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Design Criteria for Nanostructured Carbon Materials as

Solid Contacts for lon-Selective Sensors

Yevedzo E. Chipangura, Brian D. Spindler, Philippe Biihlmann,* and Andreas Stein*

The ability to miniaturize ion-selective sensors that enable microsensor arrays
and wearable sensor patches for ion detection in environmental or biological
samples requires all-solid-state sensors with solid contacts for transduction of

as in the quickly expanding field of wear-
able and implantable sensing devices.

In such all-solid-state ISEs, a solid con-
tact replaces the inner filling solution.>®

an ion activity into an electrical signal. Nanostructured carbon materials
function as effective solid contacts for this purpose. They can also contribute
to improved potential signal stability, reducing the need for frequent sensor
calibration. In this Perspective, the structural features of various carbon-based
solid contacts described in the literature and their respective abilities to
reduce potential drift during long-term, continuous measurements are
compared. These carbon materials include nanoporous carbons with various
architectures, carbon nanotubes, carbon black, graphene, and graphite-based
solid contacts. The effects of accessibility of ionophores, ionic sites, and other
components of an ion-selective membrane to the internal or external carbon
surfaces are discussed, because this impacts double-layer capacitance and
potential drift. The effects of carbon composition on water-layer formation are
also considered, which is another contributor to potential drift during
long-term measurements. Recommendations regarding the selection of solid
contacts and considerations for their characterization and testing in

solid-contact ion-selective electrodes are provided.

1. Introduction

Ion-selective sensors are widely used for pH monitoring and
ion analysis in health care, environmental analysis, and research
applications.['] As an example, blood analyzers with integrated
ion-selective electrodes (ISEs) carry out over a billion measure-
ments each year on electrolytes, such as K*, Na*, CI-, Ca?*, Li*,
Mg?*, and CO,?~.I*] The conventional ISEs used in these ana-
lyzers are reliable but require frequent recalibration and care-
ful maintenance. Because they depend on inner filling solutions
to transduce ion activities in the sample to electrical potentials
for potentiometric measurements, conventional ISEs are diffi-
cult to miniaturize. These limitations can be overcome using
all-solid-state ISEs, which enable new applications of ISEs such
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The solid contact material is sandwiched
between an electron-conducting substrate
(typically gold, glassy carbon, or another car-
bon conductor) and an ion-selective mem-
brane (ISM) (Figure 1a).>!% The ISM is
composed of a polymer, often in combina-
tion with a plasticizer, an ionophore (a hy-
drophobic molecule that acts as a specific
ligand for the target ion and has a very
low solubility in the aqueous sample phase),
and highly hydrophobic ionic sites to bal-
ance charge in the ISM.[''l When target
ions are in equilibrium between the sam-
ple and the membrane, a potential is estab-
lished at that interface, following the Nernst
equation.['?! Signal transduction, that is, the
conversion of an ion activity into an electri-
cal response, then occurs at the solid con-
tact by one of two mechanisms. When con-
ductive polymers are used as the solid con-
tact, the polymers can conduct both ions
and electrons, and they exhibit high redox
capacitance as they convert the charge carrier from ions to elec-
trons through doping/undoping of the polymer.°! Unfortunately,
conductive polymers can be sensitive to light, oxygen, and car-
bon dioxide interferences, and they can also suffer from unstable
potentials resulting from the possible formation of a water layer
between the ISM and the conducting polymer (Figure 2).[13-16]
These problems may be circumvented by using nanostructured
carbon materials with high specific surface areas as solid con-
tacts. Transduction from ion conduction in the ISM to electron
conduction using carbon-based solid contacts relies on the for-
mation of an electrical double layer at the interface between the
ISM and the carbon surface. The corresponding interfacial po-
tential is a function of the quantity of charge in the double layer.
The overall potential is the sum of the potentials at the interface
between the electron-conducting substrate and the solid contact
(which, as a contact potential between two electron-conducting
materials, is a constant given by the bulk properties of the carbon
and the solid contact),[”] the interface between the solid contact
and the ISM (a potential minimized by high capacitance), and
the interface between the ISM and the sample (a phase boundary
potential that follows the Nernst equation). Direct contact of the
ISM with the electron-conducting substrate through pores and
inter-particle voids of the solid-contact material is possible and
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Figure 1. a) Schematic diagram of a solid-contact ion-selective sensor electrode (SC-ISE), showing the four phases involved during sensor operation
(electron-conducting substrate, electric-double-layer forming solid contact, ion-selective membrane (ISM), and aqueous sample solution), the species
present in each phase, and the corresponding interfacial potentials. The brown circles refer to a K*-selective ionophore, R™ to anionic sites, X~ to
counter anions in solution, K* to free potassium ions, and K* surrounded by a brown circle to K*—ionophore complexes. Q = charge, C = capacitance,
A'azM¢°’(K+) = standard ion transfer potential of K* from the ISM to the aqueous phase.[’! b) Simplified equivalent circuit of an ion-selective sensor
with a solid contact. The solid contact is represented by the capacitance C, the largest sensor resistance (that of the polymeric membrane) by R
the potential difference between the ISE and the reference electrode by the voltage source, V., and the input impedance by Zj,,¢ impedance-
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Figure 2. Effects of a water layer between the solid contact and the ISM, illustrated for a K*-selective ISE and Na* as an interfering ion. a) Schematic
showing the ion transport at interfaces between the sample, the ISM, a water layer, and the solid contact. The water layer introduces new interfacial
potentials that are controlled by the ion concentrations in this layer and depend through transmembrane ion fluxes on the sample composition. b)
Response of electrode potentials when the ISE is first exposed to 0.1 m KCl solution, then to 0.1 m NaCl solution, and then again to the 0.1 m KCl
solution. In the absence of a water layer, the initial potential should be constant after the electrode is equilibrated. The potential should then drop rapidly
when KT is replaced by Na*t and return rapidly to the original potential after exchanging Na™ with K* again. When a water layer is present, drift can be
observed at the various stages of this test, and the potential before the switch to the NaCl solution differs from the potential after the change back from
NaCl to KCl. ¢) Especially for thin ISM membranes, drifts in potential after changing the ion concentration in the sample can also be an indication of
water layer formation, as seen in these dynamic response curves. d) In the presence of a water layer, the calibration curves may be non-Nernstian and
the linear response range may be reduced.
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typically not a problem, but the contribution of the ISM/solid-
contact material to the total capacity of the device usually by far
exceeds the ISM/electron conductor capacity.

Stabilization of the sensor’s potential is one requirement to-
ward the goal of achieving calibration-less or calibration-free sen-
sors. Potential drift can arise from multiple sources, for exam-
ple, from changes in composition of the ISM if membrane com-
ponents leach out of the membrane, continued curing/cross-
linking of the membrane, or the formation of a water layer.18-20]
Another cause of potential drift of a solid-contact ISE with a ca-
pacitive interface is related to current flow through the sensor cir-
cuit. The potential drift or change in potential with time equals
AE/At=1i/C, where i is the current and C is capacitance. Ideally,
no current should flow in a potentiometric measurement. In re-
ality, the current is nonzero and depends on the input impedance
of the voltmeter, the resistance of the ISM, the voltage of the cell,
and the capacitance of the solid contact at its interface with the
ISM. The latter parameter is controlled by the surface area of the
solid contact, which is a function of carbon morphology when
nanostructured solid contact materials are used. A higher capac-
itance results in smaller signal drift. Thus, outstanding stability
in potential has been achieved in recent years with sensors using
nanostructured carbon as the solid contact.

To estimate the potential drift caused by charging of the capac-
itive interface of the ISM and the underlying solid contact, the
ISE setup can be thought of as a serial combination of R and C,
where the solid contact acts as an asymmetric double-layer capac-
itor, and the resistance is typically limited by the polymeric mem-
brane phase (Figure 1b). The potential difference between the ISE
and the reference electrode is the DC voltage measured by a high
input impedance voltmeter. When the circuit is closed, a small
current will flow, very slowly charging up the capacitor, resulting
in signal drift. With the very high input impedance of the volt-
meters that are typically used in research (~10 TQ), the current is
extremely small for most situations, and exceptionally small sig-
nal drifts can be achieved. However, for the design of economical,
self-contained, wearable sensors, such a high impedance may not
be feasible, and a larger current would result in larger potential
drifts. This can be counteracted by using a solid contact with a
higher double-layer capacitance, given certain criteria that must
be fulfilled and that will be discussed later in this Perspective ar-
ticle. The need for solid contacts with high specific capacitance
becomes even more important in the case of highly miniaturized
sensors, such as microneedle array sensors.

For systems of practical relevance, the input impedance of the
voltmeter is much larger than the resistance of the ISE mem-
brane, R.,,- Assuming that there is no potential across the ca-
pacitive interface, V., at the start of the measurement (¢ = 0), and
thata current limited by the input resistance, R;,, of the voltmeter
flows through the cell as soon as the measurement is started
(charging up the capacitor until V, = V), the potential across
the capacitor and the potential measured with the voltmeter, V,,
are given by Equations (1) and (2), respectively.

Vc = Veell (1 - em) (1)
Vm = Veell T Vc (2)
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Figure 3 illustrates the predicted time dependence of V. and
V,, for V,; = 500 mV, R, = 10 TQ, and three representative ca-
pacitances.

The expression for drift of V,, is obtained from the derivative
of Equation (2) with respect to time, giving Equation (3).

