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Abstract

This work aims to serve as a comprehensive guide to properly characterize solid-contact ion-selective electrodes (SC-ISEs)
for long-term use as they advance toward calibration-free sensors. The lack of well-defined SC-ISE performance criteria
limits the ability to compare results and track progress in the field. Laser-induced graphene (LIG) is a rapid and scalable
method that, by adjusting the CO, laser parameters, can create LIG substrates with tunable surface properties, including
wettability, surface chemistry, and morphology. Herein, we fabricate laser-induced graphene (LIG) solid-contact electrodes
using different laser settings and subsequently convert them into ion-selective sensors using a potassium-selective membrane.
We measure the aforementioned tunable surface properties and correlate them with resultant low-frequency capacitance and
water layer formation in an effort to pinpoint their effects on the sensitivity (Nernstian response), reproducibility (E°* vari-
ation), and potential stability of the LIG-based SC-ISEs. More specifically, we demonstrate that the surface wettability of
the LIG substrate, which can be tuned by controlling the lasing parameters, can be modified to exhibit hydrophobic (contact
angle > 90°) and even highly hydrophobic surfaces (contact angle ~ 130°) to help reduce sensor drift. Recommendations
are also provided to ensure proper and robust characterization of SC-ISEs for long-term and continuous measurements.
Ultimately, we believe that a comprehensive understanding of the correlation between LIG tunable surface properties and
SC-ISE performance can be used to improve the electrochemical behavior and stability of SC-ISEs designed with a wide
range of materials beyond LIG.

Keywords Solid-contact ion-selective electrodes - Potential stability - Potentiometry - Graphene-based sensors - Laser
scribing - Surface wettability

Background

In the following sections, we aim to provide useful informa-
tion on properly characterizing solid-contact ion-selective
electrodes (SC-ISEs) and their key performance parameters
for long-term and continuous measurement applications. In
particular, we provide an overview of the theoretical founda-
tions of SC-ISEs and highlight the key figures of merit for
SC-ISEs, providing a guiding reference on best practices
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for measuring and interpreting them. We present, through
practical examples, SC-ISEs based on laser-induced gra-
phene (LIG) with tunable surface properties, the correla-
tion between solid-contact surface properties and SC-ISE
performance using the recommended methods and discuss
how the understanding of their effects can assist in improv-
ing potentiometric response and reduce potential drift.
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Sensitivity

In the context of ion-selective electrodes (ISEs), sensitivity
refers to the ability of the electrode to detect and respond
to changes in the activity of specific ions within the sam-
ple solution [1]. In other words, sensitivity can be defined
as the ratio between variations in the output signal and the
input variable, which are the electromotive force (EMF) and
the ion activity, respectively. Ideally, potentiometric ISEs
exhibit a Nernstian response when the system is in equilib-
rium, meaning that the measured potential (the output sig-
nal) is directly proportional to the logarithm of the ion activ-
ity (input variable), following the Nernst Equation (Eq. S1)
[2]. See supplementary information (SI) for more details.
The sensitivity of ISEs directly influences the limit
of detection (LOD), establishing an inverse relationship
between these parameters. As sensitivity increases, the elec-
trode can detect smaller changes in ion activity, leading to a
lower LOD. According to the IUPAC traditional definition,
the LOD for general analytical devices is typically calculated
as three times the standard deviation of the blank readings
divided by its sensitivity (Eq. S8) [3]. However, considering
the logarithmic response of ISEs, their LOD is alternatively
defined as the smallest concentration in which the poten-
tiometric response (EMF) deviates significantly from the
average EMF observed in the flat region of the calibration
curve (Fig. 1) [4]. For practical convenience, the LOD value
is determined as the intersection point obtained from the
extrapolation of the two linear segments observed in an ISE
calibration plot (Fig. 1) [5-7]. One of the linear segments
corresponds to the Nernstian region and is determined by the
slope of the calibration curve. The other linear segment orig-
inates from the baseline and the initial low concentrations

EMF (V)

log a;

Fig. 1 The usual method for determining the limit of detection (LOD)
for potentiometric ISEs
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of the target ion, which are difficult to differentiate from the
blank due to unpredictable fluctuations of EMF. The reli-
ability of the estimated LOD will depend on the experimen-
tal conditions, uncertainties associated with the calibration
curve, and the significance level accepted [8]. For instance,
the estimated baseline noise and the EMF variability in the
Nernst region must be incorporated into the analysis for a
probabilistic determination of the LOD. Hence, the mini-
mum (LOD,;,), the most probable (LOD,,.,,), and maxi-
mum (LOD,,,) LOD values can be determined as the inter-
section points from the extrapolated linear segments and
their confidence intervals (Fig. 1) [8].

The sensitivity of ion-selective electrodes relies on sev-
eral factors. One determinant is the composition of the ion-
selective membrane (ISM), e.g., the type and quantity of
ionophore, which impacts membrane quality [9, 10]. Higher
ionophore concentrations can enhance selectivity and sen-
sitivity, but there is a saturation point beyond which further
addition does not yield improved results [11]. A well-estab-
lished calibration curve with standard solutions within rel-
evant concentration intervals is equally important to obtain
and sustain sensitivity and accuracy. While there is no con-
sensus on the extent acceptable of variation, a recent review
by Rousseau and Biithlmann (2021) [12] describes, based on
their own experience, that a deviation of up to 2 mV/decade
falls within an acceptable margin of error for routine experi-
ments. Additionally, membrane conditioning, which consists
of immersing the ISE in a solution with the target ion for
24 h before measurements, contributes to better sensitivi-
ties within the desired concentration range [13, 14]. This
conditioning also directly influences the LOD values [7].

Note: Sensitivity (slope) values close to theoretical val-
ues do not guarantee a reliable performance of tested ISEs
[12, 15]. Other aspects, such as reproducibility and stability,
should be verified, as further discussed. On the other hand,
if the calibration curve slope deviates from the Nernstian
slope, it indicates an inadequate ISE.

Reproducibility

The main goal of sensor development is to provide accu-
rate and reproducible devices that ideally do not require
recalibration before usage (calibration-free) and exhibit high
device-to-device reproducibility. This is particularly rele-
vant for in-field devices and remote environmental sensors
intended for long-term and continuous monitoring applica-
tions [16]. In the case of ISEs, reproducibility refers to the
ability of the electrode to consistently yield similar EMF
measurements when exposed to the same ion concentrations
under the same conditions. Then, the definition of repro-
ducibility is often expressed as the standard deviation of
the formal potential (E°’), also represented by AE®’, which
considers the vertical shift (y-intercept) of the extrapolated
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linear curve derived from the Nernstian behavior to 1 M of
the primary ion, where log (1) =0 (Fig. 2). Higher reproduc-
ibility is associated to lower AE®’. The estimation of this
parameter can be derived from calibrations conducted on the
same sensor, comparisons among multiple sensors within
the same batch, or across various batches, depending on the
purpose of the study. It serves as a critical metric for assess-
ing the consistency and reliability of ISEs. As previously
stated, the main criterion to identify if a potentiometric sen-
sor can be considered calibration-free is the reproducibility
of its E°* [15].

