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Abstract

We report potentiometric performances of ion-to-electron transducer based on reduced graphene oxide (RGO) for applica-
tion of all-solid-state potassium ion sensors. A large surface area and pore structure of RGO are obtained by a hydrothermal
self-assembly of graphene oxide. The extensive electrochemical characterization of RGO solid contact at the interface of ion-
selective membrane and gold electrode shows that the potassium ion-selective electrode based on RGO had a high sensitivity
(53.34 mV/log[K™]), a low detection of limit (—4.24 log[K*], 0.06 mM) a good potential stability, and a high resistance to
light and gas interferences. The potentiometric K™-sensor device was fabricated by combining of screen-printed electrodes
and a printed circuit board. The K*-sensor device accurately measures the ion concentration of real samples of commercial
sports drinks, coke and orange juice, and then transfers the collected data to a mobile application through a Bluetooth module.
The screen-printed ion sensors based on RGO solid contact show a great potential for real-time monitoring and point-of-care
devices in human health care, water-treatment process, and environmental and chemical industries.
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1 Introduction

Potentiometric ion sensors, which consist of ion-selective
and reference electrodes, can convert the concentration of
target ions into a measurable signal of electrical potential
[1]. Compared to conventional liquid-contact ion-selective
electrodes with an inner filling solution, all-solid-state
ion-selective electrodes show more benefits in mechanical
flexibility, maintenance, operation, durability, and minia-
turization, and thus present a promising range of potential
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applications in diagnostics, healthcare, and point-of-care
devices [2-5]. However, applications with a small sample
volume in limited spaces require an enhancement in sensor
performances, such as reproducibility, potential stability,
and detection limit [6-8]. As an ion-to-electron transducer,
solid contact materials, which are generally placed at the
interface of an electronic metal conductor and ion-selective
polymer membrane, are regarded as an essential component
for enhancing stable and reliable potentiometric ion sen-
sors [1, 9]. Highly capacitive materials have been widely
used as ion-to-electron transducers, including conducting
polymers of polypyrrole [10], poly(3-octylthiophene) [11],
polyaniline [12], poly(3,4-ethylenedioxythiophene) [3], and
nanocarbons of carbon nanotubes [13], fullerene [14], gra-
phene [8, 15, 16], and porous carbons [17, 18]. Although
conducting polymers are effective ion-to-electron transduc-
ers, they suffer from the formation of the water layer and
interferences from light and dissolved gases of O, and CO,,
which may cause unstable potential responses and severe
potential drifts [9].

The electrical double-layer capacitive carbon materi-
als have also been used as ion-to-electron transducers [8,
13—18]. Compared to conducting polymers, carbon materials
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show a promising possibility to improve the abovementioned
issues of the water layer and interference of gases and poten-
tial stability due to the hydrophobicity and high specific
capacitance of nanocarbon materials [13, 14]. Graphene is
a single layer of carbon atoms arranged in a two-dimensional
hexagonal lattice, showing unique thermal, optical, mechani-
cal, electronic, and electrochemical properties [19]. Since
graphene oxide (GO) has been synthesized via the chemical
oxidation of graphite, RGO, which is simply obtained by
the reduction of GO, has attracted much attention in terms
of mass production, solution process, and the easy modifica-
tion of graphene surface [20]. A high electrical double-layer
capacitance of RGOs has made them an attractive ion-to-
electron transducer for all-solid-state solid-contact ion-selec-
tive electrodes [15]. In particular, when RGO has a higher
surface area with a porous structure, RGO provides more
stable potential signals in a prolonged period of time and
much lower sensitivity to light, oxygen, and carbon dioxide
[16]. However, most RGO-based materials derived from
GOs still remain a challenge; RGOs are aggregated during
the conversion of GOs into RGOs, resulting in a decrease of
surface area [21].