Vo oV ¢t 3)
dt R, C

As illustrated by Figure 3c for different values of C, the largest
drift occurs immediately after the start of the measurement but
eventually decreases with time. The x—axes of Figures 3a—c are
shown in years to highlight the expected charging of the capaci-
tive interface. However, drift on the time scale of days or weeks is
usually of interest, and longer term drift may also be affected by
other factors. Moreover, the thus predicted drift is largest at the
start of the experiment. This value can be obtained by evaluating
Equation (3) at t = 0, giving Equation (4), which is most relevant
for designing sensors for applications in continuous monitoring.

d vm _ Vcell

dt |,_.o  R,C

in

“)

The minimum frequency of sensor recalibration depends on
sensor drift and the acceptable error for a given application. If it
is impractical to recalibrate a sensor during operation (such as,
for a wearable or implantable sensor), then one can determine
the maximum allowable drift to keep the measurement error un-
der the acceptable limit for the duration of use. For a pre-defined
maximum allowable drift and assuming that charging of the car-
bon/membrane interfacial capacitance is the only factor deter-
mining potential drift, one can obtain the minimum capacitance
required at the membrane/carbon interface for an SC-ISE paired
with a voltmeter with a given R, by inserting the respective val-
ues into Equation (4). The specific capacitance of the solid contact
material is also of high importance; the minimum mass (m) of
carbon required to achieve a pre-defined drift decreases with in-
creasing specific capacitance, C, (Equation (5)).

\%

11

m = ce! (5)
R C Ya
n™s T =g

The input impedance, double layer capacitance, and mass of
carbon required to target a maximum drift of the measured po-
tential are all important factors to consider when designing SC-
ISEs for a specific application. The combination of these fac-
tors becomes especially important when designing SC-ISEs with
small form factors because the amount of solid contact material
that can fit onto a small electrode is limited. Figure 3d shows the
effect of specific capacitance and input impedance on the mini-
mum mass of carbon required to achieve an initial drift of 1 pV
h=! for a cell with V_; = 500 mV. Two types of porous carbon
are chosen for illustration, colloid-imprinted mesoporous (CIM)
carbon and three-dimensionally ordered macroporous (3DOM)
carbon, see Section 2. For a voltmeter with an input impedance
0f 10 TQ, a minimum of 9 ug CIM carbon (C, =20 F g™1), 100 pg
3DOM carbon (C, = 1.8 F g™1), or 1800 pg of carbon with C, = 0.1
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Figure 3. Theoretically predicted drift of SC-ISEs when caused exclusively by charging of the electric double layer at the carbon/ISM interface. a) Potential
across the capacitor, V. b) Measured potential, V,,,, across the voltmeter after the circuit is closed (assuming Vo = 500 mV, R;, + R, = 10 TQ). ¢)
Drift of V,,, after the circuit is closed with V., = 500 mV and R;,, = 10 TQ. d) Influence of specific capacitance and input impedance on the minimum
mass of solid contact material required to achieve a drift of 1V h™" for a cell with V,o; = 500 mV. C; values of 20 and 1.8 F g™ are values reported for
CIM and 3DOM carbon, respectively. The value of 0.1 F g~! was included for illustration purposes only.

F g7! is required to achieve a drift of 1 uV h™'. Therefore, choos-
ing a solid contact material that has a high, accessible surface area
is critical for use in sensors with small form factors.

The values of 20 and 1.8 F g™! for CIM and 3DOM car-
bon, respectively, were obtained from measurements in solutions
of acetonitrile with an electrolyte comprised of ions of smaller
size (TEA*BF,") than the ionophore-ion complexes and bulky
counter-ions present in an ISM. However, values of specific ca-
pacitance obtained in simple electrolyte solutions may be much
higher than specific capacitances for SC-ISEs in contact with an
ISM, in particular if the carbon used contains a large number of
micropores. Thus, when considering carbon materials for appli-
cation in SC-ISEs, itis important to measure specific capacitance
of the carbon in the actual SC-ISE, and not just the capacitance
of the carbon material in a solution of an arbitrary electrolyte.

2. Carbon Materials as Solid Contacts

While various forms of carbon have been investigated as solid
contacts for ISEs, all contain graphitic domains or graphene-
derived units mainly composed of sp?-hybridized carbon, allow-
ing electron delocalization and electrical conduction. In the case
of supercapacitors, it may be desirable to enhance conductiv-
ity for high power applications, for example by doping the car-
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bon with nitrogen. For ISEs used in potentiometric measure-
ments, such conductivity enhancements are not required for
ion-to-electron transduction, as ideally, no current should flow
during the measurement, and in practice, any current is ex-
tremely small. In fact, dopant sites and oxygen groups should
be avoided, as these can become redox-active and can result in
less controllable potentials. Such groups can also make the car-
bon more hydrophilic, thus contributing to problems associated
with the formation of a water layer at the carbon/membrane
or carbon/current collector interfaces.???] Furthermore, func-
tional groups at carbon surfaces that can be protonated or de-
protonated render the phase boundary potential at these surfaces
sensitive to the pH.

In terms of morphology, the simplest carbon contactis a glassy
carbon electrode with a planar surface. However, in terms of ion-
to-electron transduction, such a flat surface is not very effective,
given that the surface area and thus the electric double layer ca-
pacitance are small. Exposed areas of typical glassy carbon elec-
trodes used for solid-contact ISE fabrication fall in the range from
0.02 to 0.07 cm?. In contrast, an electrode coated with 1 mg of
nanostructured carbon having a specific surface area of 400 m?
¢! has an interfacial area that is about five orders of magni-
tude larger. Assuming that all of this surface is accessible to the
ionophore-ion complexes and anionic sites, this would translate

© 2023 Wiley-VCH GmbH
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Figure 4. A selection of carbon materials used as solid contacts in ion-selective electrodes. The schemes of graphite, graphene, Cq, and carbon nan-
otubes were made using CrystalMaker X from CrystalMaker Software. For the templated nanoporous solid contacts, the templating processes are also

shown.

into a much higher double layer capacitance and, as a conse-
quence, a smaller drift in measured potential if any current flows
through the sensor circuit. In this section, we discuss the major
types of carbon that have been used as solid contacts in ISEs (see
Figure 4) and their features that are relevant to ISE performance.

2.1. Graphite

Early studies of carbon-based solid-contacts in ISEs employed
graphite as the ion-to-electron transducer. From a crystallo-
graphic standpoint, an ideal graphite crystal, a 2D material con-
sisting of many layers of parallel graphene sheets would be non-
porous with a theoretical density of 2.26 g cm™® However, this
density is observed only in highly ordered pyrolytic graphite
(HOPG).[**) As a result of the weak van der Waals interactions
between the sheets and kinetic trapping of structural irregulari-
ties during the formation processes of most natural and artificial
graphite, unavoidable defects in real graphite materials can intro-
duce internal porosity that is not well defined. Synthetic graphite
is often made by mixing a petroleum-coke flour with a coal-tar
pitch binder, extruding the mixture, baking it at about 1000 °C,
and then graphitizing it between 2500 and 3000 °C.**] The den-
sity of the resulting graphite can be as low as 1.6 to 1.7 g cm =,
implying up to 30% porosity, with non-uniform pores through-
out the material. Through tomographic analysis, a wide range of
pore types with sizes between 70 nm and 5 ym was revealed in
graphite electrodes,|®! but surface areas in graphite powders tend
to be relatively small (one review lists a range of 9-24 m? g~!).[2¢]
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Ruzicka and co-workers took advantage of this porosity over 50
years ago, when they developed so-called universal ISEs (“Selec-
trodes”), in which graphite rods were impregnated with a lig-
uid organic phase containing an ionophore.[-2] At that time,
the authors already claimed that the electrodes showed no drift
over 5 weeks. This work was followed nearly three decades later
by Chaniotakis and co-workers, who used a highly conductive
porous carbon rod (compressed charcoal) as the solid contact,
which was infiltrated with an organic phase, such as ionophore-
doped plasticized poly(vinyl chloride) (PVC).2%3! As an inter-
esting side-note, Chaniotakis already suggested the application
of this approach in microsensor arrays, which to that point had
been prepared with aqueous inner filling solutions or solid con-
tacts such as metallic silver and silver epoxy. Graphite rods im-
pregnated with an ionophore have also been used as solid con-
tacts in ISEs for high pressure measurements.*?) When con-
sidering graphite and related materials as solid contact, the car-
bon purity is critical. While basal planes of graphite are rela-
tively inert, edges are more reactive and can become the sites
of acidic surface oxides, rendering the surface hydrophilic and
pH sensitive.[””) In contrast, graphite free from chemisorbed
oxygen is hydrophobic. Another related material that has been
used for the preparation of solid contact ISEs is the so-called
nanographite,®***] which consists of irregularly sized platelets
of varying thickness. The dimensions of these platelets depend
strongly on the method of fabrication from graphite, and while
nanographite materials with submicrometer dimensions have
been reported, commercial products that were used for ISE fabri-
cation had particle size distributions in the range 0f 0.10 to 10 pm.

© 2023 Wiley-VCH GmbH
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Brunauer—-Emmett-Teller (BET) analysis shows a broad distribu-
tion of micropores and mesopores in nanographite particles and
surface areas on the order of 150 m? g~1,1* depending on the
method of fabrication.