Considering that calibrations are performed under the
same conditions, the slope and other pertinent variables (see
SI for more details) should remain constant, attributing any
shift on the y-axis primarily to changes in the intercept. The
variations that cause this shift can originate from diverse
factors known as “parallel processes,” electrode aging, and
operational errors. These parallel processes arise from varia-
tions in environmental parameters, such as temperature, pH,
light, or dissolved gases [17]. Addressing reproducibility
directly relates to the discussion of EMF drift, a topic further
elaborated in subsequent sections, as it is a critical factor
influencing the AE®’.

A common misconception concerning the reproducibility
of ISEs is the assumption that repeated values for slopes
(sensitivity values) obtained from calibration curves suggest
highly reproducible electrodes [15]. This statement contra-
dicts the previously mentioned concept, as it overlooks the
AE®, a key parameter in assessing reproducibility. There is
no consensus regarding the acceptable range of deviations
for E°’. A recent review by Rousseau and Bithlmann (2021)
[12] describes AE®’ ranging from + 0.1 to 10 mV depending
on the ISE composition (ionophore, membrane composition,
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Fig.2 Schematic visualization depicting vertical shifts (y-intercept)
among calibration curves, resulting in a large AE®’. The hypothetical
blue, green, and red calibration curves represent measurements taken
on the same sensor but exhibit different y-axis intercepts. Note: Cal-
culate AE®’ as the standard deviation of all intercepts when compar-
ing multiple calibrations

and electron-conducting substrate). The E°’ can vary from
changes in the phase boundary potentials at any of the inter-
faces in the electrochemical cell [12]. For achieving calibra-
tion-free ISEs, a standard deviation lower than 1 mV would
be acceptable [18]. To reliably estimate the ion activity by
measuring the EMF, reducing the AE®’ is imperative, which
means improving reproducibility. This action requires robust
calibrations. Additionally, regular verification of electrode
calibration is an important quality control for maintaining
reproducibility. Hence, reporting the AE®” as a comparative
parameter remains essential for assessing how reproducible
a sensor can be.

Note: While the AE°’ is the most critical parameter to
consider for a calibration-free SC-ISE sensor, the slope of
the calibration curve is also important [15]. If the sensor is
operating correctly, the variation from the theoretical Nern-
stian slope should be minimal, and the standard deviation of
the slope obtained experimentally should be small (see the
“Potential stability” section). Another critical factor is the
potential stability of reference electrodes, as any potential
drift is the result of the drift contributions from the ISE and
the reference electrode. Many commercial reference elec-
trodes showed increased drifts compared to highly optimized
SC-ISEs without proper use [10]. To verify reference elec-
trode potential stability and other considerations for experi-
ment set-up and reporting, refer to Rousseau and Biihlmann
(2021) [12].

Potential stability

In potentiometric sensing, “drift” refers to a gradual change
in measured potential over time. The duration and mag-
nitude of this change determine the necessity for sensor
recalibration, with established standards to ensure accuracy
and reliability. Solid-contact ion-selective electrodes (SC-
ISEs) represent the most widely used potentiometric sen-
sors [19]. Current efforts focus on achieving calibration-free
ISEs, minimizing drift to such an extent that recalibration
becomes unnecessary [20]. Due to the logarithmic relation-
ship between activity and EMF, a variation of +1 mV in
EMF results in increasing variation in activity, particularly
noticeable as the measured potential increases in magnitude.
The 1-mV variation consistently introduces a constant error
percentage of 4% (0.0396) for monovalent ions regardless
of the EMF [15], as illustrated in Fig. 3. Similarly, a 2-mV
change in the measured potential would result in an error of
8%, a 3-mV change would correspond to a 12% error, and
so forth. The percentage error increases twofold for divalent
ions. The significance of the drift depends on the accept-
able range established by the application or the acceptable
margin of error. For instance, variations of 4 mV/h would
provide a+ 16% error in terms of accuracy for detecting a
monovalent ion [21]. In scenarios where recalibrations are
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Fig.3 Variations of 1 mV are depicted for a representative example
of a monovalent ISE using a generic equation y=59.2 log(x)+0.3.
While a 1 mV change results in less than 1 ppm variation for lower
EMF values, this ratio consistently yields a 4% error, even with larger
activity variations observed at higher EMF values

doable, the tolerance for variations in EMF can vary widely,
dictated by specific application requirements. Recalibration
of ISEs through a one-point method and the correction of
the initial calibration curve are commonly performed for
ISEs used in medium- or long-term measurements (hours
to days) [22]; consequently, the frequency of recalibration
becomes important.

To discuss potential drift or stability without mention-
ing AE®’ is challenging, as they are inherently linked in a
cause-and-effect relationship. When a sensor exhibits large
EMF fluctuations over time, it will generate shifted calibra-
tion curves, which, in turn, will generate a substantial AE®’.
Potential drift is often associated with a state of non-equi-
librium between the sample and the sensing membrane, as
reviewed previously [12]. This non-equilibrium state may
arise from various factors, including ion complexation equi-
librium within the sensing membrane, ion fluxes resulting
from sensor exposure to elevated concentrations of inter-
fering ions before acquiring measurements in the primary
ion solution, non-linear responses within the tested activ-
ity range at the lower or upper LOD, and susceptibility to
polarization at interfaces [16]. These contributing factors to
potential drift highlight the importance of a stable output
signal as a prerequisite for reliable measurements.

A common approach to assessing the potential stability
of ISEs involves reporting the low-frequency capacitance
(Cp), which is acquired through chronopotentiometry at
a small applied current [23]. A higher capacitance often
correlates with improved potential stability or reduced
potential drift. Understanding and optimizing the low-fre-
quency capacitance profile contributes to developing more
stable and reliable potentiometric sensors and is a key
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performance parameter for comparing different SC-ISE
materials. The low-frequency capacitance can be increased
by increasing the solid-contact surface area and, conse-
quently, the interfacial area between the solid contact and
the sensing membrane. It can be achieved through various
techniques that increase surface roughness, such as physi-
cal or chemical etching and laser etching. Das et al. (2016)
[24] showed a scalable method for creating 3D graphene
petals using inkjet-printed followed by a laser processing.
This technique significantly enhances the surface area by
transforming a 2D printed graphene surface into a high-
surface area 3D morphology. Consequently, ISEs utilizing
high-aspect ratio materials as solid contacts have demon-
strated remarkable potential stability [10, 16].

The methodology employed to determine the low-fre-
quency capacitance in ISEs involves the application of a
small constant current sufficient to polarize the electrode
within the range of nanoamperes (nA) to picoamperes (pA)
[25]. Typically, an electrode is polarized by applying + 1
nA for 60 s each while recording the resulting potential
response (mV) [23]. This technique allows for observing
potential drifts induced by the low current while measur-
ing the electrode's capacitance. The behavior of the elec-
trode at low current resembles an RC (resistor—capacitor)
equivalent circuit [16]. In ideal circumstances with per-
fectly stable ISEs, we expect to observe a constant EMF
unaffected by the small applied current, as illustrated in
Fig. 4a. However, in practical scenarios, all solid con-
tact ISEs can be polarized to some level. The higher the
electrode capacitance, the smaller the potential drift, as
shown in Eq. S9. The capacitance values obtained from
this equation correlate well with those obtained by elec-
trochemical impedance spectroscopy (EIS) measurements
[26]. Assuming a maximum potential drift of 1 mV/h, as
expected for long-term measurement, and after measuring
the current of 1 pA, based on Eq. S9, a minimal electrode
capacitance of 3.6 pF is needed [16].

