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We report for the first time a one-step fabrication by lamination of inexpensive graphene paper (GP) based Ag/
AgCl pseudo-reference (RE) and K *-selective coated-film electrodes forming the novelty of this work. Contrary to
our previous work about laminated GP solid-contact electrodes, the electrode fabrication in this work does not
require manual drop casting steps after the lamination, simplifying the fabrication and making it suitable for
mass production. We also eliminated the need of the solid contact and simplified the electrode construction by
placing the plasticized potassium-selective PVC membrane (ISM) directly on the GP functioning as combined
electrode substrate and ion-to-electron transducer. Both Ag/AgCl and the ISMs were pre-deposited on rectan-
gular GP sheets (10 x100 mm?) before placing them inside laminating pouches and feeding them through an
office laminator after which the electrodes were ready for use. Five batches of 32 pseudo-REs had a very good E°
reproducibility of 4 2.8 mV. The K*'-electrodes had a slope and detection limit of 57.4 & 0.3 mV/pK (n = 4) and
6 x 1077 M, and the E° reproducibility was in the best case only + 1.2 mV matching the performance of non-
laminated K'-electrodes. This work demonstrates that the ISMs are compatible with the lamination where the

temperature can momentarily rise to ca. 130 °C.

1. Introduction

Solid-contact ion-selective electrodes (SCISEs) where the ion-to-
electron transducer is placed between the electrically conducting sub-
strate and the ion-selective membrane (ISM) have become the main
direction in ion-selective electrode research. This is because of their
several advantages over conventional ion-selective electrodes with a
liquid contact [1], such as the possibility of fabricating the SCISEs in
different geometries on flexible substrates suitable for wearable appli-
cations and the compatibility of the SCISE concept with fabrication
techniques suitable for mass production, e.g., ink jet printing [2] and
lamination [3] making it superior to the conventional ISEs. Despite of
these advantages the SCISEs sulffer still from insufficient reproducibility
of the standard potential (EO) hampering their commercialization [4,5],
but also from the lack of a reliable solid-state reference electrode (RE)
that can be integrated with the SCISE to one measuring unit.

The solid-state REs can be divided into three main groups [6]. The
first consists of pseudo-REs where a silver surface or wire is coated with
AgCl that requires that the chloride concentration in the sample solution

* Corresponding author.
E-mail address: tom.lindfors@abo.fi (T. Lindfors).

is constant or it is controlled [7]. In the second approach Ag/AgCl is
coated with KCl that is incorporated in a polymeric binder such as poly
(vinyl acetate) [6,8]. This approach has shown to reduce the leakage of
KCl into the sample solution compared to conventional REs with liquid
salt bridges, but on the cost of an equilibration time of several days [8].
The third RE type mimics the SCISEs by using solid-state transducers
typically coated with a plasticized poly(vinyl chloride) (PVC) membrane
containing lipophilic salts that are insoluble in the sample solution. An
example of this is an early work by Kisiel et al. where a plasticized PVC
membrane containing hydrophobic salts was applied on top of poly(3,
4-ethylenedioxythiophene) functioning as ion-to-electron transducer
[9,10]. The salts then formed a lipophilic ion pair (C*A") that prevented
the extraction of cations and anions from the sample solution making the
PVC membrane insensitive to inorganic ions and thus providing the
solid-state RE with a stable potential. Recently biocompatible and
plasticizer-free fluorosilicones doped with ionic liquids have also shown
to be suitable as solid-state REs [11]. They had a stable potential with a
very low potential drift of only 20 pV/h over 8 days.

