
LF capacitor was employed. The result correlates well with the slope of charge vs pH obtained in Fig. 5.5
(AQ/ApH = 2.65 nC/decade). The standard deviation (n=3) obtained from simulation was 0.022 mV or
1.034 nC, which is converted to a precision of 0.39 mpH. The numerical simulation demonstrates that
concentration polarization, which causes a fluctuation in membrane potential, results in a slope of the

capacitive readout approach that falls short of the theoretical expectation.

As acknowledgment earlier, the sensitivity of the constant-potential capacitive readout directly relates to
the phase boundary potential. The imposed potential difference between reference solution and sample
solution results in a finite required charge to reach the new charge state of the capacitor. In order to obtain
minimal potential drifts, [ISM regeneration by a non-zero current technique should be considered. This
approach has been carried out for ultrasensitive pH measurement (see Chapter 2). The reference solution is
introduced to the detection cell after each sample measurement in order to discharge the capacitor. In
consequence, the ISM is also forced to be regenerated by applying the initial OCP of the reference solution
for a certain time, which causes a transient current in the opposite direction until it reaches the new
equilibrium state. As a result, a precision (standard deviation) of 28 upH and 67 upH was obtained for pH
measurement in standard solution and stabilized seawater, respectively. This approach, however, required
the flow of reference solution after each sample analysis, which causes a long measurement time. Also, an

air gap was needed in between the reference solution and the sample solution to minimize dispersion, which
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may lower the current signal-to-noise ratio. In this work, we suggest to regenerate the ISM by a controlled

constant potential. The phenomena of concentration gradients and potential regeneration in the ISM was

studied by computational simulation.
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Figure 5.9. Calculated responses of (A) concentration polarization and (B) potential drift when the membrane is
regenerated by controlling potental after constant-potential coulometric measurement. Black horizontal line in A)
indicate initial concentration in the membrane. (C) Simulated open circuit potential (OCP) (red circle) in
comparision of theoretical calculation based on Nernst egation (black solid line) and (D) Calibration curve of
potential vs pH obtain form simulation.

The same measurement procedure for capacitive readout is modified by recording the OCP of the sample
solution and enforcing the same OCP after each current measurement. Introduction of the reference solution
to the cell, therefore, is no longer required. As a consequence of that method, the phase boundary potentials
are forced again to their initial values, which minimizes potential drift for next measurement (Fig. 5.9B).
As a result of the controlled potential, the membrane concentration approaches the original concentration

(Fig. 5.9A). Figure 5.9C confirms that the simulated OCP (red circles) is close to the theoretical prediction
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calculated from the Nernst equation (black solid line). A linear correlation between potential and pH is
obtained with a slope of 59.0 mV (59.2 mV for Nernst). It means that membrane regeneration by applying
a constant OCP dramatically reduces the potential deviation from theoretical behavior. Precision of
coulometric readout is predicted form standard deviation (n=3) obtained from the simulation of 0.592 uV
or 27.8 pC. The precision is found to be excellent, to 10 upH, which is comparable to the one obtained for
ultrasensitive pH measurement in Chapter 2. This information may be useful in designing a new

measurement procedure for the future generation of PotentioCap.
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Figure 5.10. Numerical simulation of transient current by considering membrane potential change by time (read
solid line) in comparison with constant potential (blue solid line). Green dashed line is when electronic migration
is considered for membrane concentration and potential. Circle indicate transient current obtained from

experimental result of 0.05 pH change.

As described previously, the phase boundary potential changes with time. The simulation of transient
current using a constant potential in the general RC charging current equation as eq. 5.6 may not be
sufficiently accurate. We presented for the first time a mathematic model where ion flux is taken in to
account to predict the current spike of capacitive readout method. Thus, eq. 5.7 is employed when the
potential change depends on time, which is the result of a previous current transient flowing through the
ISM in a previous measurement interval. Current and potential are calculated simultaneously from eq.5.1
and eq.5.4 while the concentration gradient occurs. Resistance and capacitance of the cell were chosen as

18 kQ and 47 uF, respectively

i = -2 e=t/ReeuC 5.6
Reell
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inzo(t) = —E’;:C‘e’flt) e~ t/ReeutC 5.7