Note: Using chronopotentiometry to obtain low-fre-
quency capacitance is an approach for estimating short-term
potential drift through experiments lasting only a few min-
utes. Measuring low-frequency capacitance in a solvent that
thoroughly wets the ISE, with the corresponding electrolyte
and reference electrode, is also recommended to fully under-
stand the electrode’s capacitive behavior [18, 26, 27]. When-
ever possible, it is recommended to report specific capaci-
tance values (F/g) by dividing the measured capacitance by
the mass of the solid-contact material, allowing for compari-
son among studies [10]. While C; values provide valuable
information on the solid-contact/ISM interface interactions,
other methods should be considered regarding long-term
drift, which measures the potential over extended periods
(multiple hours to days) while the electrode is immersed in
a solution of known ion concentration [10].
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Fig.4 a Schematic illustration showing results of chronopotentiomet-
ric test for an ideal (red) and a typical (blue) SC-ISE. A current of + 1
nA for 60 s each is applied to the ISE while the EMF is measured. b
A visual representation of a 24-h water layer test involving sequen-
tial solution conditioning (A: primary ion, B: interfering ion) for a

Another key criterion for assessing potential stability is
through a water layer test [23], which involves measuring
potential drift over an extended period, often 24 h, while
the electrode is sequentially conditioned in concentrated
solutions of primary and interfering ions, as illustrated in
Fig. 4b. This evaluation is typically achieved by measuring
the EMF and reporting the potential drift over time as milli-
volts per hour (mV/h), providing insights into the formation
of an aqueous layer between the selective membrane and the
solid-contact material [6]. Potential drifts are observed at
different test stages when this water layer is present. Nota-
bly, the potential differs from the original value (drift) when
switching ion solutions between the primary to interfering
ions, as shown in Fig. 4b (blue line). This phenomenon was
first observed in 2000 when researchers noted potential drifts
in SC-ISEs attributed to zero-current ion fluxes through the
selective membrane [28]. When a water layer forms, the
ISMs no longer function as true solid-contact ISEs, as a
thin inner water layer develops between the solid-contact and
the ISM [12]. This test is susceptible to ionic changes and
functions as a reservoir for transmembrane ions and neutral
species [23]. The thinner the water layer, the more sensi-
tive it is to ionic changes. Consequently, the electrode is no
longer selective to the primary ion, and the ion-to-electron
transducer is considered to have partly failed. As the water
layer expands across the electrode interface, the ISM will
gradually delaminate from the solid-contact material, lead-
ing to mechanical failure [12, 23].

Lindner and Gyurcsanyi (2009) [15] comprehensively
reviewed the water layer test, emphasizing the importance of
electrode preconditioning time, experimental equilibration
time, and selection of appropriate interfering ions that can
produce sufficient ion-exchange-induced fluxes across the
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typical (blue) with ideal (red) SC-ISEs. Note: The observed reduction
in potential (EMF) in a upon switching from+ 1 nA to -1 nA is the
Ohmic drop (2 i R, where R is the cell resistance). This phenome-
non reflects the decrease in potential due to the inherent resistance of
electrolyte and electrode materials [16]

membrane. These authors emphasized that electrodes that
have ISM with low water diffusion coefficients should be
evaluated over longer periods, and highly discriminated ions
are not adequate for the test since they do not sufficiently
enter the ISM to the extent needed to induce ion exchange.
As previously reviewed, typical values for EMF drift usually
fall within tens of uV/h or even mV/h [10, 12].

One approach to mitigate the formation of a detrimental
water layer is to fabricate the ISM using a polymer with a
reduced water diffusion coefficient, such as poly(acrylate) or
polyurethane, compared to PVC and silicone rubber-based
membranes. However, as noted by Hu et al. (2016)[16] and
Shao et al. (2020) [23], all ISM polymers are susceptible to
water uptake to an extent; therefore, an undesirable water
layer can still be formed without considering the solid-
contact properties. In hydrophilic materials, this layer tends
to accumulate in the defect areas and edges between the
ISM and solid-contact surfaces. In contrast, surfaces treated
with fluorinated groups form a hydrophobic surface [29],
for example, mitigating water layer formation. The addi-
tion of a fluorinated acrylic copolymer to colloid-imprinted
mesoporous (CIM) solid contact material enhanced the sur-
face hydrophobicity and further hindered the water layer
formation, resulting in one of the lowest long-term drift of
less than 1 uV/h over 50 h for a potassium-ISE reported so
far [30]. Consequently, a hydrophobic solid-contact surface
with enhanced adhesion of the ISM is essential to inhibit the
water layer formation, which is discussed in the next section.

Note: Drifts observed in the calibration curves, either
from changes in the slope or shifts of the intercept (AE®’),
or both, can be an indicator of water layer formation. Thus,
these drifts should be monitored for long-term stability
along with the traditional water layer test. As emphasized

@ Springer
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by Chipangura et al. (2023) [10], these tests are more valu-
able when performed after long-term measurements.

Surface properties

Considering that ISMs are typically composed of a hydro-
phobic polymer, often with a plasticizer and other highly
hydrophobic components [31], ensuring a hydrophobic
solid-contact surface is one approach to prevent the forma-
tion of an aqueous layer at the interface of the solid-contact
transducing layer and the ISM, thus mitigating potential drift
[14, 32]. Static and dynamic contact angle measurements are
used to determine wetting, dewetting, and adhesion charac-
teristics of surfaces using a goniometer [33, 34] (See SI for
more details). A surface is considered hydrophobic when its
static contact angle 0 is> 90°, hydrophilic when 0 is <90°,
superhydrophobic when 0 is > 145°, and superhydrophilic
when 0 equals 0° [33]. The wettability of the solid-contact
surface can be evaluated using different solvents (a selec-
tion of polar and non-polar solvents). The adhesion between
hydrophobic polymeric ISMs and solid contact surfaces
benefits from a large surface area and penetration into the
porous material within the solid-contact layer, as observed
with nanostructured carbon materials [10]. Additionally,
nanostructured carbon materials with high surface areas
that have large pore sizes, which are accessible to ion-iono-
phore complexes, ionic sites, and other ISM components,
have shown improved ISE performance (i.e., increased low-
frequency capacitance and reduced drift), as reviewed by
Chipangura et al. (2023) [10].

The wettability of a solid surface is highly affected by
the physical structure (micro and nano-structuring) and sur-
face chemistry (e.g., the presence of oxygenated groups for
hydrophilic materials or fluorinated groups for hydrophobic
materials) [35]. Typically, the wetting of a liquid on struc-
tured surfaces displays one of the two conditions: 1) the
Wenzel wetting state, where water is in complete contact
with the structure surface [36], or 2) the Cassie-Baxter wet-
ting state, where water is in contact with the peaks of the
structured surface and air pockets are trapped in between
(e.g., lotus leaf, rose petals) [37].