Several types of planar solid-state REs [2,7,9,12-30] and ISEs [2,9,
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18,27,31-38] have been fabricated on rigid substrate materials such as
silicon [13,14,18], glass [14,17], alumina [16,18,20,21,23,26] and
polycarbonate [31], but also on more flexible substrates like paper [2,7,
12,24,25,28,29,33] coated with carbon nanotubes [27,38], heat-sealing
[15,35] and laser printer films [9,36,37], polyimide [22,32], polyester
[19] and polyethylene terephthalate (PET) [7,30]. For planar and flex-
ible Ag/AgCl reference electrodes, the Ag/AgCl layer is usually applied
by screen-printing of a Ag/AgCl paste on the flexible substrate material
[15,19,22,28,29]. Other methods include stencil-printing of Ag/AgCl
inks [24], electrochemical deposition of AgCl on prefabricated Ag
stripes [25], chlorination of Ag by immersing it into a sodium hypo-
chlorite solution [7,30], and inkjet printing of first Ag and on top of it
another layer of FeCls to transform silver to AgCl [2]. The solid-state RE
has been only in rare cases integrated with a solid-state ISE into a single
measuring unit [2]. Most of the fabrication procedures of the solid-state
REs involve multiple processing steps and the fabrication is therefore
complex, time-consuming, and not compatible with mass production.

In contrast, lamination is a simple, fast and cost-efficient fabrication
method for disposable solid-state REs [2,15] and ISEs [3,33-35] that has
been used only to a limited extent. Mroz et al. fabricated a planar
disposable RE by first depositing a screen-printed Ag/AgCl layer on a
heat-sealing film and after curing it at 80 °C for 1 h, a carbon contact (for
the potentiometer) was printed on the upper end of the Ag/AgCl layer
[15]. A filter paper functioning as a KCl reservoir was then placed on top
of the lower end of the Ag/AgCl layer before encapsulating the structure
by lamination with another heat-sealing film leaving a hole for the
Ag/AgCl layer covered with the KCl impregnated filter paper. The same
technology was used to make planar and disposable ISEs with different
variations of the double matrix technology using a filter paper coated
with silver [33-35]. However, for all solid-state ISEs, the ion-selective
membrane (ISM) was added after the lamination on the Ag-coated fil-
ter paper in an additional manual drop casting step making the fabri-
cation more complex.

We have recently used inexpensive and electrically conducting gra-
phene paper (GP) to fabricate laminated planar, low-cost (< €1) and
flexible K*-selective solid-contact electrodes showing performance on
par with the state of the art SCISEs [3]. However, in that work, both the
solid contact and the ISM were manually deposited on the GP after the
lamination like in [33-35]. In this paper, we have therefore developed a
novel fully laminated concept of fabricating graphene paper based
solid-state pseudo-REs and K*-selective coated-film electrodes having a
plasticized poly(vinyl chloride) (PVC) based ISM. Compared to our
previous work about laminated SCISEs, the concept presented here does
not require the solid contact for the K*-electrodes, thus simplifying the
electrode construction by placing the ISMs directly on the GP, which
functions as a combined electrode substrate and ion-to-electron trans-
ducer. The pseudo-REs and the K*-selective electrodes are laminated in
a single step making them suitable for mass production and at the same
time eliminating the need of manually drop casting the ISM after the
lamination. This has not been reported previously to the best of our
knowledge. A potentiometric cell with a disposable solid-state RE and an
ISE — suitable for example to low-income countries — can easily be
assembled by non-experts with an inexpensive office laminator in
combination with a handheld voltmeter with a sufficiently high input
impedance and buffer solutions for the ISE.

2. Material and methods
2.1. Chemicals and materials

Graphene paper was purchased from Graphene Supermarket (SKU
GRAPH-SHEET-8x8-10) as a 10 pack of 25 pm thick conductive gra-
phene paper sheets (8'x8") consisting of graphene nanoplatelets (97%)
held together with a binder (3%). The GP sheets had according to the
manufacturer a resistance of 2.8 x 1072 Q/square, a tensile strength of
30 MPa and a density of 2 g cm 2. They can be easily cut to a desired size
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with scissors or a craft knife. All laminations in this work was done with
an inexpensive A4 office hot laminator (Exibel) by using 125 um thick
laminating pouches made of polyethylene terephthalate (PET, Exibel).
Ag/AgCl (60/40) paste for screen printing was purchased from Sigma-
Aldrich. The ISM for the K'-selective electrodes consisted of 32.9%
(m/m) high molecular weight PVC, 65.7% bis(2-ethylhexyl) sebacate as
plasticizer, 1.06% valinomycin (potassium ionophore I) and 0.34% po-
tassium  tetrakis(3,5-bis(trifluoromethyl)phenyl)borate  as  ion-
exchanger (ionic additive). All membrane components were of Selec-
tophore grade bought from Merck (Supelco®).