Recently, graphite-based carbon paste was screen-printed onto
a polyethylene terephthalate substrate*®! and used as both the
solid contact and the electron-conducting layer in nitrate ISEs
without the need for an additional metallic charge collector.’”]
The authors claimed that in this case, introduction of oxygen-
containing functional groups (hydroxyl, carboxyl, carbonyl) on
the printed carbon surface by cold atmospheric plasma treatment
was beneficial for introducing covalent bonds between the carbon
electrode and PVC-based the ISM. In this configuration, removal
of surface contamination on the carbon by the plasma treatment
helped to reduce water layer formation. In addition, due to the
double-function of the graphite layer, any void space between a
solid contact and another electron conductor was eliminated, also
making water layer formation less likely.

2.2. Glassy Carbon

Another type of carbon that is frequently used as an electrode
in electrochemical applications is glassy carbon, also called vitre-
ous carbon. In this material, small domains of multiple graphene
layers and other graphene-like units are randomly oriented and
do not form an extended graphite structure even at high temper-
ature (a “non-graphitizing” carbon) except under specific high-
stress conditions.[*®! This enhances the hardness of the carbon
compared to graphite, while maintaining sufficient electrical con-
ductivity for use in electrodes. Fouskaki et al. used a high purity,
porous glassy carbon prepared from a synthetic phenolic resin
precursor as both the support for the liquid polymeric membrane
and as solid contact.*”! They infiltrated the randomly structured
pores with a cocktail containing the ionophore, plasticizer, and
ionic additive and placed a thin PVC membrane at the front of
a glassy carbon monolith. Although an excellent lower detection
limit was reported for Pb?*-ISEs made with these sensors, cali-
bration curves showed significant potential drift.

2.3. 3DOM Carbon

Among carbon solid contacts with more designed structures,
the first materials reported were 3DOM carbon monoliths with
highly interconnected, uniform macropores (Figure 5a).[21:22:40-43]
All-solid-state ISEs with 3DOM carbon solid contacts exhibited
the required Nernstian response and provided several advantages
over earlier developed ISEs with conductive polymers as the solid
contact. These advantages included less drift in the potential over
time, which would necessitate fewer calibrations (potential drift:
12 uV h! over 70 h), less sensitivity to oxygen or carbon diox-
ide interferences, and a reduced tendency for water layer for-
mation (which would contribute to drift). 3DOM carbon is pre-
pared by infiltrating a fluid carbon precursor into a polymeric
colloidal crystal template, polymerizing the precursor through-
out the template, and then carbonizing it.[?2##71 As the tem-
plate is removed during thermal processing, a pore structure is
produced that replicates the geometry of the original template.
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With a template consisting of uniform spheres, close packed in a
face-centered cubic pattern, a bicontinuous structure is obtained,
consisting of an electrically conducting carbon phase (e.g., 0.34
S cm™1)[22 and a continuous pore space with spheroidal macrop-
ores that are interconnected in three dimensions through circu-
lar windows at those points where the original template spheres
touched each other. This structure has a highly textured surface,
contains a relatively large internal surface area, and can be fully
penetrated by the ISM, including the membrane polymer, plasti-
cizer, ionophore, and ionic sites (Figure 5b).[2!l The pore texture
can make the surface of 3DOM carbon particles superhydropho-
bic through Wenzel or Cassie effects,*8] which helps to exclude
a detrimental water layer. As an alternative method, interference
lithography has been used to prepare similar structures.[*!

A variety of precursors can be employed to form 3DOM car-
bon, resulting in macropore walls composed of glassy carbon,
graphite, or even diamond.***] In the context of ISEs, so far
only resol-based precursors (phenol-formaldehyde, resorcinol-
formaldehyde) have been employed for 3DOM C solid contacts,
or in the case of lithography, a negative resist was used as a pre-
cursor. The resol precursors form a glassy carbon structure that
also includes some oxygen in the form of ketone or phenolic
groups. Depending on synthesis details, BET surface areas in the
range from 140 to 340 m? g~! have been reported for 3DOM car-
bon with a size of the templated pores of 300 nm, but about
2/3 of that area is due to micropores with diameters less than
2 nm (the theoretical specific surface area of 300-nm close-packed
voids in a glassy carbon matrix with smooth walls would be ~36
m? g!). Through treatment with oxidizing acids, additional lac-
tone, lactol, and carboxylic acid groups can be introduced, a pro-
cess that further increases the pore volume and BET surface area
of the carbon and also raises its capacitance significantly. How-
ever, for use in solid-contact ISEs, this procedure is not desirable.
Instead, the oxygen content should be minimized to avoid spu-
rious redox-active groups and to maintain high hydrophobicity
to prevent water layer formation.[?!l This can be achieved by in-
creasing the carbonization temperature (900 °C was used in ISE
studies). Much higher pyrolysis temperatures can be used to in-
crease the degree of graphitization. Additional reduction of the
porous carbon in a hydrogen atmosphere can further reduce the
oxygen content. Besides redox-active groups, edge defects in the
carbon structure may decrease the potential stability, as observed
for lithographically prepared pyrolyzed carbon with 3DOM struc-
ture, which was converted to a more graphenic phase by coat-
ing with nickel, thermal annealing, and removal of nickel by
etching.[*’! (Residual nickel may also have contributed to the de-
crease in stability.)

It is notable that even with its large pore size and associ-
ated windows between pores close to 100 nm in diameter, some
segregation of plasticizer and PVC was noted for 3DOM car-
bon solid contacts: the PVC content of the ISM material in the
macropores was approximately one third lower than that in the
bulk ISM.[2!] This is likely due to the smaller diffusion coeffi-
cient of the polymer as compared to the plasticizer, although
different surface interactions between ISM components and the
carbon walls should also be considered as possible contribut-
ing factors. Viscosity also limits the extent of macropore infiltra-
tion: filling fractions ranged from 25% with 66 wt% plasticizer
to 9% with 33 wt% plasticizer. While ISEs with these different
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Figure 5. Electron microscopy images of various porous, nanostructured carbon materials used as solid contacts for ISEs. a) SEM image of 3DOM
carbon. b) SEM image of 3DOM carbon infiltrated with sensing membrane materials consisting of PVC, plasticizer, ionophore, and ionic sites. Reprinted
with permission.[21] Copyright 2010, American Chemical Society. c) SEM image of CIM carbon. Reprinted with permission.[>2] Copyright 2023, American
Chemical Society. d) TEM image of CIM carbon. Reprinted with permission.[>3] Copyright 2014, American Chemical Society. e) High-resolution SEM and
f) TEM images of ordered mesoporous carbon spheres. Reprinted with permission.[>*! Copyright 2010, Wiley-VCH.

polymer:plasticizer ratios exhibited Nernstian responses, in the
case of 3DOM carbon based Ag-ISEs, detection limits could be
lowered by increasing the PVC:plasticizer ratio,*") which lowers
ion fluxes.[>051

2.4. CIM Carbon

The pore sizes in 3DOM carbon solid contacts investigated so
far have been about 300 nm or higher.?”#! Because the spe-
cific surface area of porous carbon materials scales inversely with
pore size, one can expect an increase in achievable capacitance
and drift stability by decreasing the pore size. The next itera-
tion among carbon solid contacts with designed porosity, there-
fore, involved templating with smaller colloids to produce three-
dimensionally ordered mesoporous (3DOm) carbon with peri-
odic pore structurel®! or CIM carbon with uniformly sized, but
less periodic spheroidal pores (Figure 5c,d).[*5¢-°1 CIM carbon
was first described by Jaroniec et al.,[®1-%3] who used it for sorption
and chromatography applications.!%%] It was later also employed
as an electrocatalyst support in proton exchange membrane fuel
cells or for formic acid oxidation.[°¢-%8! Stein and Bithlmann intro-
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duced CIM carbon as a highly effective solid contact for ISEs!>*]

and reference electrodesl®*%°! and demonstrated record potential
stability for K*-ISEs with this solid contact at that time. CIM
carbon can be applied to the electron-conducting substrate by
coating the substrate with a carbon-binder dispersion through
dropcasting®*°¢7% or by attaching a preformed, roller-pressed
carbon-binder film to the substrate.[! For the synthesis of CIM
carbon, colloidal silica is the template of choice, because it can
be produced more monodisperse in the size range below 100 nm
than polymer spheres. In fact, commercial colloidal silica that
is produced on a large scale (e.g., Ludox silica) is suitable for
the preparation of CIM carbon. For example, Ludox AS-40 was
used for CIM carbon solid contacts reported so far and produces
~24-26 nm mesopores. Other colloidal silica templates are avail-
able in various sizes to achieve mesopore sizes between about
10 and 50 nm. For an ideal colloid-templated carbon structure
with close-packed spherical pores, the theoretical specific surface
area can be increased from 36 m? g=! for 300 nm pores, to 430
m? g~! for 25 nm pores, and to 1075 m? g=! for 10 nm pores.
Actual specific surface areas may be higher due to additional
microporosity introduced during the carbonization process. If
pores are reduced to even smaller sizes, one needs to take into
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consideration accessibility of the ionophore, ionic sites, and ma-
trix into the pores. Small mesopores and micropores may exclude
the ionophore and hydrophobic ionic sites through size or trans-
port effects, thus reducing achievable capacitance in the electri-
cal double layer. In addition, one must consider the possibility of
mesopores sequestering components of the membrane during
preparation as a result of capillary forces or strong physical or
chemical interactions between the carbon surface and the compo-
nent. For example, in the fabrication of silicone-based reference
electrode membranes supported on CIM carbon solid contacts,
rapid depletion of the ionic liquid from the reference membranes
was observed.[®?! This was explained by quick penetration of the
solution of membrane precursors into the CIM carbon pores, fol-
lowed by replacement of solvent molecules in the pores with ionic
liquid from the overlying reference membrane, driven by evapo-
ration of the solvent from the surface of the reference membrane
into the ambient air. The silicone precursors in the curing refer-
ence membrane quickly polymerized to an extent that they could
no longer penetrate the CIM carbon pores. As a result of the de-
pletion of ionic liquid in that membrane, the membrane resis-
tance increased to the point that the device no longer functioned.
To avoid this problem, either an excess of ionic liquid needs to be
added to the membrane solution or the mesopores can be presat-
urated with ionic liquid before adding the remaining membrane
solution. Similar sequestration by a high-surface area carbon can
occur in the case of ionophores that interact strongly with the car-
bon surface, as observed for the K* ionophore BME-44 and CIM
carbon.5?]