Drift in potentiometric sensing is influenced not only
by solid contact properties but also by ISM composition,
contaminants on electrode surfaces, membrane degrada-
tion (e.g., via water layer formation), side reactions with
light, redox couples, O, and CO,, fluctuations in tempera-
ture, and issues related to reference electrode stability [23].
Consequently, comparisons among SC-ISEs are most rel-
evant among systems using similar or identical ISM com-
positions when evaluating solid-contact properties. Thus,
in this study, we selected a PVC-based system, the most
commonly used ISM, with valinomycin as a potassium iono-
phore. To investigate the relationship between solid-contact
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surface properties and resulting electrochemical properties,
we used laser-induced graphene (LIG) electrodes, a rapid
and scalable method for electrode substrate production [14].
The CO, laser parameters are modified to create LIG with
different electrical conductivity, surface morphology, and
wettability with large surface areas that are then used as
capacitive transducers in SC-ISEs. We demonstrate that
SC-ISE potential stability can be improved, and water layer
formation can be reduced with hydrophobicity tuning. We
measure and correlate the corresponding surface properties
with potentiometric sensing performance, including sensitiv-
ity, reproducibility, and potential stability.

Experimental section
Materials

Valinomycin (potassium ionophore I), potassium tetrakis(4-
chlorophenyl)borate, poly(vinyl chloride) high molecular
weight (PVC), bis(2-ethylhexyl) sebacate (DOS), tetrahy-
drofuran (THF), potassium hexafluorophosphate (KPFy), and
dimethyl sulfoxide (DMSO) were purchased from Millipore
Sigma (Saint Louis, MO, USA). Commercial polyimide (PI)
with 0.127 mm thickness was purchased from McMaster-
Carr (Elmhurst, IL, USA), and silver-chloride epoxy ink
(C1-1001) from Engineering Materials Systems (Delaware,
OH, USA). Acetonitrile, methanol, formamide, glycerol,
potassium chloride, and sodium chloride were obtained
from Fisher Scientific (Waltham, MA, USA). Castor oil was
purchased from Heritage Store (Virginia Beach, VA, USA).
Fast-drying nitrocellulose-based lacquer was obtained from
L.A. Colors (Ontario, CA, USA), and the liquid electrical
tape was purchased from Star Brite, Inc. (Montgomery, AL,
USA). All solutions were prepared using deionized (DI)
water with a resistivity of approximately 18.2 MQ.cm.

Apparatus and techniques

Constant current chronopotentiometry (CP) measurements
and calibration curves at open circuit potential (OCP) were
performed using a CH Instruments electrochemical analyzer
(model CHI7091E, CH Instruments Inc., Austin, TX, USA,
input impedance 10'% Q). Water layer tests were performed
simultaneously with three sensors using a PalmSens4 poten-
tiostat (PalmSens, Utrecht, Netherlands, input impedance 10
TCQ) equipped with a MUXS8-R2 multiplexer. The electrodes
were first exposed to 10 mM KCl for 4 h, followed by 10 mM
NaCl for another 4 h, and finally returned to the initial target
ion solution for a 16-h incubation step. Long-term stability
was evaluated in 10 mM KCI for 72 h while monitoring
the EMF signal. All experiments were conducted in a two-
electrode cell with the potassium ion-selective electrodes as
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the working electrode and an external Ag/AgCl electrode
with a 1 M KCl liquid junction and a porous Teflon tip as the
reference electrode (CH Instruments Inc., Austin, TX, USA).
The CP measurements were performed in two different elec-
trolyte solutions, 0.1 M KClI in DI water and 0.1 M KPF in
acetonitrile, after a 24-h conditioning step in these solutions.
A current of + 1 nA was applied for 60 s each (120 s total)
while the EMF signal was recorded. Calibrations were per-
formed from 1077 to 10~! M KCl, with additions at each 0.5
log, in DI water under agitation at 300 rpm. The results were
presented as average + standard deviation of measurements
with four electrodes.

Top-view scanning electron microscopy (SEM) images
of the fabricated LIG materials were acquired using a FEI
Quanta 250 field emission microscope (FEI Technologies,
Hillsboro, OR, USA). The images were captured at magni-
fications of 150 %, 1500 %, and 15,000 X, with an accelerat-
ing voltage set at 10 kV. Before imaging, the samples were
coated with a 2-nm iridium layer to enhance conductivity.

X-ray photoelectron spectroscopy (XPS) analysis was
obtained using Kratos Amicus/ESCA 3400 (Kratos Ana-
lytical, Manchester, UK). The samples were irradiated with
unmonochromated Mg K, X-rays at 240 W, and the energy
of vertically emitted photoelectrons was analyzed using a
DuPont-type analyzer. The pass energy was configured to
150 eV, and the raw data was processed using CasaXPS
(Casa Software Ltd., Teignmouth, UK).

The static contact angle measurements were obtained
using a ramé-hart model 90 goniometer (ramé-hart instru-
ment Co., Succasunna, NJ) with an automatic dispensing
system using a 3-uL droplet of each solvent [14]. DROPim-
age Pro software generated and analyzed the images to deter-
mine the contact angles. The wettability of the three differ-
ent fabricated LIG materials was evaluated using DI water,
formamide, DMSO, glycerol, methanol, and castor oil.

Raman spectroscopy measurements were performed
using a Horiba XploRA Plus confocal Raman microscope
with a 532 nm laser operating at 1.2 mW and a 50X (0.5
numerical aperture) objective. The spectra were collected
from 600 to 3000 cm™! with a 600 grooves mm™! grating.
Ten Raman spectra were collected at ten randomly selected
locations of the sample, and each spectrum was collected
using a 30 s acquisition time and three accumulations. All
Raman peaks in each spectrum were fitted to a Lorentzian
function in Igor Pro 6.37. The I/l and I,p/1; ratios were
calculated from the fitting results.

Fabrication of laser-induced graphene-based
electrodes

The LIG-based electrodes were fabricated using a 75 W
M2 Epilog CO, laser, operating at a wavelength of 10.6 um
(Epilog Laser, CO, USA) and 1200 dpi, directly applied onto

a polyimide film under ambient conditions. Three distinct
LIG surfaces were produced by varying fabrication set-
tings. A superhydrophilic LIG was achieved at 15% speed
and 7% power following a single lasing step. To obtain a
hydrophobic LIG, an additional lasing step was applied to
the initial settings at 20% speed and 3% power [14]. The
resulting material from these dual lasing steps was stored at
ambient conditions (23 + 1 °C) for at least 1 week to obtain
highly hydrophobic LIG. All fabrication procedures were
maintained at a+ 1 mm offset from the laser focal point.

The working electrodes, depicted in Fig. 5, were designed
in a dipstick format featuring a circular working area of
5 mm in diameter. A square contact pad on the top was
shielded with conductive silver paste. The intermediate
section between these ends was isolated by applying a pas-
sivation layer using fast-drying nitrocellulose-based lacquer
or electrical liquid tape when the electrodes were tested in
water or acetonitrile, respectively.

The potassium-selective membrane was created by dis-
solving the compounds (1.06 wt.% valinomycin, 0.34 wt.%
potassium tetrakis 4-chlorophenyl borate as the ionic site,
32.90 wt.% PVC, 65.70 wt.% DOS) in 1 mL of THF, as
previously reported [38]. The mixture was vigorously stirred
until complete dissolution. Subsequently, two aliquots of 10
UL of the prepared membrane were applied onto the working
area of LIG-electrodes. After an overnight drying period, the
ion-selective electrodes (ISEs) underwent 24-h conditioning
in a 1 mM KCI solution before testing.