2.2. Lamination of graphene paper pseudo-reference and K*-selective
electrodes

Schematic side views of the laminated electrodes are shown in Fig. 1.
For the lamination of pseudo-REs in Fig. 1A, the GP was first cut to
rectangular pieces of 10 mm x 100 mm and then argon plasma cleaned
for 10 min before applying one or two layers of the Ag/AgCl paste on one
end of the GP with a few millimeters wide paint brush. After that the Ag/
AgCl coated GPs were cured for 10 min at 80 °C before the lamination of
the pseudo-REs was carried out. The lamination followed the procedure
described in [3]. First, places for several rectangular GPs were marked
on the outside of the upper side of the A4 sized laminating pouch. Cir-
cular holes with a diameter of 3 mm were then made on this side with a
sharp hole punch on one end of the marked rectangular areas and two
slightly overlapping 4 mm holes on the other end for flat electrode
connectors (Fig. 1). The Ag/AgCl coated GPs were then carefully placed
correctly on the inside of the lower sheet of the laminating pouch
(matching the marks on the upper one) leaving enough space between
the individual papers. The Ag/AgCl coated GPs (i.e., the pseudo-REs) are
ready to use after feeding them through the hot laminator encapsulating
the electrodes inside the laminating pouch. Pseudo-REs can be prepared
quickly with lamination since it takes only ca. one minute to feed the
lamination sheet through the laminator. The heat activated adhesive on
the inner sides of the laminating pouch ensures that they are glued
together with the Ag/AgCl coated GPs leaving uncovered circular
openings (describe above) only for the Ag/AgCl surface and the un-
coated GP (for the electrode connectors). Finally, the individual
pseudo-REs were separated from each other with scissors [3].

The K'-selective membranes were fabricated by first solution casting
the membrane solution (20 wt% in THF) into Petri dishes yielding ISMs
with a mean thickness of ca. 110 um. The ISMs were then carefully
removed from the glass substrate after letting them dry for at least 16 h.
ISMs with a 6 mm diameter were then punched out from the cast master
membranes with a hole punch and placed on rectangular GP pieces prior
to the lamination (Fig. 1B) as described above for the pseudo-REs. The
lamination of the K" -selective electrodes was then performed in the same
way as for the pseudo-REs and the individual ISEs were ready for use
after being separated from each other.

2.3. Characterization of the graphene paper pseudo-reference electrodes

The potentiometric response to chloride ions of the pseudo-REs was
studied in 10° - 10! M KCl solutions vs. a commercial double junction
Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode, which was used in
all potentiometric measurements in this paper. The electrodes were not
conditioned before the measurements or between subsequent measure-
ments and they can be storage in the dry state (not in solution) between
the measurements. Furthermore, all potentials reported in this work
were corrected for the liquid junction potentials with Henderson equa-
tion, the activity coefficients were calculated according to the Debye-
Hiickel equation and the E° values reported correspond to extrapolation
of the linear potential response to a; = 1, i.e. to log @; = 0. After cali-
brating the pseudo-REs in KCl solutions their initial potential stability
was measured in a 0.1 M KCl solution for 17 h. Their gas and light
sensitivity were determined in a 0.01 M NaCl solution by measuring the
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Upper and lower side of the laminating pouch (125 pum)

Circular hole (diam. 3 mm)
Ag/AgCl layer

Graphene paper (25 um)
Two circular overlapping 4 mm holes

I‘ ] &

A. Laminated pseudo-reference electrode

lon-selective membrane

Place for electrode connector

B. Laminated ion-selective electrode

Fig. 1. Schematic side view of the construction of the flexible graphene paper based (A) laminated Ag/AgCl pseudo-reference electrode and (B) laminated K*-se-

lective electrode.