A second advantage of CIM carbon over resol-derived 3DOM
carbon concerns the carbon precursor. For CIM carbon, a
mesophase pitch is used, which is a highly polyaromatic mate-
rial with very low oxygen content. In the preparation of CIM car-
bon, some oxygen (4-6 wt%) is introduced during removal of the
silica template by etching with potassium or sodium hydroxide,
introducing ketone, phenol, and carboxylic acid groups that make
the material hydrophilic.l”!] While functionalization of the CIM
carbon with fluorinated groups is one approach to form a hy-
drophobic material,l’?! in the context of solid contacts for sensor
electrodes, a simpler approach is treatment at high temperature
(1500 °C) in an inert gas (N,)I”! or at slightly lower temperature
(900 °C) in a reducing gas (5% H,, 95% N,) to remove most oxy-
gen atoms from the carbon surface (remainder: 0.2-0.4 wt%).13
ISEs using CIM carbon treated by the latter approach did not
form any water layers during sensing in aqueous solutions, and
they exhibited a very small drift of 1.3 uV h™! over 70 h for a
potassium-ISE.I** In contrast to the 3DOM carbon monoliths,
CIM carbon powders are suitable to form inks that can be used
to coat gold or glassy carbon electrodes, as well as paper®®>7] or
polymer (PET) substrates!®®! to form ISEs or reference electrodes.

2.5. Other Mesoporous Carbon Materials

Other porous carbon solid contacts that have been investigated
include ordered mesoporous carbon (3.8-4 nm pores, long-term
drift not reported but short term drift 28 uV s! at 1 nA com-
pared to 1 uV s7! at 1 nA for CIM carbon and 1.6 uV s7! at 1
nA for 3DOM carbon), disordered mesoporous carbon (50 nm
pores, short term drift 29 uV s7! at 1 nA), mesoporous car-
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bon nanospheres templated using block-copolymer surfactants
(Figure 5e,f; ~2.35-3 nm pores; 28 uV h~! over 70 h), and
microporous carbon spheres (<2 nm pores; 14.9 pV h! over
20 h).I7>7>] Multiple potential causes may be responsible for the
poorer performance of these materials. The ordered and disor-
dered mesoporous carbons were obtained from a commercial
source, and the corresponding precursors and processing con-
ditions were not provided.[”’] However, cyclic voltammograms of
the corresponding electrodes in 0.1 M KNO; solution indicated
the presence of redox-active groups in these materials. The mi-
croporous carbon spheres had a very large surface area of over
2000 m? g1, but all the surface was due to micropores, which
may provide only limited access to the K* complex of the vali-
nomycin ionophore.[”>! Furthermore, these carbon spheres were
prepared from dopamine as the precursor and treated with KOH
to introduce micropores. This resulted in a high capacitance,
but from the reported cyclovoltammogram it is apparent that a
large fraction of the capacitance was redox capacitance arising
from heteroatom groups. In the case of the mesoporous carbon
nanospheres, the largest capacitance and close-to-Nernstian re-
sponses were obtained with spheres pyrolyzed at 750 °C, at which
point the oxygen content is still very high.”*l This is likely the key
factor explaining the potential drifts after stepwise increases in
the K* activity, as apparent in the reported potential versus time
curves; such drifts often indicate the presence of a water layer.
Figure 6 illustrates the various shapes of cyclovoltammograms
obtained with carbon solid contacts without or with redox-active
groups present.

Whereas access to a high surface area may be limited in some
solids with very small pores, most of the surface should be ac-
cessible to ion—ionophore complexes, hydrophobic ionic sites,
and other ISM components in the case of nonporous, nanos-
tructured, high-surface area carbon materials. These include
single-walled carbon nanotubes (SWCNTs),l””%% multi-walled
carbon nanotubes (MWCNTSs),81%°l nanohorns (bud-like struc-
tures derived from SWCNTs),[®Y buckyballs,[*>4 and certain
types of carbon black.I”>=7] Certain MWCNTs with thin walls can
also contain internal porosity, although infiltration of ionophore
molecules may be diffusion-limited in relatively long (microme-
ter length) but narrow (e.g., 40 nm) channels.[%!

2.6. Carbon Nanotubes

Carbon nanotubes exhibit several features that are desirable for
solid contacts. Unless they are specifically functionalized with
polar functional groups, they are very hydrophobic and not sus-
ceptible to redox reactions at the interfaces to the ISM and at
the supporting electronic contact. This helps avoid water layer
formation and spurious side reactions. Like the other forms of
carbon investigated as solid contacts, carbon nanotubes are not
sensitive to light.”¥) However, certain types of SWCNTs (zigzag
SWCNTs) have small bandgaps!® and absorb in the near IR
region, 1% so that a temperature-dependent response may be ex-
pected. Although CNTs can form bundles, they tend to form a rel-
atively open, well-interconnected network structure that should
be easily penetrated by ISM components (Figure 7a,b). Depend-
ing on their conformation, carbon nanotubes are either metal-
lic or semiconducting along the tubular axis. The relatively high
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Figure 6. Determination of capacitance with cyclic voltammetry. A) For a voltage-independent capacitance, the ideal CV at low scan rates shows a
rectangular shape with voltage-independent currents in both the forward and backward scans. C = |i. — i,|/(2v), where v is the scan rate and |i. —
iy| is the difference between the currents in the forward and backward scan. Too high a scan rate results in characteristic curvatures of the i versus
V curve following each change of scan direction. B) Simultaneous increases or decreases of |i.| and [i,| as the potential changes are indicative of a
voltage-dependent capacitance. C) Large currents, seen here at positive potentials, result from redox reactions of dissolved species, such as solvent,
electrolyte, or oxygen. D) Same electrode as for Panel C, but with a shift to a potential window in which there is much less redox activity, restoring the
rectangular shape of the CV. E) Current peaks indicative of redox reactions of surface-confined species. Adapted with permission.[¢] Copyright 2012,

American Chemical Society. F) Relatively high cell resistance, R, resulting in ohmic voltage drop (Vohmic =i Reell) @nd, therefore, a rhomboid shape of

the otherwise mostly capacitive CV.

surface—volume ratios of carbon nanotubes result in large
double-layer capacitance. However, surface areas of carbon nan-
otubes can vary widely. Whereas the theoretical specific sur-
face area for isolated, closed SWCNTs is 1315 m? g7, it is
lower in bundles (600 m? g=!) and more typically ~400 m?
g L% In the case of MWCNTs, the surface area depends
on the diameter of the CNTs, but is typically a few hundred
m? gL
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The first report of SWCNTS as solid contacts for ISEs was by
Crespo, Macho, and Rius.l””] Spray coating the SWCNTs onto a
non-conducting PVC substrate resulted in a 25 pm thick film
that was electrically contacted with a metal clamp. A potassium-
ISE incorporating this solid contact exhibited Nernstian behav-
ior with a dynamic range over four orders of concentration, good
selectivity and detection limits, and response times <10 s. Elec-
trochemical impedance spectroscopy (EIS) spectra of SWCNT
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Figure 7. Electron microscopy images of mainly nonporous carbon solid contact materials. a) Environmental SEM image of a carbon nanotube trans-
ducer layer. Reprinted with permission.l””] Copyright 2008, American Chemical Society. b) TEM image of a PVC-DOS thin film (100 nm thick) contain-
ing 0.5 wt% MWNCTs with 5 wt% surfactant F127. Reprinted with permission.['92] Copyright 2010, Elsevier. c) SEM image of a Vulcan XC-72 carbon
black layer. Reprinted with permission.[®*] Copyright 2013, American Chemical Society. d) TEM image of non-graphitized carbon black. Reprinted with
permission.!26] Copyright 2006, Elsevier. ¢) SEM image of exfoliated graphene sheets. f) High-resolution TEM image of an exfoliated graphene sheet.
The inset is the Fourier-filtered high-resolution TEM image. Reprinted with permission.['%] Copyright 2020, Elsevier.