Fig.5 Schematic illustrating the fabrication process of three distinct
LIG materials: one lasing step resulting in a superhydrophilic surface
(SI), two lasing steps for a hydrophobic surface (O), and two lasing
steps combined with subsequent ambient storage resulting in a highly
hydrophobic surface (HO)
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Data analysis

Independent experiments in a completely randomized
design were performed at least in triplicate and expressed as
mean =+ standard deviation. Analysis of variance (ANOVA)
was used to test for significance, and the Tukey Honestly
Significant Difference (HSD) test was used to separate the
means at the significance level of 5% (¢=0.05). Regression
analysis with a confidence level of 95% was performed to
determine the linear sensing range and the functional cor-
respondence between ion activity and EMF. JMP Pro v.17
statistical software (SAS Institute, Cary, NC, USA) was used
for the statistical analysis. Figures-of-merit were calculated
using MATLAB (R2022a, The MathWorks Inc., Natick,
MA, USA). All figures were plotted using OriginLab 2022b
(OriginLab Co., Northampton, MA, USA).

Results and discussion
Surface properties

The effect of different laser settings and storage conditions
on static contact angles (0) for fabricated LIG with differ-
ent standard liquids is shown in Fig. 6. Considering that
one approach to suppress water layer formation between the
solid-contact interface and the ISM is to have a sufficiently
hydrophobic solid-contact surface (contact angle > 90° for
water) [32], a rapid and scalable method to produce hydro-
phobic solid-contact materials is beneficial. The double-
lasing process with and without ambient storage signifi-
cantly reduced surface wetting (reduced the static contact
angles) for DI water (surface tension, y, of 72.75 mN m™!
[39]), with contact angles of 135.5° + 4.5° and 95.3° + 3.3°,
respectively, while displaying 6 ~0° for standard liquids with
low surface tensions (e.g., 6=0.0° + 0.0° for both materials
tested with methanol, y=22.95 mN m™! [39]), demonstrat-
ing a decrease in the strength of interfacial forces with the

double-lasing process and ambient storage, which hinders
wetting by DI water (as recorded). Thus, these surfaces are
hydrophobic and highly hydrophobic (6> 90°), viz, O-LIG
and HO-LIG. These static contact angles for DI water are
similar to previously reported hydrophobic and highly
hydrophobic LIG surfaces fabricated using the double-
lasing process [14, 35, 40]. The increase in hydrophobicity
of surfaces of graphene and graphite upon exposure to air
has been associated with the surface adsorption of airborne
hydrocarbons by Li et al. [41] and Hurst et al. [42] and, more
recently, by Behrent et al. [43] for surfaces of LIG-based
materials. Behrent et al. [43] noted that given the 3D-porous
structure of LIG-based materials, the adsorption equilibrium
of hydrocarbons to the surface occurs over a longer time-
scale (days to weeks) compared to graphite and graphene
electrodes (minutes and hours).

Conversely, the single-lasing settings displayed a LIG
surface with static contact angles ~ 0° for all standard lig-
uids, with a slight increase observed for castor oil, indicating
an increase in the strength of interfacial forces compared
to the other LIG surfaces, which thus promotes wetting (as
observed) [44]. The static contact angle for DI water was
0°, consequently, a superhydrophilic surface, viz. SI-LIG,
while also exhibiting superoleophilic wetting properties with
contact angles close to zero for standard liquids with low
surface tension as shown in Fig. 6a (e.g., 6=0.0° + 0.0° for
methanol, y=22.95 mN m_l).

The wettability of a surface is closely related to its physi-
cal structure (i.e., micro and nano-structuring) and surface
chemistry [35]. Notably, as depicted in Fig. 7, SI-LIG pre-
sents a 3D flaky network structure that seems to promote
water absorption [45, 46]. Additionally, the double laser pro-
cessing used to fabricate O-LIG and HO-LIG removes these
flakes and promotes the formation of a porous matrix, result-
ing in a denser microporous structure [35]. The micro- and
nano-structuring observed by the different laser processing
under ambient conditions agree with previous studies [14,
35, 40]. This structural change enhances the incorporation of
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Fig.6 a—c Static contact angle measurements and corresponding images of solvent droplets (DI water, glycerol, formamide, castor oil, methanol,
and DMSO) for the three distinct LIG materials (SI-LIG, O-LIG, and HO-LIG)
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Fig.7 SEM images at increas-
ing magnifications (150X,
1500, and 15,000 X) and
static contact angle photograph
for DI water. a-d-g SI-LIG
shows a flake-like structure.
b-e-h O-LIG displays its porous
characteristic with less flakiness
compared to SI. c-f-i SO-LIG
exhibits similar patterns as O
but considerably higher hydro-
phobicity

air pockets trapped on the surface, consequently increasing
the liquid—air interfacial area and promoting lower droplet
adhesion to the LIG surface, characteristic of the Cassie-
Baxter wetting state [35, 37].

The meso- and macro-porosity observed is not eas-
ily blocked by sub-nanometer scale surface oxides, which
have been associated with physical adsorption suppression
[44]. Therefore, surface chemistry plays a significant role

Highly Hydrophobic
(HO)

along with surface micro and nano-structuring to surface
wettability properties. The XPS analyses (see Fig. 8 and
Table S1) showed that SI-LIG had a higher oxygen content
(10.25+0.70%) compared to the O-LIG (7.66 +£0.92%),
demonstrating that a higher oxygen content (via C-O, C=0,
and O-C =0 bonds) enhances the polar contribution to LIG
surface energy, so that more O content means the surface
edges are more favorable to interact with water, and thus

Q
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Intensity (a.u.)

Intensity (a.u.)
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Fig.8 High-resolution Cls XPS spectra of the three LIG materials. a SI-LIG. b O-LIG. ¢ HO-LIG. The three plots are reported on the same

scale
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more hydrophilic [47]. However, the oxygen content does
not explain the oleophilic behavior of SI-LIG. Furthermore,
HO-LIG, stored under ambient conditions (23 +1 °C) for
a minimum of 1 week, exhibited the highest oxygen con-
tent (11.78 £2.16%) among its counterparts, yet this differ-
ence was not statistically significant compared to SI-LIG
(p=0.387). This result leads us to hypothesize that pro-
longed exposure to air may have resulted in the adsorp-
tion of O, within the microporous structure of HO-LIG,
thereby increasing the oxygen content in the material [48].
One should note that near-surface oxygen concentration
obtained by XPS analysis is limited by the sampling depth,
which is about 8 nm under the experimental conditions, as
emphasized by Chen et al. (2003) [44]. Consequently, it can
only capture as many as ~23 subsurface carbon layers (8 nm
divided by 0.34 nm, thickness of single carbon atom layer)
along with the oxygen-rich surface, which is insufficient to
fully characterize the wettability and adsorption properties
of porous LIG material. This observation raises the ques-
tion of whether micro and nano-structuring may play a more
significant role than surface chemistry in determining sur-
face wettability properties, underscoring the need for further
investigations. A detailed characterization of surface energy,
their magnitudes, and the ratio of polar to dispersive ener-
gies is granted to further elucidate the LIG wetting proper-
ties. Next, the three LIG surfaces are converted to potassium
ISE, and their corresponding electrochemical responses are
evaluated.