Figure 5.10 depicts the calculated current responses (red solid line) that are compared to experimental
results (circles) observed from pH measurement with a 0.05 pH unit change using an H-ISE. Additionally,
the transient current was also evaluated classically by using a constant potential as shown in Fig. 5.10 (blue
solid line). The current decay from the drifting potential is sharper than that of the constant potential. At
longer times, the current reaches zero baseline faster than one from the experimental data. This may be due
to the accumulating concentration gradient in the ISM caused by previous sample measurements. This
model could be useful for predicting current transients so that reaching an equilibrium state may not always
be required. Mass transport considering diffusion as well as electric migration was also considered by using
eq. 5.3 Normally, the effects of migration is normally quite small when concentration gradients are
important. Indeed, the simulated transient current computed by considering electrical migration (green
dashed line) shows no difference when compared to only diffusion processes (red solid line). This would

suggest that migration effects have no significant importance to the current decay.

5.4 Supporting information
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Figure S5.1 Impedance study of hydrogen-selective membranes preparing with different plasticizers of (A)
PVC/NPOE and (B) PVC/DOS. The ETH500 were added into the membrane with 2.5 wt%, 5 wt%, and 10 wt%.
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Figure S5.2 Chronopotentiometric measurement of hydrogen-selective electrodes containing 2.5 wt% of
plasticizers (A) PVC/NPOE and (B) PVC/DOS. Potentials were recorded before current perturbation (black line),
during current perturbation of 100 nA for 2 s (or 0.2 uC; green line), and after current perturbation (yellow line).
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Figure S5.3. Chronopotentiometric recorded of potential drift during current perturbation ranging from 1-1000 nA

for 2 s (0.02-2 pC) with membranes containing various amount of ETH500 and different plasticizers as labeled in

the Figure.
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Conclusions

The main goals of this thesis is to develop a sensor that enhance sensitivity of the signal readout with very
high precision and make it convincing for real world analysis. Direct potentiometry has been in use for
over a century for the determination of pH. While it remains the gold standard, it does not provide the
precision required to assess very small pH changes in important applications such as ocean acidification.
In chapter 2, we have shown that potentiometric pH probes can be made orders of magnitude more sensitive
by imposing a potential change at the pH electrode over an electronic capacitive element placed in series
while maintaining a constant cell potential. The resulting current transient required to charge the capacitor
with the same potential amplitude (of opposite sign) is much easier to identify and isolate than a potential-
time trace. The precision of this technique is found to be extraordinary, corresponding to just a few
microvolts or dozens of micro-pH units and may serve as a basis for applications where very small
concentration changes need to be reliably quantified, as in ocean acidification. We note that this advance
concerns the underlying measurement principle only. Care must be taken to avoid systematic errors

originating from sample manipulation steps, especially re-equilibration with atmospheric COx.

Chapter 3 exhibits accomplishment of solid-contact ion-selective electrodes (SC-ISEs) for capacitive
readout. SC-ISEs containing capacitive (f-SWCNTSs) or redox (POT) solid-contact materials give sluggish,
nonideal current transients that make it difficult to apply this attractive readout principle. This behavior
suggests that solid-contact materials act as pseudocapacitors that are difficult to describe as a circuit
element. On the other hand, constant potential capacitive readout of ion-selective electrodes with aqueous
inner solution using a commercially available capacitor were recently reported to give ultrahigh sensitivity,
with pH measurement as example. However, it was unclear to what extent this approach could be applied
to solid-contact ISEs exhibiting a capacitive transducing layer. Kirchhoff’s law for two capacitors
connected in series (SC in series with electronic capacitor) suggests that the capacitance for the cell should
be dominated by the smallest capacitor. This was found to be confirmed, giving evidence that the desirable
capacitive behavior can be imposed by an added electronic capacitor. Still, the accumulation of charge at
the electronic capacitor may become limited by the ion-to-electron transducing process at the SC-ISE
electrode. For this reason, a larger thickness of transducing material should be preferred. With the f-
SWCNT material used here, drop-casting of six layers is sufficient to allow the charging of the added
capacitor up to 100 pF. In the case of a single layer of drop-cast POT, a smaller range of added capacitor is
acceptable, from 1 to 4.7 pF. This suggests that POT-SC-ISEs may be suitable for applications that do not