layers on glassy carbon disk electrodes in contact with an aque-
ous electrolyte solution showed a large electronic capacitance
(~0.5-5 mF, depending on film thickness and electrolyte), and
large diffusional pseudocapacitance related to ion diffusion in
electrolyte-filled pores in the SWCNT layer (~2—-4 mF)."®] De-
tailed characterization of the transduction mechanism in all-
solid-state ISEs with PVC membranes and functionalized MWC-
NTs by synchrotron radiation X-ray photoelectron spectroscopy
combined with vibrational spectroscopy confirmed that ion-to-
electron transduction is purely capacitive at the ISM/carbon solid
contact/metallic conductor interfaces, and no ion transfer was
observed.[®?] Increasing the number of deposited CNT solid con-
tact layers results in linearly increased capacitance.'* Increas-
ing the thickness of the CNT film also helps to avoid unde-
sired aqueous layer formation between the ISM and the under-
lying metal-contact, which can improve response parameters of
the electrode (reduced response time for ion detection, reduced
potential drift, improved electrode-to-electrode reproducibility,
wider linear response range).[®¢! This may be explained at least
partially by the mechanical resistance of the carbon nanotubes
to be pushed away from the underlying electron conductor by an
emerging water layer. Carbon nanotube inks also permit the con-
struction of flexible sensors, for example, using filter paper,!'*]
rubber,!®) or cotton yarns as substrates.['%] More recently, func-
tionalized MWCNTs have been incorporated as solid contacts in
microneedle-based K*-ISEs and reference electrodes.[8¢:107:108]
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While carbon nanotube inks are relatively convenient to use
as solid contacts in the fabrication of ISEs, both short-term and
longer-term potential drifts observed for CNT-based solid con-
tact electrodes for various ions have exceeded those of meso- and
macroporous templated carbon materials. Although the cause of
this has not been systematically investigated, a comparison of
theoretical specific surface areas of spherical voids in a solid (CIM
carbon), solid spheres (carbon black), and solid cylinders (CNTs)
with identical diameters follows the order spherical voids > solid
spheres > cylinders. For diameters of 50 nm, for example, the
specific surface areas would be 215, 80, and 53 m? g~!, respec-
tively. This would then translate to the order of the double-layer
capacitance, so that on this criterion alone, one would expect nan-
otubes to have the highest drift value. In line with this argument
is the observation that carbon black particles with 50 nm diame-
ter have reported long-term drifts between 10 and 18 pV h! for
NO,~ and K* measurements, respectively, in between those ob-
served for CIM carbon and CNTs. A limitation of CNTs could
Dbe the presence of impurities, such as the metal catalysts incor-
porated in CNTs during their synthesis or functional groups at
open ends of the tubes.['®] Notably, CNTs are known to readily
form bundles, which are difficult to disperse and might be ex-
pected to reduce a device’s capacitance. However, the specific ca-
pacitance of SWCNT-coated gold electrodes in NPOE solutions
of a range of electrolytes was found to be of 25 to 41 F per
gram of carbon.l'%! This rather high value suggests that CNT
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aggregation does not have to be a major limitation of CNT solid
contacts.

2.7. C, Fullerenes

Buckyballs (Cg, fullerene structures) have also been considered
in the context of ISEs. Pure fullerenes are not electrically conduc-
tive but become conductive after doping with alkali metals.['!!]
They are redox-active and act as effective acceptors for multiple
electrons that can in turn be oxidized electrochemically.** C,
molecules covalently attached to a gold substrate were first used
in ISEs at the turn of the century, when they were intended as
redox-active solid contacts. Drifts observed with these ISEs were
relatively small when polymer matrixes were used that did not
cause formation of a water layer, but as with much of the work in
those days, long-term drifts were not quantified under the well-
controlled experimental conditions expected of high-quality work
at the present time (see Section 4).°2%] Later, a K*-selective elec-
trode with a Cg, solid-contact!® and porous Cy, microcrystals in
Pb?*+-ISEs were reported.['!2] However, the capacitance values of
these solid contacts were comparatively low, and potential sta-
bility was unremarkable, mainly because the C,, molecules are
highly aggregated in the microcrystals that were used, so that
the effective specific surface areas were significantly lower than
one would expect for isolated buckyballs. Even in the case of Cg,
microcrystals with observable macropores, the nitrogen sorption
isotherms were of type II1,13] typical for macroporous materi-
als with no identifiable monolayer formation of the adsorbate;
they did not show the rise at low relative pressure associated
with micropores or the step at intermediate pressures typical for
mesoporous materials, so that the effective surface area remained
small.(114

2.8. Carbon Black

Carbon black, a carbon material produced industrially on a large
scale as a pigment, reinforcing phase, and conducting additive,
is made by decomposing liquid or gaseous hydrocarbons at ele-
vated temperature under a reduced pressure of oxygen. Primary
particles consisting of several graphene-like layers combine to
form aggregates of various shapes in the size range between 5
and several 100 nm (Figure 7c,d).1*} For example, Vulcan XC-72
carbon black consists of particles with an average size of 50 nm.
Aggregation of these particles creates textural mesopores with
an average diameter of 19 nm between the particles (BET area:
232 m? g71)[13] that are readily penetrated by the ISM compo-
nents. Among carbon materials without designed porosity, car-
bon black-based solid contacts have resulted in the lowest po-
tential drifts observed so far (9.7 uV h™! over 172 h for a NO,~
sensor),[®>%’] possibly because they can pack more densely than
carbon nanotubes while still maintaining pores between parti-
cles. Decorating the carbon black with Pt nanoparticles enhanced
the electrochemical surface area even further and reduced the
long-term drift to 8.2 uV h™! for a K* sensor and to 6.3 pV h~!
for a NO,~ sensor over a 172 h period.[”! The drift was slightly
higher for a K*-sensor relying on a different type of carbon black
(Printex XE-2, 9-15 uV h™' over 72 h), even though the average
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primary particle size is smaller for Printex XE-2 (30 nm), and its
BET surface area significantly higher (910 m? g~!).1%”] Mixing car-
bon black with C,/C,, did not have any beneficial effects on po-
tential drift,!°! however, adding a fluorinated acrylic copolymer
to the carbon black solid contact layer enhanced the hydropho-
bic character of this layer, helped prevent water layer formation,
and resulted in outstanding long-term potential stability of <1
uV h=! over 50 h for a K+-ISE.['') A concern in regard to car-
bon black is that little is known in the open literature about the
surface chemistry of commercially available versions of carbon
black.

2.9. Graphene

Graphene, the building block of all of the carbon materials of in-
terest for ISEs, but most clearly that of graphite, may appear to be
another obvious choice for solid contacts (Figure 7e,f).[103117-125]
As a 2D semimetal, itis an excellent conductor of electricity along
its plane and has a very high theoretical specific surface area
of 2630 m? g~!. However, when deposited on a substrate, these
sheets tend to form multiple layers, resulting in lower accessible
surface areas. Such aggregation can be minimized by forming a
reduced graphene oxide (RGO) 3D hydrogel instead, which can
be prepared by mixing a graphene oxide dispersion with ethylene-
diamine and reducing it hydrothermally to form a monolithic
porous product (experimental specific surface area 247 m? g™,
which is approximately one-tenth of the maximum theoretical
value).!23] Unfortunately, because of remaining oxygen groups,
the product displayed redox activity in addition to double layer ca-
pacitance, and a K*-ISE prepared with this solid contact showed
sub-Nernstian response.

The purity of graphene is highly dependent on its preparation.
A common process, chemical or thermal reduction of graphene
oxide to form RGO, introduces many defects into the structure,
a significant number of redox-active oxygen groups may still be
present, and nitrogen groups can be introduced by some reduc-
ing agents.[?%] For example, after chemical reduction of graphene
oxide with hydrazine, a C/O atomic ratio of 9 and a C/N ratio of
22 were achieved.'?”] These heteroatom groups can result in in-
stability of the electrode potential. The presence of acidic func-
tional groups, such as —COOH groups, may be responsible for
a small response to CO, that was noted for a K*-ISE employing
hydrazine-reduced graphene oxide as the solid contact.['®] A rel-
atively large drift was observed even with high-quality graphene
solid contacts, which were prepared by chemical exfoliation of
intercalated graphite and which were more conductive and hy-
drophobic than RGO.[122] Oxygen groups can be avoided by us-
ing shear exfoliation in a fluid-dynamic reactor to produce few-
layer graphene sheets from graphite powder.['] However, even
in this case, the long-term drift of ISEs prepared with this solid
contact material was large (740 pV h=! over 15 h). In contrast,
excellent potential drift values of 1.8 uV h™! (K*, 27 h) and 8.8
uV h=! (NO,;~, 27 h) were obtained using aminoethanethiol-
functionalized RGO solid contacts that were covalently linked
with gold electrodes.['>*! The process of covalently linking the
RGO particles to the electrode surface also enhanced the me-
chanical lifetime of the sensor under continuous flow conditions
compared to non-anchored RGO.
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Figure 8. Schematic diagrams of K*—valinomycin double-layer cross-sections in various nanostructured carbon substrates. a) The double layer around
a 50 nm carbon nanosphere. b) The double layer of a 50 nm carbon nanosphere with 3 nm mesopores. The ionophore complexes may enter the pores,
but pore blockage is possible. c) The double layer of a 50 nm carbon nanosphere with 1.8 nm micropores. Pores are not accessible to the ionophore
complexes and only the external surface contributes to the double layer. d) The double layer within CIM carbon with 25 nm mesopore size. All of the
surface is accessible. e) The double layer around carbon nanotubes with 0.5, 1, and 2 nm diameters. The available space for ionophore complexes is
limited for the smaller diameters. The blue circles correspond to the K*—valinomycin complexes with a diameter of 1.9 nm. The black regions correspond
to the carbon phase. For clarity, negative charges in the carbon phase are shown only in (a). Within each panel, the ionophore and carbon structures are

shown to scale.