The Raman spectra for all three materials showed the
characteristic D, G, and 2D peaks typically found in LIG
generated via CO,-laser irradiation (Fig. 9) [49]. The D
peak is associated with structural defects or misalignments
in the three-dimensional structure of LIG [50]. The G peak
corresponds to the in-plane vibrations of carbon atoms in
sp* hybridization, while the 2D peak provides information
about the stacking arrangement of graphene sheets [51].
The Raman spectra corroborated the XPS results regarding
the amount of sp> carbon. The O-LIG and HO-LIG samples
showed sharper 2D peaks compared to the SI-LIG sample

Fig.9 a Raman spectra of the

Q

(Fig. 9b), with the I,p/I5 ratio for HO-LIG being signifi-
cantly different from that of SI-LIG (p =0.090). The XPS
analysis also exhibited higher sp? carbon content for the
O-LIG and HO-LIG materials (Fig. 8). Specifically, the 1,/
I ratios for SI-LIG, O-LIG, and HO-LIG were 0.53 +0.08,
0.59+0.05, and 0.64 +0.08, respectively, suggesting that
the formed graphene exhibits a multilayered structure, also
referred to as 3D-porous graphene, as these ratios fall within
the range of 0.3-0.6 previously reported [51, 52]. Addition-
ally, the O-LIG and HO-LIG undergo a second lasing step,
which reduces or removes flakes in the LIG structure. This
process potentially results in a less layered structure, further
contributing to the observed differences in 2D peaks. On the
other hand, regardless of the single or double lasing used to
fabricate these LIG materials, the Ip/I ratios for the three
materials were not significantly different (p =0.1443).

Sensitivity

The ion sensing response of the three distinct LIG-based SC-
ISEs, each functionalized with a potassium ISM, was evalu-
ated sequentially by adding KCI while monitoring the elec-
tromotive force (EMF) in the electrochemical cell (Fig. 10).
For comparison, three potassium-ISEs based on three dis-
tinct LIG materials, with superhydrophilic (SI), hydrophobic
(O), and highly hydrophobic (SO) characteristics were used.
Regression analysis was performed to determine the linear
sensing range and the functional correspondence between
the ion activity and the EMF. All potassium-ISEs presented
significant linear models. The resulting calibration curves,
showing a linear detection range spanning from 107 to
107! M, are presented in Fig. 10. All fitted models presented
statistical significance (p,,qe; <0.05) with non-significant
lack-of-fit (p; op > 0.05), and the parameters associated with
the regression analysis are presented in Table 1. A thorough
evaluation of the fitted models is crucial to obtain reliable
calibration curves that can accurately make predictions
about the ion concentration in unknown samples.

O

three LIG materials, obtained
from ten random points on each DG
sample. b Highlighted 2D peaks
from the three materials, show-
ing sharper peaks for O-LIG
and HO-LIG

Intensity (a. u.)
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Fig. 10 Plots a, b, and ¢ show the calibration curves (n=4) with half-log step additions ranging from 10~ to 10™! M of KCl for the three distinct
LIG-based materials. Note: The steps to calculate the potassium ion activity (x-axis) are detailed in the supplementary information

Table 1 Potentiometric

Sensitivity (mV/dec)! LOD 12 E°' (mV R? 3 4 3
potassium responses of three ensitivity (mV/dec) (ppm) (mV) - Podel PLor
diffelremeiG materials and e SHHG 53.2+0.4a 1.515+0.106a  228.8+32 09947  0.001 0.127
results of the regression analysis ¢ y 15 53.8+0.4a 1429404182  2248+82 09758  0.001 0.940
for calibration curves

HO-LIG  523+1.2a 1.096+0.037a  3083+4.7 09858  0.001 0.812

"Mean values + standard deviation (n=4) followed by the same lowercase letter within the same column
are non-significantly different (p>0.05) according to ANOVA and Tukey’s HSD. 295% confidence inter-
val (CI) for: SI-LIG (95% CI: 1.2319, 1.7978); O-LIG (95% CI: 1.146, 1.712); OH-LIG (95% CI: 0.8131,
1.3789). R, adjusted coefficient of determination. *py;oqe: p-value for the adjusted linear model. py o

adj*
p-value for the model lack-of-fit

All three ISEs exhibited similar sensitivity and LOD val-
ues, which were not statistically different at a significance
level of 5% (p=0.056 and p=0.093, respectively). The
sub-Nernstian response, characterized by slopes less than
59.2 mV/decade for all three LIG-based ISEs, is likely attrib-
uted to small molecule diffusion across the ISM or incom-
plete conditioning [15]. A result very similar to the obtained
sensitivity was achieved with potassium LIG-based ISEs
[53], while closer to the theoretical Nernstian values have
been reported using alternative materials such as CIM [18]
and 3D ordered microporous carbon (3DOM) [54]. Moreo-
ver, focusing solely on sensitivity and LOD is insufficient, as
it overlooks factors crucial for assessing the long-term reli-
ability of sensors during continuous measurements, such as
potential drift and AE°®’. Even though acceptable calibration
curves and LODs are demonstrated, these metrics alone can-
not guarantee sustained sensor reliability over extended use.
It is important to note that LIG-based electrodes offer a more
scalable manufacturing option through direct writing with a
laser for carbon-based electrodes, eliminating the need for
laborious techniques like ink formulation, application, or
chemical or physical vapor deposition growth.

Reproducibility
The reproducibility of the potassium SC-ISE was evalu-

ated by measuring the standard deviation of E°* for the
three distinct LIG solid-contact surfaces. Four identical

potassium ISEs from the same batch were evaluated for
reproducibility, totaling twelve sensors calibrated to com-
pute the AE®’, according to commonly used protocols [12].
The linear portion of the calibration curves and the cor-
responding AE®’ values for each LIG surface are shown
in Fig. 11. In this case, SI-LIG showed improved repro-
ducibility (AE®’), followed by HO-LIG and O-LIG. In
this comparison, it is important to assume that the slopes
are not significantly different for the same material, so
we are solely comparing the intercepts. As noted by He
et al. (2017) [32], more information can be obtained from
the batch-to-batch reproducibility of E°’ and is recom-
mended. As recently reviewed by Rousseau and Bithlmann
(2021) [12], the current state-of-the-art reproducibility
values (AE®’) for capacitive transducers (i.e., solid-contact
surfaces with large surface areas such as porous carbon
materials and nanostructured noble metals) ranges from
0.7 to 9.2 mV. There are very few examples of low AE®’
(~ 1.0 mV) with purely capacitive interfaces, with the most
reliable ones able to achieve AE®’ of + 1.0 mV or lower
by using a redox buffer to obtain stability of the interfa-
cial potential [12]. The three LIG surfaces reported here
are within this range and in the same order of magnitude
as other carbon materials without redox couple addition
[12]. These results represent a substantial improvement
compared to Chen et al. (2022) for LIG-based potassium
ISE [35]. As noted by Lindner and Gyurcsanyi (2000), if
the change in EMF is slow for long-term measurements
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Fig. 11 Plots a, b, and ¢ depict the linear portion of the calibration
curves (n=4), showing the comparison of reproducibility based on
the calculated AE®’ for the potassium ISEs fabricated on three dis-

and the ISE is recalibrated often, the ISE can be used in
several practical applications [15].