electrode potentials when air (containing oxygen), nitrogen and carbon
dioxide gas was purged through the solution in this sequence, which was
repeated three times. To study the light sensitivity, the electrode poten-
tials were measured when the pseudo-REs were exposed to room light,
darkness, and intense cold light (Leica CLS 150XE light source, >
1.6 x10° 1x), in this sequence that was repeated three times. A 16-chan-
nel Lawson high input impedance voltmeter (10'°> Q, Lawson Labora-
tories, Malvern, PA, USA) were used in all potentiometric measurements
in this work. The influence of interfering electrolytes on the potential of
the pseudo-REs was studied in a 102 M NaCl solution into which 1073
M and 102 M LiNO3, NaNO3, KNOs, Ca(NOs),, Mg(NO3), and HNO3
(all with 10~2 M NaCl as the background electrolyte) was added with a
micropipette under stirring.

2.4. Characterization of the K'-selective electrodes

The potentiometric response of the plasticized PVC based K'-selective
electrodes were measured in 1072 — 10~ M KNOj solutions with 1073 M
NaCl as the background electrolyte. The linear part of the calibration
graphs of all K'-selective electrodes and pseudo-REs were fitted to a
straight line with linear regression. To construct the calibration graphs,
we calculated first the mean potentials and standard deviations (SD) of
all n electrodes at every concentration (activity) for each electrode
batch. The calibration graphs were then plotted for each electrode batch
based on the mean potentials and their SDs. After that straight lines were
fitted to the linear part of the calibration graphs with Origin 2020b
without applying weighting to the individual potentials. Almost the
same fitting results were obtained when we used instrumental weight-
ing, which gives more weight to potentials with lower SD. Selectivity
coefficients for the electrodes were determined with the separate solution
method in 10~2 M solutions of Mg(NO3),, Ca(NO3)2, HNOs3, LiNO3 and
NaNOgs. The light sensitivity was measured in the same way as for the
pseudo-REs.

3. Results and discussion
3.1. Laminated graphene paper pseudo-reference electrodes

The working principle of the Ag/AgCl pseudo-REs can be derived
from its half-cell reaction:
AgCl(s) + e =Ag(s) + Cl” (@D)]

Derivation of the Nernst equation from the half-cell reaction at 25 °C

gives:
E =E"—0.0592 x log ag 2)

where E, E® and a¢;- are the electrode potential and standard reduction
potentials in volts, and the activity of chloride, respectively. Ideally
functioning Ag/AgCl pseudo-REs should therefore have an electrode
slope of — 59.2 mV/decade in chloride solutions at 25 °C.

First, we wanted to study if the laminated pseudo-REs prepared with
one and two layers of Ag/Ag/AgCl paste obeyed the Nernst equation.
Freshly prepared electrodes were therefore calibrated in 107° - 107! M
KCl solutions from low concentration to high. Fig. 2 shows the potential
traces measured during the calibration of four identically prepared
pseudo-REs (with one layer of Ag/AgCl) and Fig. 3a their corresponding
calibration graphs. The potential traces show that the electrodes
responded quickly to the changes in the chloride ion activity indicating

T k: T ¥ T i T ¥ T X T 4 T
_ DIW
| == 10°MKCI 1
————— gee—
—
250 | 10 .
]
E 1073
E 200¢ .
w
150 | 102 4
100 F .
-1
0
50 1 1 1 1 1 1 1

0 20 40 60 80 100 120
t/ min

Fig. 2. The potential vs. time traces of four laminated Ag/AgCl graphene paper
pseudo-reference electrode in 107> — 10~! M KClI solutions measured against a
commercial Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode. The potential
vs. time traces in deionized water is denoted as DIW.
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Fig. 3. Potentiometric responses of four identically fabricated laminated Ag/AgCl graphene paper pseudo-reference electrodes measured in 10->-10~* M KCl before
(a) and after (b) exposure to the initial potential stability test in 0.1 M KCl shown in Fig. 4. The Ag/AgCl layer was applied on graphene paper with a small brush
either once (black squares) or twice (red squares). All potentials were measured against a commercial Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode.