3. Considerations for Choosing a Carbon-Based
Solid-Contact Material

3.1. Surface Accessibility

Given the progress we have seen in all-solid-state ISEs that use
carbon-based solid contacts as ion-to-electron transducers, how
do we choose the best material for a specific application? In
terms of sensor performance, it is not straightforward to com-
pare all of the above systems directly, because potential drift
depends on multiple parameters that are not kept constant in
the literature. Even the double layer capacitance itself is influ-
enced by multiple parameters. Importantly, the capacitance of
a carbon in contact with an ISM differs from the capacitance
of the bare carbon in an electrolyte solution of water or an
organic solvent.['%] Factors that affect the capacitance include
the polarity of the electrolyte-containing medium, the phase
boundary potential at the interface to the carbon, the concentra-
tion and type of electrolytes, the pore architecture of the solid
contact, the accumulation of ions at the carbon/ISM interface,
and the spatial distribution of ions in the ISM.['1 Besides in-
terfacial energy, the local curvature affects the ion concentra-
tion at the interface, so that capacitance can be different for
spherical particles (carbon nanospheres/microspheres) versus
spherical pores (CIM or 3DOM C) or cylindrical rods (CNTs)
versus cylindrical pores (mesoporous carbon), even for iden-
tical radii.l'?! The sizes of the ionophore complexes and hy-
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drophobic ionic sites are often ignored when researchers se-
lect the highest surface area material. Accessibility of the ions
in the ISM to the surface of nanoporous materials depends on
pore size distributions, window openings, and pore intercon-
nectivity. Although subnanometer pores in capacitor electrodes
may contribute to anomalous capacitance,?*13% in ISE appli-
cations, tetraphenylborate derivatives and tetraalkylammonium
ions used as hydrophobic ionic sites as well as many ionophore
complexes (such as valinomycin-K*) may not be able to enter
such small pores. Thus, whether small micropores should be
considered irrelevant for improving ISE stability or not depends
on the sizes of the ions in the ISM. In the case of microp-
ores or small mesopores, small electrolyte ions may enter the
pores when capacitance is measured without any membrane or
ionophore; however, the ionophore or other components of the
polymeric ISM may be selectively excluded.l"'%13!] For these rea-
sons, the sizes of relevant ISM components and pore sizes should
be compared when designing solid-contact ISEs (Figure 8).
Table 1 lists typical dimensions of ISM components. These di-
mensions refer to non-hydrated species, given that the ISMs are
typically hydrophobic and designed to keep out water molecules.
Under conditions where ions are solvated, the sizes of the sol-
vated species should be considered. Pore size distributions can
be controlled through the templating methods discussed above
and can be determined from nitrogen gas sorption isotherms (see
Figure 9). At this point, a systematic investigation of small meso-
pore size effects on ionophore incorporation and its influence on
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Figure 9. Representative nitrogen sorption isotherms of various carbon materials, illustrating the various types of isotherms that can be observed. A)
This type | adsorption isotherm for activated carbon fibers (average pore size 1.9 nm) shows the steep rise at low relative pressure associated with
micropores. Typically, no hysteresis is observed during desorption. Plotted using data from ref. [132]. B) Deconvolution of the isotherm of multiwalled
carbon nanotubes with average pore widths of 4 nm, outer diameters of 10 nm, and lengths in the range of 10-100 nm. Shown are the type Il isotherm for
adsorption on the external nanotube surface, typical for nonporous sorbents, and the type IV(b) isotherm for adsorption to the inner nanotube surface,
without hysteresis, typical for sorbents with mesopore diameters of 4 nm or less. Reprinted with permission.!'33] Copyright 1998, American Chemical
Society. C) Type Il adsorption isotherm of macroporous Cg crystals, which does not show any knee at low relative pressure. This shape is typical
for nonporous or macroporous solids with relatively weak adsorbent—adsorbate interactions. Adapted with permission.['1#] Copyright 2013, American
Chemical Society. D) Type 1V(a) isotherm of CIM carbon, showing hysteresis between the adsorption and desorption processes, typical for mesoporous
sorbents with pores wider than 4 nm. The rise at high relative pressure is due to the presence of textural mesopores between separate CIM carbon

particles.

potential drift, using materials with similar, optimized composi-
tion is still needed, although situations such as the ones depicted
in Figures 8b,d are likely to produce the highest specific capaci-
tance values for carbon solid contacts.

Even when pores are accessible, pore order matters, and such
order can be achieved using the templating methods described
in Section 2 to prepare ordered mesoporous or macroporous
carbon materials. In the context of supercapacitor applications,
it has been concluded on the basis of molecular simulations,
that carbon materials with a more ordered structure and a well-
defined pore size have much higher capacitance than carbon with
a disordered pore structure and a broader pore size distribution,
even when both materials have the same average pore size.['¢]
In the ordered carbon pore structure, adsorbed ions are present
in larger quantities and are more confined with more effective
charge separation between anions and cations of an ionic liquid
electrolyte. Disordered carbon structures contain more inacces-
sible sites. Among materials with low curvature (macropores and
large mesopores) and high curvature (smaller mesopores, large
micropores), the latter would be expected to have higher capac-
itance as they promote the separation of positive and negative
ions.[13% In addition, if the ionophore—target ion complex has a

Adv. Mater. 2024, 36, 2309778

2309778 (13 of 22)

size that differs significantly from that of the counterion, the ca-
pacitance may depend on the current direction.l''% The larger ion
present in the double layer would limit the capacitance. For solid
contacts with very high surface areas that are accessible to the
ionophore complexes and ionic sites, the amount of ionophore or
ionic site present in the ISM may become the limiting reagent,
especially for thin membranes after extended use and significant
charge-up of the interface.

In the case of CNTs, even though the external surface is ac-
cessible to ISM components, the number of ionophores or ionic
sites that can assemble in the double layer is limited for large
species around small diameter CNTs, as schematically illustrated
in Figure 8e. This may limit the double-layer capacity and, in
turn, the ability of the solid contact to mitigate potential drift.

3.2. Carbon Composition
In the choice of carbon for a solid contact, the material compo-
sition should also be considered. If special commercial carbon

inks are used, the detailed composition and carbon morphology
are not always known to the end user. Any heteroatoms present
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Table 1. Critical dimensions of pores in solid contacts and components of
typical ion-selective membranes.

Component Diameter or longest
dimension [nm]

Macropores >50%)

Mesopores 2-50%)

Micropores <2?)

PVC (100 kg mol~") 10)

Dioctyl sebacate (DOS) plasticizer 1.79, 2.6%9)

o-Nitrophenyl octyl ether (0NPOE) plasticizer 1.39, 1.79)

Valinomycin as K* complex (K* ionophore) 1.9¢)

o-Xylylenebis (N, N-diisobutyldithiocarbamate) (Ag* 1.67
ionophore)

Tridodecylamine (H* ionophore) 1.99,2.79

Tetrakis (pentafluorophenyl)borate (ionic site) 1.08), 1.39)

) JUPAC definition;"13] Y Estimated from radius of gyration; 9 Estimated by cal-
culating the volume per molecule from molecular weight and density, and as-
suming a spherical shape to calculate the diameter of that sphere; "~ Estimated
using structure optimized by CrystalMaker; ) Diameter of cross-section from
published crystal structure;!'34] )Estimated using structure optimized by Crys-
talMaker for the uncomplexed molecule; ® Diameter from published DFT
calculations.[3%]

(oxygen, nitrogen) are prone to make the carbon more hy-
drophilic and more likely to support a water layer. When used
in aqueous environments or in oxygen-containing atmospheres,
most carbon surfaces can react with water or oxygen,?3] so that
additional oxygen-containing functional groups may potentially
be introduced during the use of the sensor, which could result in
additional drift.

While the determination of specific functional groups in car-
bon materials is not always straightforward, several methods ex-
ist to determine heteroatom content in the bulk, external sur-
face, and, for porous carbons, internal surface of carbonaceous
samples.’”] Bulk elemental composition is commonly deter-
mined by a combustion analysis (the Pregl-Dumas method) for
carbon, hydrogen, nitrogen, and sulfur, and, by difference, oxy-
gen. Other bulk characterization methods that have been em-
ployed include high-resolution solid-state *C NMR, Fourier-
transform IR, and Raman spectroscopy. With a focus on the
outermost surface layers, X-ray photoelectron spectroscopy can
provide information about the presence and amount of nitro-
gen and oxygen functional groups in carbon materials used
for solid contacts. For accessible internal surfaces, characteriza-
tion by chemical titration distinguishes between various oxygen-
containing groups, including ketones, phenols, lactones, lac-
tol, carboxylic acids, and carboxylic anhydrides. This can be
supplemented by information from cyclic voltammetry (CV),
which can differentiate between different surface oxygen groups.
Oxygen-containing functional groups that decompose at specific
temperatures to form gas-phase products may be analyzed by
temperature-programmed desorption and nitrogen groups by
temperature-programmed reduction. Finally, contact-angle mea-
surements are used to evaluate surface polarity of solid contacts,
which provides information about their tendency to form or avoid
water layers. More details about these methods are provided in
ref. [137] and citations listed therein.
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3.3. Comparison of Carbon-Based Solid Contacts