Furthermore, upon comparing the plots in Fig. 11, the
superhydrophilic and highly hydrophobic transducing mate-
rials yield the most reproducible ISEs with reduced AE®’
values. Simply analyzing these plots in isolation, disregard-
ing other parameters, may lead to a different choice for the
most proficient ISE compared to the previous discussion,
reinforcing the importance of taking a comprehensive view
of the situation. As emphasized by previous reviews [12,
15], we recommend always reporting the AE°” values and
the response slope with the standard deviation to provide
comparative metrics to other studies.

Potential stability

Nanostructured carbon materials with high specific surface
areas have been extensively used as solid-contact mate-
rials, given their high double-layer capacitance due to
their large surface areas and highly accessible mesopores
[10, 18]. This large surface area attribute can be observed
in Fig. 7 for the three different LIG materials with very
porous structures. Transducers with a high double-layer
capacitance assist with reducing potential drifts over time

Fig. 12 Chronopotentiometry

tinct LIG surfaces (SI-LIG, O-LIG, and HO-LIG). The superhy-
drophilic and highly hydrophobic surfaces demonstrated the low-
est AE®’ values, indicating superior reproducibility

that initiate from small currents flowing through the poten-
tiometric cell [18]. Since the capacitance of the ion-to-
electron transducer layers assists with lowering the EMF
drift of the SC-ISE, reporting this value helps interpret
the overall performance. The established chronopotenti-
ometry protocol, introduced by Bobacka in 1999 [25], also
termed the short-term stability test, is frequently chosen
over other methodologies, such as CV and EIS, due to its
more straightforward data treatment approach [12]. In this
study, chronoamperometry was performed at a constant
current of + 0.1 nA and then a current of -0.1 nA for 60 s
each, in 0.1 M KCl in water and 0.1 M KPF in acetoni-
trile as electrolyte solutions (aqueous and non-aqueous
solutions) to effectively wet the different LIG surfaces
that range from superhydrophilic to highly hydrophobic.
Apart from an immediate voltage drop after the current
switch, the chronopotentiograms in both electrolyte solu-
tions appear asymmetrical regarding the charging and dis-
charging (Fig. 12), indicating a contribution from redox
activity to the electrode capacitance. The calculated low-
frequency capacitances (C;) are presented in Table 2. In
both aqueous and non-aqueous systems, the three materials
showed no significant differences in capacitance values,
with p-values of 0.431 for the materials tested in 0.1 M

b

responses obtained for potas-
sium ISEs utilizing SI-LIG,
O-LIG, and HO-LIG materials.

: I0.5 mV

SI
-0
— HO

The electrodes were tested in
two solutions: a aqueous solu-
tion containing 0.1 M KCl, and
b acetonitrile solution contain-
ing 0.1 M KPFg to determine
the low-frequency capacitance.
A current of +1 nA, with
anodic current applied first,
was applied for 60 s in each
experiment
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Table 2 Low-frequency capacitances calculated for the three LIG
materials in two different media

C, in aqueous media (uF)  C; in non-
aqueous media
(uF)
SI-LIG 50+4a 163+7 A
O-LIG 48+3a 153+15 A
HO-LIG S51+2a 114+12 A

Mean value + standard deviation (n=3). For each response variable,
values followed by the same lowercase or uppercase letter within the
same column are not significantly different (p <0.05) according to
ANOVA and Tukey’s HSD. Values followed by different lowercase or
uppercase letters within the same row are significantly different.

KCl in DI water and 0.700 for those tested in 0.1 M KPF
in acetonitrile.

The C, values are similar to previously published stud-
ies with graphene-based potassium-ISEs [55-57]; however,
these capacitance values are much lower than other carbon-
based solid contacts [26, 30, 58], as reviewed in detail by
Chipangura et al. (2023) [10]. Such results further demon-
strate that surface wettability, while it plays a substantial role
in reducing potential drift and, in turn, increasing the capaci-
tance of nanostructured carbon with high surface areas [10,
12, 23], is not the sole determinant factor. The oxygen con-
tent of the three LIG surfaces likely affected both the capaci-
tance and short-term potential drift due to redox activity, in
addition to influencing the double capacitance. Moreover,
alongside the presence of redox-active groups, edge defects
in the carbon structure, which are commonly found in LIG
surfaces [14, 35, 40], may contribute to decreased potential
stability [59]. On the other hand, the presence of oxygen and
edge defects is favorable for other electrochemical methods
(e.g., amperometry, coulometry), catalysis, and charge—dis-
charge (e.g., supercapacitor) applications that require a high
electrical conductivity.

For potentiometric measurements with SC-ISEs,
improvements in electrical conductivity are not essential for
ion-to-electron transducers, as little to no (ideally) current
should flow during the measurements [10]. Instead, oxygen
content should be reduced to limit redox-active groups, pre-
serve hydrophobicity, and suppress water layer formation
[54]. Thermal reduction in hydrogen has been applied to
minimize the oxygen content of nanostructured carbon (e.g.,
graphene oxide) [60, 61]. Another strategy involves inte-
grating additional materials onto the solid contact surface.
This approach aims to improve ion-to-electron transduction
by imparting redox activity to the solid contact [12, 23].
As a result, a thermodynamically stable phase boundary
potential is achieved by exchanging electrons between the
solid-contact material and the electron conductor and ions
with the ISM. These materials include redox self-assembled

monolayers, molecular redox buffers, inorganic redox buff-
ers, and conducting polymers, reviewed in detail by Rous-
seau and Biihlmann (2021) [12].

Note: When evaluating nanostructured carbon materi-
als as solid contacts for ISEs, it is important to measure
the capacitance of the actual SC-ISE rather than the bare
electrode when using CV and EIS measurements. Addition-
ally, for chronopotentiometry, minimal changes should be
expected with or without the ISM, as emphasized by Chipan-
gura et al. (2023)[10] and detailed by Zdrachek and Bak-
ker (2021) [26]. The bulk resistance of ISM greatly impacts
capacitance [10, 26]. Indeed, Keresten et al. (2023) [62]
showed that this resistance correlates with water uptake and
solution ionic strength.

Solutions with the same concentration of potassium-
based salts in water and acetonitrile should exhibit different
ionic strengths due to differences in solubility and ionization
behavior of the salts in the two solvents. However, despite
capacitance and dielectric constant (¢) being directly pro-
portional, suggesting that the aqueous medium with e =80.1
should exhibit a higher capacitance than acetonitrile with
£¢=37.2, the nature of ions in the solution and the mem-
brane play more significant roles [26]. Additionally, solvents
with lower viscosity, such as acetonitrile compared to water,
facilitate ion mobility, while higher polarity and dielectric
constant assist with ion solvation [63]. Consequently, this
results in a substantial difference in capacitance values and
potential drift between the two electrolyte solutions.