that the half-cell reaction is highly reversible with high exchange cur-
rent density. The pseudo-REs fabricated with both one and two layers of
Ag/AgCl had a Nernstian slope of — 59.4 + 1.2 (n = 4; r*> =0.9992) and
—59.0 &+ 0.8 mV/decade (n=4; r? =0.9996), and a very good E°
reproducibility of 12.2 +3.2mV and 14.6 + 2.2 mV, respectively,
verifying that fully functional GP based Ag/AgCl pseudo-REs can be
fabricated with a standard office lamination from relatively inexpensive
starting materials. The solubility product of AgCl (K5, = 107°5;
p = 0.1 M) predicts that the solubility of AgClis ca. 1.8 x 10~> M, which
limits the Nernstian concentration range of the pseudo-REs to chloride
concentrations above ca. 5 x 10™> M. This is in good accordance with
linear range shown in Fig. 3a.

After the initial calibration of the pseudo-REs in Fig. 3a, we measured
the potential stability of the pseudo-REs in 0.1 M KCl over 17 h (Fig. 4).
As the figure shows, a very good potential reproducibility with a very
low potential drift was obtained during the test period of 17 h. The
average potential and their reproducibility for eight identically prepared
pseudo-REs was 75.4 + 2.4 mV (n = 8) in the very beginning of the test
improving to 73.4 + 0.7 mV, 72.9 + 0.4 and 72.8 + 0.4 mV after 2, 6
and 17 h in 0.1 M KCl. The corresponding potential drifts — calculated
from the mean values of the potentials — were 1.0 mV h~! (from 0-2 h),
125 pv h!(2-6 h), 9 pv h™' (6-17 h) indicating that the pseudo-REs
are suitable for both short-term measurements (disposable electrodes)
and measurement up to at least 17 h. We did not study the long-term
potential stability of the pseudo-REs due to time limitations, but it is
expected that they show good stability with low potential drift even for
longer times than 17 h.

After the potential stability test, the electrodes were calibrated once
again in KCl solutions (Fig. 3b) giving slopes of — 60.3 + 1.9 (n = 4; one
AgCl layer) and — 60.9 &+ 1.7 mV/decade (n = 4; two layers), and E°
reproducibilities of 11.5 + 5.2 mV (r* =0.9980) and 11.0 + 4.8 mV (r>
=0.9984), respectively, which are basically the same as obtained before
the potential stability test (Fig. 3a). It shows that the performance of the
pseudo-REs is unaffected for at least 17 h. Fig. S1 reveals also that the
Ag/AgCl surface is intact without any visually observable changes (e.g.,
cracks) after the second calibration in KCI solutions. Since there was
practically no difference in the performance between the pseudo-RE
prepared with one and two Ag/AgCl layers, we decided to fabricate

90 T T T T T T T T T T T T T T T T T

85 B

E/mV

i»é

70 | B

65 |- 1

60 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

t/h

Fig. 4. The initial potential stability of eight laminated Ag/AgCl graphene
paper pseudo-reference electrodes measured in 0.1 M KCI for 17 h against a
commercial Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode.

the pseudo-REs for all other measurements from now on with only one
layer, which saves time and consumes less Ag/AgCl paste.