Table 2 is a compilation of performance data and experimental
conditions for K*-ISEs that use different types of carbon as solid
contacts. (An Excel file with a more extended table is available
as Table S1, Supporting Information.) In spite of variations in
experimental parameters (substrate, ISM matrix, electrode con-
ditioning, potentiometers used, temperature control), some gen-
eral conclusions about trends in potential stability can be drawn
from these data. Drift is typically reported by one of two meth-
ods: either as the long-term drift, that is, the change in measured
potential over time when the electrode is immersed in a solution
of defined concentration (uV h=! over a certain period of time);
or as short-term drift when a small current is applied (typically
1 nA) in chronopotentiometric experiments (uV s™!) (Figure 10).
While the second approach involves a short experiment of a few
minutes duration, the data in Table S1, Supporting Information
show that this is not a reliable predictor for long-term stability.
As an example, a K*-ISE using high-quality, few-layer graphene
as the solid contact produced one of the smallest reported short-
term drift values (0.79 uV s7! at 1 nA) but had one of the largest
long-term drifts (740 pV h™' over 15 h).[1%) On the other hand, a
K*-ISE with CIM carbon as the solid contact exhibited the small-
est long-term drift reported so far (1.3 pV h™! over 70 h), while
it had a similarly small short-term drift (1.0 pV s™! at 1 nA).l>?]
This shows that the capacitance of the ISM—carbon interface is
not the only relevant criterion. As discussed in this review, other
important factors include the prevention of water layer formation
and the stability of the ISM. While chronopotentiometrically de-
termined capacitances provide very valuable information on the
nature of the ISM—solid contact interface, for practical drift eval-
uations, the long-term drift is more suitable.

Measurements to determine potential drift over periods of sev-
eral days or weeks should be made with good temperature con-
trol, such as by placing the entire electrochemical cell into a
temperature-controlled chamber. It also requires that freshly pre-
pared sensors be conditioned prior to such measurements by im-
mersion into a solution containing the target ion, which leads to
the uptake of water into the sensing membrane. If the sensing
membrane has been prepared to contain a hydrophobic ionic site
with a hydrophilic counter ion other than the target ion, condi-
tioning also results in ion exchange, that is, target ions enter the
sensing membrane, while those counter ions of the ionic sites
transfer into the conditioning solution. When the cell potential
is measured during conditioning, a large potential drift is typi-
cally observed early on, followed by gradual potential stabiliza-
tion as the conditioning solution and the membrane reach equi-
librium. As the potential drift associated with conditioning be-
comes smaller and smaller, it reaches a magnitude similar to the
low-level long-term drift of the sensor, making it typically difficult
to judge by potential measurements alone when the conditioning
process is fully completed.

Proper attention must also be given to the reference electrode,
as every experimentally observed potential drift is the sum of
the drift contributions from the ISE and the reference electrode.
Without careful usage, many commercial reference electrodes
exhibit worse drifts than highly optimized solid-contact ISEs.
For sample solutions that contain chloride at a constant con-
centration, very good results can be obtained with a AgCl-coated
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Figure 10. Determination of capacitance with chronopotentiometry, shown here for a gold electrode coated with CIM carbon immersed in acetonitrile
comprising 0.1 M tetrabutylammonium perchlorate. A) Ideal experiment: The potential rises and falls linearly with time for positive and negative currents,
respectively, and C =i dt/dV. The potential drops instantaneously by 2 i R when the direction of the current is switched, where R is the cell resistance. B)
Interpretation of chronopotentiograms is complicated by nonlinear dependence of potential on time, which may be caused by formation of concentration
gradients, redox reactions, or potential dependence of the capacitance. Note that the chronopotentiogram shown in (A) was measured with the same
electrode as (B), but with a shorter application of a smaller current (0.05 mA versus 0.1 mA), avoiding the potential from rising above 0.3 V versus

Ag*[Ag.

silver wire directly immersed into the sample, avoiding the com-
plications associated with a liquid-liquid junction to the refer-
ence electrode. In cases where that is not possible, a free-flowing
double-junction!!*®! or a capillary-based reference electrodel 3% is
recommended. While it is never possible to separate drift contri-
butions from sensing and reference electrodes, the use of a multi-
channel potentiometer and measurement of the potentials of one
reference electrode and the sensing electrodes of interest versus
an identically prepared reference electrode are very insightful be-
cause the potential of one reference electrode versus the other
reference electrode gives some sense of the stability of the refer-
ence electrode potential. Evaporation of water from the sample
should be avoided to prevent an increase in the sample concen-
tration. The input impedance of the potentiometer used should
be reported. For further considerations regarding the implemen-
tation of such experiments, see ref. [8]

Among the porous carbon solid contacts in ISEs with PVC-
based ISMs, the lowest long-term drift was obtained for CIM car-
bon with uniform, 24-nm diameter pores (1.3 uV h~! over 70 h)
on the surface of a gold electrode.*®] This excellent behavior may
be due to a combination of multiple factors: 1) the high pack-
ing density of the pores that are fully interconnected in three
dimensions and allow penetration of the ionophore as well as
polymer and plasticizer; 2) the pore size, which may be close to
a sweet spot for maximum infiltration with ionophore so that a
high ionophore concentration in the electric double layer may be
achieved; 3) the low heteroatom content in the CIM carbon that
was used, which ensures hydrophobic behavior and prevents wa-
ter layer formation. If one were to assume that the solid contact
is the limiting factor for potential stability, further improvements
might be achieved by reducing the template size slightly, perhaps
to a value between 5 and 10 nm, to increase the electric double
layer density while still permitting access of ionophore complexes
and ionic sites into the pores. It should be noted though that
the drift value increased dramatically (to 230 uV h™' over 8.5 h)
with a polyacrylate membrane on a PET substrate.[®] This is a
reminder that drift is not only controlled by the solid contact, but
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that other factors also influence signal stability. For this reason,
the most meaningful comparisons are those among systems us-
ing the same or similar ISM composition, which we will do here
with the existing data using the PVC-based systems.

With larger pores (3DOM carbon, 12 uV h=1)[22] or with micro-
or small mesoporous carbon spheres (15-28 pV h7!),[7#73] the
long-term drift is about one order of magnitude larger than for
CIM carbon with PVC-based ISMs, even though the latter have
higher specific surface areas than CIM carbon. This difference
likely results from differences in accessibility of the ionophore
complexes and ionic sites to the carbon surface. Whereas in CIM
carbon, the whole surface is accessible, ionophore complexes and
ionic sites may be blocked from accessing micropores and small
mesopores, so that mainly the external surface of the spheres or
the idealized, smooth surface of the macropore walls in 3DOM
carbon is relevant.

Among nonporous carbon particles, carbon black with par-
ticle sizes of 50 nm or lower has provided some of the best
long-term stability, similar to that of 3DOM carbon, especially
if the carbon was decorated with platinum nanoparticles (6
18 uV h™1).1%] With carbon nanotubes and carbon nanohorns
as solid contacts, drift values exceeding 100 uV h~! are typi-
cally seen, although for MWCNTs a value of 19 pV h™! was re-
ported for a Cd?*-ISE.[#8 While the reason for this is not yet
clear, it may be related to limited surface access because of the
bundling of nanotubes or to the other reasons discussed earlier.
In the case of high-quality graphene-based solid contacts, the
drift values are similarly high (several hundred pV h'), likely
due to extensive stacking of the sheets during preparation of
the solid contact films.[19%122] Potential stability improved sig-
nificantly for chemically reduced graphene oxide (10 pV h1);
defects introduced into the graphene sheets during the oxida-
tion and reduction processes would inhibit stacking of sheets
and maintain sufficient void space to build an electric double-
layer of ionophore molecules or counterions on the large RGO
surface.[''! Remarkably, one of the smallest long-term drifts re-
ported was achieved with thiol-functionalized RGO solid contacts
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Figure 11. Advanced devices employing solid contact ISEs or reference electrodes. i-a) Electrodes in a wearable potentiometric ion sensor (WPIS) patch
using MWCNTs as solid contact for on-body electrolyte monitoring in sweat. PU = polyurethane patch. SPE = stretchable potentiometric electrodes.
b) Images of the electrode array, the sampling cell, and the entire wearable device. Reprinted with permission.['0] Copyright 2019, American Chemical
Society. ii) Schematic representation of the fabrication of multichannel paper-based ISEs for simultaneous potentiometric sensing of K*, Na*, Cl~,
and pH. Graphene is used as the solid contact. Reprinted with permission.l'22] Copyright 2019, Elsevier. iii-a) Scheme of screen-printed K*-ISE sensor
using graphene sheets as the solid contact. b) Photograph of the screen-printed sensor array. Reprinted with permission.l'%3] Copyright 2020, Elsevier.
iv) Wearable all-solid-state potentiometric microneedle patch for intradermal potassium detection, using carbon nanotubes as the solid contact. Left:
Schematic of the microneedle patch inserted into skin, penetrating to the dermis level of the skin for detection in the interstitial fluid. Right: Idealized
calibration curve for potassium activity in skin and image of the sensor on a finger. Reprinted with permission.[#] Copyright 2019, American Chemical
Society. v) Schematic of an ISE sensor array, using CIM carbon as the solid contact, supported on a flexible poly(ethylene terephthalate substrate).
Reprinted with permission.[°®] Copyright 2020, American Chemical Society.