The formation of a water layer between the solid contact
and ISM contributes to potential drift and, consequently,
is detrimental to calibration-free and long-term continu-
ous measurements. The water layer test proposed by Fib-
bioli et al. (2000) [28] indicates the presence of an aqueous
layer by a positive EMF drift when switching from the pri-
mary cation solution to an interfering cation solution, and
a negative EMF drift when switching back to the primary
cation solution for long equilibration times (Fig. 4b). For
this study, the three distinct LIG-ISEs were conditioned for
24 h in 10 mM KClI, followed by measuring the EMF for
4 h. Then, the solution was changed to 10 mM NaCl for
4 h and switched back to the conditioning solution while
monitoring the EMF for 16 h, as observed in Fig. 13a (see
Table S2 in SI for drift values). Similarly, Fig. 13b shows the
resulting EMF responses over 72 h for the three LIG-ISEs
(SI-LIG, O-LIG, and HO-LIG) in 10 mM KClI, with sub-
stantial differences among the three materials, particularly
for SI-LIG, which required a longer time for EMF readings
to stabilize. Further, the observed EMF drift significantly
decreased (p=0.001) with increasing hydrophobicity, as
observed in Table 3, resulting in enhanced potential sta-
bility over prolonged periods. As previously highlighted,
for monovalent ions, a 1 mV drift accounts for an error of
approximately +4% in the EMF. The highly hydrophobic
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Fig. 13 a Water layer test results for potassium ISEs performed for
the three different LIG materials (SI-LIG, O-LIG, and HO-LIG),
Each ISE was immersed in 0.1 M KCI solution 24 h prior to meas-
urement. At t=4 h, the 0.1 M KCl solution was exchanged for 0.1 M

Table3 Long-term (72 h)

. . . Potential drift (mV/h)
potential drift estimated for the
three LIG materials SI-LIG 2.07+0.85c¢
O-LIG 1.09+0.18b

HO-LIG 0.63+0.13 a

Mean values +standard devia-
tion (n=3) followed by differ-
ent letters within the same col-
umn are significantly different
(»<0.05) according to ANOVA
and Tukey’s HSD.

and hydrophobic properties of doubled-lased LIG, with
and without ambient storage, suggest a reduced tendency to
form a water layer. This characteristic leads to smaller drifts
than previously reported solid contact materials for potas-
sium ISEs, making them promise for long-term continuous
applications [64, 65]. The significant reduction in potential
drift with increasing hydrophobicity surface is supported
by previous works using nanostructured carbon, indicating
that hydrophobic materials effectively prevent the forma-
tion of a water layer [16, 66—68]. In this regard, efforts to
reduce oxygen groups from solid-contact surfaces, aimed at
minimizing redox activity while maintaining or enhancing
hydrophobicity, have been demonstrated. Functionaliza-
tion with fluorinated groups on CIM has shown promising
results, with minimal to no water layer formation observed
during sensing [18]. Remarkably, this approach exhibited
a minimal drift of only 1.3 pV/h over 70 h for potassium-
ISEs. Similarly, adding a fluorinated acrylic copolymer to
carbon black enhanced its hydrophobic nature, helped to
hinder the water layer formation, and exhibited an excep-
tional long-term potential stability of <1 pV/h over 50 h for
a potassium-ISE [30].
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NaCl solution, and at =28 h, was exchanged for 0.1 M KCI solution.
b Long-term stability test over a 72-h period in 0.1 M KCI solution,
demonstrating an improvement in potential stability with the increase
in hydrophobicity of LIG surfaces

All these approaches involve additional steps, which
increase the complexity of electrode fabrication. While LIG-
based electrodes may not attain the same levels of long-term
stability as previously reported [18, 30], laser scribing fabri-
cation offers a more scalable manufacturing option through
direct laser writing. This technique enables tuning electrode
surface wettability, a feature proven beneficial in numerous
applications [14, 35, 40, 53]. Removing oxygen groups from
the LIG surface can be done to enhance or maintain hydro-
phobicity post-fabrication or during the laser induction pro-
cess [47]. In addition, thermal reduction in hydrogen or inert
gas[18, 47, 69], as well as stronger ISM adhesion to the LIG
via covalent binding [70, 71] could further improve stability
and performance of LIG-ISEs for long-term measurements,
including low-frequency capacitance, AE®’, sensitivity,
among others. Future studies should prioritize investigation
in these areas.

Conclusions

Since their discovery over 60 years ago, the advantages of
SC-ISEs have been demonstrated in multiple applications,
with substantial progress being made in understanding and
improving the performance of SC-ISEs for ion sensing. In
this work, we applied recommended methods to properly
characterize and compare SC-ISEs for long-term use as
they advance toward calibration-free sensors. While quick
response, sensitivity (Nernstian response), and reproduc-
ibility (E®’ variation) are important for single-use sensors,
reduced potential drift is essential for long-term monitor-
ing. In view of the latter, short-term drift via chronopoten-
tiometry experiments is an attractive method to quantify
the potential stability of SC-ISEs since they provide a rapid



Microchim Acta (2024) 191:615

Page150f 17 615

and straightforward data treatment approach. However, long-
term drift measurements are highly recommended, consid-
ering chronopotentiometry results can be biased by redox
reactions. These include the water layer test and long-term
monitoring of the EMF over extended periods (multiple days
to weeks). For solid-contact materials that rely on capacitive
transduction mechanisms, it is helpful to report the SC-ISE
capacitance to understand the overall performance. Methods
include chronopotentiometry, EIS, and CV. Although repro-
ducibility (E®’ variation) is relevant as a performance metric
(intra- and/or inter-batch variations) to single-use and long-
term continuous-use sensors and for calibration-free appli-
cations, it is not reported as often, which limits comparison
among studies. Long-term drift is even more challenging
to compare among studies due to the lack of consistency in
test parameters and data reporting. Variations include test
duration, electrolyte solutions used during the test, type of
exposure (e.g., continuous or intermittent), and reporting
changes in sensitivity, LOD, and selectivity instead of EMF
drift over time. We recommend researchers to consider the
criteria presented herein for analyzing and reporting perfor-
mance characteristics of SC-ISEs to facilitate comparison
among different SC-ISEs and advance the field.

Also, in this study, the surface and electrochemical prop-
erties of potassium ISEs with three distinct LIG materi-
als (SI-LIG, O-LIG, and HO-LIG) as solid contacts were
evaluated to understand their performance using the recom-
mended methods. In particular, the highly hydrophobic and
hydrophobic properties of LIG fabricated by a double-lasing
process, with and without ambient storage, demonstrated
to hinder the formation of a water layer with reduced EMF
drift compared to superhydrophilic LIG. SEM and XPS
analyses and surface wettability measurements showed that
the meso- and micro- porous structures of all three LIG
materials contributed to their surface wettability properties
and created a large contact area between the solid-contact
material and ISM. The large surface area along with the
low-frequency capacitances of the SC-ISEs observed via
chronopotentiometry contributed to the long-term stability.
However, the surface chemistry of the three LIG materi-
als cannot be overlooked. The SI-LIG and HO-LIG showed
higher concentrations of oxygen groups than the O-LIG,
resulting in redox activity, which is detrimental to potential
stability. Even though water layer formation and potential
drift have been reduced by hydrophobicity tunning, these
are unlikely to be completely eliminated by surface wettabil-
ity patterning alone. Additionally, the single-lasing process
displayed not only superhydrophilic but also superolephilic
characteristics, which cannot be explained by the surface
oxygen content. Thus, detailed characterization of surface
energies should be the focus of future studies to further elu-
cidate the LIG wetting properties. Overall, the hydrophobic
and highly hydrophobic LIG surfaces presented comparable

results to previous nanostructured carbon potassium ISEs,
with the double-lasing process offering a rapid and scalable
method to fabricate solid contact materials for ion sensing.
To further improve LIG-based ISEs for long-term use, future
studies should focus on the removal of oxygen groups during
or post-fabrication, and stronger adhesion of ISM to solid
contact material.
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