The potentiometric response of the pseudo-REs to oxygen and carbon
dioxide was measured by purging air, nitrogen, and carbon dioxide gas
through a solution of 0.01 M NaCl (Fig. 5). The results reveal that the
electrodes are practically insensitive to oxygen but give a potential
response of ca. 2-5 mV to carbon dioxide that decreases the pH of the
measuring solution (see also Fig. 7 later). AgCl should be insensitive to
pH changes and although the exact reason for the minor potentiometric
response to carbon dioxide is currently unclear, it can be speculated that
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Fig. 5. Potentiometric O, and CO, sensitivity of five identically fabricated
laminated Ag/AgCl graphene paper pseudo-reference electrodes measured in
0.01 M NaCl by purging it three times with air (containing O), pure Ny and
CO, gas in this sequence. All potentials were measured against a commercial
Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode.

it is connected to minor changes in the ionic strength caused by the
formation of H™ and HCO3 due to the dissociation of the formed HyCOs.
This may also influence the liquid junction potential of the double
junction Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode against
which the potentials of the pseudo-REs were measured. However, by
purging carbon dioxide gas through the 0.01 M NacCl can be considered
as an extreme case raising the CO, concentration to levels that are un-
likely in real measurements where the carbon dioxide levels are usually
rather constant. Therefore, it is likely that the minor CO; sensitivity of
the pseudo-REs will not limit their use.

It is known that AgCl is sensitive to light to a very minor extent. We
exposed therefore the pseudo-REs to room light, darkness, and very
intense cold light (Fig. 6). The latter is an extreme situation hardly
happening in real measurements. Fig. 6 reveals that the potential is
practically unchanged when switching from room light to darkness, but
exposure to intense cold light induces a potential change of less than
0.5 mV. It can therefore be concluded that the pseudo-REs are insensi-
tive to light under normal illumination conditions and very little
affected even under extreme conditions.

The influence of interfering electrolytes on the potential of the
pseudo-REs was studied in a solution of 0.01 M NaCl. We added to this
solution 10~3 M and 102 M concentrations of nitrate salts of Li*, K*,
Ca%*, Mg?* and H* (containing 0.01 M NaCl) and measured the po-
tential simultaneously (Fig. 7). Sodium nitrate was also studied to
determine the influence of nitrate ions on the electrode potential when
the cation (Na®) is kept unchanged. Fig. 7 shows that 10~ and 1072 M
concentrations of LiNO3, NaNO3, KNO3 and Ca(NO3); did not affect the
potential of the pseudo-REs, but a minor increase of the potential of ca.
1 mV was observed for 1072 M Mg(NO3), and 1073 M HNOs. On the
other hand, the potential decreased ca. 5 mV for 1072 M HNOs3, which
we currently do not know the exact reason for. We speculate that minor
changes in ionic strength affecting the activity coefficient of CI" may be
the reason for the minor decrease in potential. We note, however, that a
pH response was also observed for CO; as explained above, but in that
case the potential increased with 2-5 mV. The results in Fig. 7 reveal
that the pseudo-REs are insensitive to clinically relevant concentrations
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Fig. 6. The light sensitivity of five identically fabricated laminated Ag/AgCl
graphene paper pseudo-reference electrodes exposed to room light, darkness,
and intense cold light (ca. 1.6 %x10° 1x) in 0.01 M NaCl. All potentials were
measured against a commercial Ag/AgCl/3M KCl//1.0 M LiOAc refer-
ence electrode.
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Fig. 7. Potentiometric responses of five identically fabricated laminated Ag/
AgCl graphene paper pseudo-reference electrodes in 1072 M NaCl exposed to
possible interfering electrolytes with 107> M and 1072 M concentrations of
LiNO3, NaNO3, KNO3, Ca(NO3)2, Mg(NO3), and HNOs. All added electrolytes
had 1072 M NaCl as the background electrolyte and the potentials were
measured against a commercial Ag/AgCl/3M KClI//1.0 M LiOAc refer-
ence electrode.

of Li* (0.4 -1.2 mM), Kt (3.6 — 5.2 mM), Ca®* (2.1 - 2.6 mM), Mg?*
(0.85-1.1 mM) and most likely also to Na™t (0.096 — 0.106 mM) and pH
(7.35 - 7.45) showing that the pseudo-RE developed in this work could
be used as reference electrode in blood analysis.