(1.75 uV h™! over 27 h), in which covalent attachment of the thiol-  processability of the carbon solid contact become critical factors.
RGO to the gold substrate also prevented mechanical loss under ~ However, it should be kept in mind that for microneedle-based
flow conditions.!124] and other miniaturized sensors, very small quantities of carbon
are needed per sensor (less than mg quantities*), so that the ma-
terial cost per sensor is small, even for more complex carbon sys-

3.4. Other Considerations

For commercial scale manufacturing of all-solid-state ISEs, be-
sides the performance of the electrodes, the cost, availability, and

Adv. Mater. 2024, 36, 2309778
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tems. Hence, consistent quality and purity of the materials may
be most critical for optimal sensor operation. Depending on the
specific requirements for potential drifts in a given application, a
balance may need to be found between performance, practicality
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(ability to form inks, adhesion to substrate), supply chain criteria,
and economics.

The obvious question arises: how much carbon is needed? This
of course depends on the target drift. As an example, if a sensor
for a monovalent ion has to be stable over a period of 2 weeks
with a drift of less than 1.5 mw, the target drift would be 4.5 pv
h=1 if charging of the double-layer capacitance is the only contri-
bution to potential drift. One can use the circuit in Figure 1bas a
guide to estimate the amount of carbon solid contact that would
be required to achieve this value (see Equation (5)). Using CIM
carbon as an example with a specific capacitance of 20 F g™! and
an input impedance of 100 GQ, 0.2 mg CIM carbon would be re-
quired to reach a drift of 4.5 uV h™1, ignoring other factors related
to the ISM. With a potentiometer input impedance of 10 TQ, the
necessary amount would be reduced to 2 ug CIM carbon.

The thickness of the solid contact will affect total capacitance
and hence long-term potential stability. Thicker ISMs require
longer conditioning times but have the advantage that they con-
tain larger total amounts of ionophore and ionic sites, which can
be an advantage when ionophore and ionic sites are not cova-
lently attached to the ISM polymer and the sensor lifetime is de-
termined by leaching of these components into samples.

4. Recommendations for Fabrication,
Characterization, and Testing of Solid-Contact
Electrodes

o If synthesizing carbon materials as electron-conducting solid
contacts, use a precursor with low heteroatom:carbon ratio.
Even when this is done, heteroatoms may be introduced dur-
ing carbon processing (templating, template extraction). Oxy-
gen groups can then be removed to a large extent by thermal
reduction in hydrogen.

e Adhesion of hydrophobic polymeric ISMs to carbon solid con-
tacts benefits from a large interfacial area and penetration of
the ISM into pores within the solid-contact layer. If stronger
adhesion of the polymeric ISM to the carbon solid contact
is required, covalently attach the ISM polymer to the solid
contact.3334

® When using commercial materials, analyze their composition.
For spectroscopic elemental analysis, keep in mind whether
the bulk of the material is analyzed or only the surface (e.g.,
XPS). It is recommended to detect potential redox activity by
CV. Curvature of the potential versus time curve in chronopo-
tentiometry traces may be an indication of redox activity but
can also be the result of the build-up of ion concentration gra-
dients in the ISM upon prolonged flow of the current, or a
change in the differential capacitance as the phase boundary
potential across the ISM—carbon interface is increasing in the
course of the chronopotentiometry experiment.

® If using porous materials as solid contacts, it is important
to know the pore size distribution and relative size of ionic
species in the ISM (including the complexes of electrically neu-
tral ionophores) to understand how much of the pore surface
is accessible.

® To determine capacitance values, keep in mind that the
double-layer capacitance depends on ion size, electrolyte con-
centration, and medium polarity. If membranes with large
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ionophores or ionic sites are used, capacitance values deter-
mined with the carbon material in the absence of ISM, using
more concentrated solutions of much smaller electrolytes in a
more polar solvent, can be misleading.

® While in principle capacitance can be determined by CV, EIS,
and chronopotentiometry, CV and EIS measurements with
fully assembled ISEs are hindered by the high resistance of
the ISM. In the case of chronopotentiometry, one would ex-
pect little change in the capacitance values with or without the
ISM. Helpful recommendations for determining accurate ca-
pacitance values of solid contact materials have recently been
published.[1%4]

® Drifts in the calibration curves can be a sign of water
layers.['3-19] It is important to watch out for such drifts in addi-
tion to carrying out the traditional water layer test. Water layer
tests are often more valuable if performed after rather than be-
fore a long-term measurement.

® When measuring long-term potential drift, minimize effects
arising from cell components other than the solid contact ma-
terial. Control the temperature and make sure that oxygen and
carbon dioxide do not affect the sensor signal. Make sure that
the reference electrode does not contribute substantially to
drift by testing the ISE and reference half cell independently.!®!

5. Recommendations for Reporting

® Given the importance of pore accessibility for the ionophore,
ionic sites, and other ISM components, when reporting gas
sorption data, besides total BET surface areas, micropore and
mesopore surface areas should be reported separately and in-
formation about pore-size distribution should be included.

® Report not only capacitance but also the amount of solid con-
tact material per sensor or specific capacitance. While for a
particular solid-contact ISE drift is affected by its capacitance,
different high surface-area solid contact materials can only be
compared on the basis of capacitance per weight of solid con-
tact material.

® When reporting long-term potential stability and drift, specify
the solutions in which the ISEs were stored between or during
measurements.

® Any ISE comprising a high surface-area solid contact
should be characterized in terms of capacitance, selectivity,
response slope, and limit of detection, preferably with stan-
dard deviations.®]

® When using commercial products such as carbon materials,
polymers, or ionophores, provide as many explicit characteris-
tics as possible. Bear in mind that current versions of supplier
web sites are only available to readers for a limited time, and
commercial products are eventually discontinued or change
characteristics over the years. Include as much pertinent infor-
mation provided by suppliers. For ionophores, provide a chem-
ical name, structure formula, or literature reference and not
only a tradename.

6. Future Needs

In view of minimizing long-term drifts of ISEs, solid contacts
with very high specific capacitances are desirable. However, given
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the finite sizes of the relevant ions in ISMs, there is an ultimate
limit to the maximum specific capacitance of a solid-contact ma-
terial suitable for use in ISEs, a limit that currently available car-
bon materials are getting close to. Consider for example a high-
performing solid contact material with a specific capacitance of
50F g~! (see Table 2). Charging this material up to —1.0 Vwhen in
contact with an ISM with the K* complex as the dominant cation
would require formation of a double layer comprising 0.58 g of
the valinomycin complex per gram of solid contact carbon. Ar-
guably, at such a high charging state, the actual limiting factor is
not capacitance per weight of carbon material but the ratio of the
volume occupied by the ions and the combined volume occupied
by the ions and the carbon. In the example of the valinomycin
complex and 50 F g~! capacitor charged to —1.0 V, this ratio is al-
ready at #37%, and no improvement of any type could raise this
number above the maximum possible value of 100%. The use
of an ever-increasing number of different carbon architectures is
not going to change that.

Therefore, features other than capacitance are likely to gain
increasing attention in the future. Features that have already re-
ceived considerable awareness are the surface hydrophobicity,
which is very important to prevent water layer formation, and
the absence of heteroatoms, which can induce interference from
acidic or basic species, such as carbon dioxide or ammonia, and
redox-active species, such as oxygen. Another important factor
is the processability of the carbon materials. For example, CNTs
stand out as readily forming robust free-standing films, while
other carbons require blending with a binder to prevent flak-
ing. In view of mass manufacturing, printability, for example, by
screen or inkjet printing, is also a very desirable feature, requir-
ing small particle sizes and good dispersibility.

An aspect that requires more attention by researchers in the
field is why capacitive interfaces in ISE solid contacts charge up
in the first place. As it has been well-accepted for many years,
when potentiometers with a relatively low input impedance are
used, the major cause of charging is the input current into the po-
tentiometer. However, in the case of high-quality potentiometers
with a very high input impedance other factors may also be at play
in charging or discharging capacitive interfaces. A possible cause
for the charging and discharging of capacitive ISE solid contacts
may also be redox reactions of either impurity components of the
ISM or of the carbon material itself, but to date, little is known
in regard to such phenomena. Capacitive interfaces made of car-
bon materials with characteristics that make them less likely to be
charged up by redox reactions may be of interest in this context.

7. Conclusion

As illustrated in this Perspective, much progress has been made
over the past two decades in the understanding and performance
of solid-contact ISEs and reference electrodes for ion sensing.
One critical component, a carbon-based solid contact, has en-
abled sensors that require little maintenance, are insensitive to
common interferences, and can provide excellent long-term sta-
bility so that fewer calibrations are required. This greatly facili-
tates the development of wearable sensors, suitable for contin-
uous measurements in on-skin or in vivo point-of-care applica-
tions (Figure 11). By using multiple electrodes, each with a dif-
ferent ionophore, the same solid-contact construct can be used
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for multi-target determinations in multi-channel devices. Given
that several of the solid contact carbon materials can be prepared
as micro- or nanoparticles, inks of these particles are suitable for
assembling highly miniaturized sensors, such as microneedle or
microcontact arrays. Because the amount of carbon that can be
used on those microarrays is very small, if one wants to achieve
the signal stability needed in continuous measurements, it is im-
portant to choose nanostructured carbon materials that provide
high specific capacitance with the relevant ionophore molecules
or ionic sites in the double layer. The authors hope that the crite-
ria highlighted in this Perspective will provide helpful guidelines
for future materials development for solid-contact ISEs.
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