require the highest possible sensitivity, because higher added capacitances give larger signals. In all cases,
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the charge obtained from experiment gave good agreement with theoretical predictions. Electrochemical
impedance data confirmed that the diffusion dependence of SC-ISE can be overcome to give pure capacitive
behavior. Therefore, the long measurement time and current drifts as major drawbacks of coulometric
readout has been overcome to give response times on the order of a few seconds with rapidly decaying
current transients. The results obtained here are promising for further development of this class of sensors

for applications that require very high sensitivity.

The concept of constant potential capacitive readout of ion-selective membranes has been introduced to
improve their sensitivity and precision. The main drawbacks of the coulometric technique are associated
with longer measurement times, baseline current drifts and complicated fluidic handling that may not be
suitable for routine measurement such as clinical or environmental applications. We have introduced in
Chapter 4 a new methodology for the automatic capacitive readout using potentiometric probes for sodium
measurement. The automated switching protocol with the help of an electronic circuit to control the
charging and discharging events of the electronic capacitor helps one to achieve rapid measurements with
improved precision. Here, the use of an external electronic capacitor for coulometric measurements is
crucially important as it becomes easy to control its properties by adequate electronics when compared to
a chemically induced solid-state capacitive layer. Since the chemical discharging of the capacitor by
exposure to a reference solution is no longer necessary (see Chapter 2), the associated fluidics are much
simplified while ensuring that the remaining charge in the capacitor is eliminated. The reference potential
is recorded and stored by the potentiostat just once before starting the measurement, allowing one to
perform multiple consecutive measurements on the same sample. The precision of this method is found to
be much improved than direct potentiometry with the same setup, suggesting that the technique is attractive
for applications that require high precision, as in clinical diagnostics. Despite these advances it must be
kept in mind that any potential drifts translate into a stored reference potential that no longer reflects the
true value, which may be a source of systematic errors. This protocol therefore requires ion-selective

membranes and current amplitudes that minimize such drifts.

The last Chapter 5 integrates all the knowledge obtained earlier to develop a portable capacitive readout
device aiming for on-site measurements. The capacitive readout method was accomplished in laboratory
using a regular potentiostat coupled with an external electronic system. This system, however, is not
practicable for portability. Here we presented a miniaturized PotentioCap which consists of a small
potentiostat and an electronic circuit including a range of capacitor (22-220 pF). All components are placed
in a small, lightweight box. The measurement protocol is designed and controlled by LabView software.

The PotentioCap was tested and evaluated with the regular capacitive readout using H-ISE in series with a
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capacitor for pH measurements in standard solution and stabilized seawater. The linear relationship between
charge and pH agreed well with one obtained by a benchtop device and external circuit. Our proposed
device has shown a potential for replacing laboratory devices, making it promising for real world analysis.
Measurement protocols e.g. chronoamperometry and discharging the capacitor require further optimization
to improve its performance. Numerical simulation was performed for the time- and space dependent
concentrations and associated potentials inside an ion-selective membrane during capacitive readout. The
mathematical model based on Nernst-Planck equation was employed to realize concentration profile during
an exponentially decaying current transient. Concentration gradients in the membrane cause a phase
boundary potential drift and result in lower reproducibility and precision. Hence, we suggest here to
regenerate the membrane concentrations by applying an open circuit potential of the sample solution for 1
min prior next measurement. Consequently, the calculated precision for capacitive readout (10 ppH) is
found to be ten times better than without regeneration. The approach agrees well with the ultrasensitive pH
measurement described in Chapter 2 with precision in the tens of micropH units. The portable PotentioCap
and optimized protocol provide the possibility of being powerful analytical tools for on-field analysis in the
future, e.g. in clinical and environmental measurements. However, the robustness of the sensing probe is a
crucial aspect and therefore the development of ideal nonpolarizable electrodes may be important for further
development of the capacitive readout principle.
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