Finally, we wanted to study the E° reproducibility of the pseudo-REs
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by preparing three identical electrode batches with eight laminated
electrodes in each batch (n = 3x8 =24). Fig. 8 shows that the laminated
pseudo-REs had a very reproducible potential in 10™* — 107! M KCl
solutions. The three electrode batches had mean electrode slopes of
—5824+ 1.1 (r? =0.9992), —59.9 + 0.2 (r* =0.9999) and — 56.2
4+ 1.0 mV/decade (r2 =0.9994) and mean standard potentials (EO) of
10.5 + 3.0, 5.2 + 0.6 and 10.4 & 2.7 mV. Table 1 summarizes the nu-
merical mean values of the pseudo-RE slopes and standard potentials of
five batches with all together 32 electrodes that was fabricated in this
work. The table shows that the laminated pseudo-REs had a very good E°
reproducibility of 10.8 + 2.8 mV and a Nernstian electrode slope of
—59.1 £ 1.6 mV/decade making them to a viable option for mass
production.

3.2. Laminated graphene paper K -selective electrodes

We have previously reported the fabrication of laminated K*-selec-
tive electrodes [3] for which the polyaniline solid contact and the
plasticized PVC based ISM was drop cast on the GP substrate after the
lamination. In this work, we wanted to develop a fully laminated ISE
concept where the ISE can be fabricated in only one lamination step
without any additional post-fabrication steps. We decided also to
simplify the ISE design from a two layer to a one layer design mimicking
coated-wire electrodes (CWE) [39]. The laminated ISEs were therefore
fabricated by placing only a pre-made K'-selective plasticized PVC-ISM
containing valinomycin as the ionophore directly on top of the GP sur-
face before the lamination. It is well-known that carbon nanotubes and
graphene can act as ion-to-electron transducers. The K*-selective ISM
contacting the GP had an area of ca. 29 mm? which is much higher than
for most solid-state ISEs and therefore it can be speculated that a rela-
tively high interfacial capacitance can be achieved resulting in ISEs with
stable potentials. However, there is a risk that the high temperature in
hot lamination (ca. 130 °C) degrades valinomycin, which could simul-
taneously degrade the performance of the ISEs by lowering their selec-
tivity against interfering ions or in the worst case make them

260 — T T T
240 i
220 i
200 1
180 i

160 .

E/mV

140 | |

120 | ]

100 | i

80 | ]

60 | i

4 35 3 25 2 A5
log ac;

Fig. 8. Reproducibility study showing three identically prepared electrode
batches of laminated Ag/AgCl graphene paper pseudo-reference electrodes
measured in 107*-10"! M KCl. Each batch contain eight identically prepared
laminated Ag/AgCl graphene paper pseudo-reference electrodes and the graph
includes therefore data for twenty-four laminated reference electrodes. All
potentials were measured against a commercial Ag/AgCl/3 M KCl//1.0 M
LiOAc reference electrode.
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Table 1

Potentiometric slopes and standard reduction potentials (E®) for five electrode
batches of laminated Ag/AgCl graphene paper pseudo-reference electrodes with
totally thirty-two electrodes calibrated in 10~* - 10~! M KCl solutions measured
against a commercial Ag/AgCl/3 M KCl//1.0 M LiOAc reference electrode.

Batch # Fig # n Slope” E*
(mV/dec) (mV)

1 3a 4 -59.4 12.2

2" 3a 4 -59.0 14.6

1¢ 3b 4 -60.3 11.5

b« 3b 4 -60.9 11.0

3 8 8 -58.2 10.5

4 8 8 -59.9 5.2

5 8 8 -56.2 10.4

Average 32 -59.1 £1.6 10.8 +£2.8

# Mean values of n electrodes.
> The Ag/AgCl layer was applied twice on the graphene paper.
¢ Second calibration after the potential stability test shown in Fig. 4.

non-selective to K*.

Fig. 9 shows the calibration graphs of four identical, freshly prepared
and unconditioned laminated K'-selective electrodes (graph a). The
electrodes had a slightly super-Nernstian potentiometric response of
62.8 + 0.4 mV/decade and a detection limit of ca. 10~® M showing that
the plasticized PVC membranes containing valinomycin are compatible
with the momentarily high temperature that the electrodes are exposed
to in hot lamination. However, the potentials of unconditioned elec-
trodes had a high SD of ca. 15-30 mV, which is usually observed for
CWEs. During conditioning the electrode potentials were drifting ca.
150 mV to lower potentials but showed a very low SD of ca. 3 mV for the
potentials in the linear response range (107>° — 107! M KNO3) and
slightly higher for lower K" activities. The conditioned K'-selective
laminated electrodes (n=4) had a near-Nernstian slope of 57.4
+ 0.3 mV/decade (r* = 0.9997), a detection limit of ca. 6 x 107 M and
a very good E° reproducibility of only + 1.2 mV. Only ISM with the
same weight was chosen for the lamination of the K'-selective elec-
trodes that could explain the high E° reproducibility. The ISMs were
punched from master membranes that were prepared by solution casting
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Fig. 9. Potentiometric responses of four identically fabricated laminated gra-
phene paper K*-selective electrodes measured in 107°-10"* M KNO5 with 1073
M NaCl as the ionic background. (a) Unconditioned and (b) fully conditioned
electrodes. All potentials were measured against a commercial Ag/AgCl/3 M
KCl//1.0 M LiOAc reference electrode.
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of the ISM solution into Petri dishes. Due to capillary forces acting at the
edge of the Petri dish, the ISMs will be thicker at the edges than in the
middle of the master membranes. To exclude possible variations in the
ISM thickness, we did not punch individual ISMs close to the edges of the
master membrane. A further study of the E° reproducibility of the K*-
selective electrodes was not included in this work due to time limita-
tions, but we are planning to study it in a separate work.

The logarithmic selectivity coefficients (log K"K"“_j) of the laminated

K'-selective electrodes against Na®, Li*, HT, Mg?" and Ca®" were
—3.37 £0.02, —3.66+0.05, —4.04+0.03, —4.02+0.05 and
— 4.59 + 0.08 (n = 4), respectively, further confirming that the selec-
tivity of the electrodes were not compromised by the hot lamination.
Neither did the electrodes show light sensitivity when exposed to room
light, darkness and intense cold light, which is an advantage compared
to some conducting polymer based solid contact materials that can be
highly light sensitive, such as poly(3-octylthiophene) [40].

4. Conclusions

We show in this paper that planar, low-cost (< €1) and flexible
laminated graphene paper Ag/AgCl pseudo-REs aimed for single use can
be fabricated with high E° reproducibility of 10.8 + 2.8 mV (n = 32)
measured against a commercial double junction Ag/AgCl reference
electrode. Multiple pseudo-REs with a very good batch-to-batch repro-
ducibility can be quickly fabricated in a single lamination step making
them suitable for mass production. They had practically no light sensi-
tivity and were also insensitive to clinically relevant concentrations of
inorganic ions, such as Li*, K%, Ca?" and Mg2+, which makes them
potentially useful in blood analysis where the chloride level is rather
constant. However, the requirement of a constant chloride concentra-
tion is also a limitation of the pseudo-reference electrodes presented in
this work. In a follow up paper, we are planning to modify the Ag/AgCl
layer with a coating making the electrodes insensitive to fluctuations in
the chloride concentration.

We also report a one-step fabrication by lamination of fully lami-
nated K'-selective coated-film electrodes that did not require a solid
contact or any additional post-processing steps (drop casting) after the
lamination. The planar and flexible ISEs showed close to Nernstian
electrode slope of 57.4 = 0.3 mV/pK with a detection limit of 6 x 10~/
M and in the best case a very good E° reproducibility of only = 1.2 mV.
The results reveal that valinomycin, the K'-selective ionophore used in
this study, does not degrade during the momentarily high temperature it
is exposed to during the hot lamination. In a future study, we aim to
integrate the pseudo-RE and the K'-selective electrode to a single
measuring unit by using hot lamination.
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