With the development of printing technology, printed
electrochemical devices have gained a great deal of attention
because of their mass production, low cost, and reproduc-
ibility [22]. Here, we report a miniaturized potentiometric
ion-sensor device combining an all-solid-state ion-selective
electrode and a reference electrode based on screen-printed
silver electrodes. Three-dimensional (3D) RGO hydrogels
were used as a solid-contact material, showing a Nernstian
response, excellent potential stability, and a good resistance
to the water layer and interference from light, O,, or CO,. As
a proof of concept, a potassium ion sensor device was fab-
ricated and integrated with a printed circuit board. The col-
lected data were transferred through Bluetooth module and
were then displayed in a mobile application. The potassium
ion sensor provided accurate and reliable potential signals.
Furthermore, the developed ion sensors could selectively
measure the concentration of potassium ions in real food
samples.

2 Experimental
2.1 Materials

Graphite powder (<20 pm), ethylene diamine, valinomycin
(potassium ionophore I), potassium tetrakis(4-chlorophenyl)
borate (KTCIPB), poly(vinyl chloride) (PVC), bis(2-ethyl-
hexyl)sebacate (DOS), potassium chloride, sodium chlo-
ride, calcium chloride, magnesium chloride ammonium
chloride, Sulfuric acid, 1-Methyl-2-pyrrolidinone (NMP),
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Tetrahydrofuran (THF) and Butvar® B-98 (PVB) was pur-
chased from Sigma-Aldrich.

2.2 Preparation of RGO hydrogel

The RGO hydrogel was prepared by self-assembly of GO
solution as follows. The 8 mL of GO solution (3 mg/mL)
with 20 pM of ethylenediamine was placed in a Teflon auto-
clave, and the heated at 180 °C for 12 h. The resultant RGO
hydrogels were washed with deionized (DI) water and etha-
nol several times, and were then stored in DI water.

2.3 Preparation of ISM-RGO/Au electrode

The ISM—RGO/Au electrode was prepared using a drop-
casting method as follows. A piece of RGO hydrogel was
sonicated in NMP, and was then dropped onto the surface
of Au electrode. The resultant RGO/Au was dried at 80 °C
under vacuum for overnight. The potassium ion-selective
membrane (ISM) was prepared by mixing of valinomy-
cin (2 mg), KTCIPB (0.5 mg), DOS (64.7 mg), and PVC
(32.8 mg) in THF (1 mL). The K* selective membrane was
drop-casted onto the surface of RGO/Au electrode at room
temperature, and repeated three times to prepare ISM—RGO/
Au electrodes. As a control sample, ISM/Au electrode was
prepared without deposition of RGO.

2.4 Fabrication of a screen-printed K*-sensor

The K*-sensing electrode part of the silver screen-printed
platform was manufactured in the same procedure as the
ISM-RGO/Au electrode. The reference electrode was pre-
pared by an electrolytic deposition of chloride at an applied
constant voltage of 0.2 V for 400 s in 0.1-M KCI solution
using three-electrode system.

2.5 Characterization

SEM image was performed by a field emission scanning
electron microscope (S-4800). High and low resolution of
TEM images were investigated by a field emission transmis-
sion electron microscope (JEM2100F, JEOL Ltd., Tokyo,
Japan) operated at 200 kV. XRD data were investigated by
a RigakuD/MAX-2500 (40 kW, Tokyo, Japan) with a 6/6
goniometer. XPS data were obtained on Thermo MultiLab
20000 (Thermo Fisher Scientific, Daejeon, Korea). The spe-
cific surface area was determined by N, adsorption/desorp-
tion measurement (ASAP-2010 surface area analyzer) using
Brunauer—-Emmett-Teller (BET) method. Potentiometry,
cyclic voltammetry, amperometry, and chronopotentiome-
try were measured using CHI 760E (CH Instruments, Inc.).
For a three-electrode system, ISM—-RGO/Au, Ag/AgCl,
and Pt wire were used as working, reference, and counter
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electrodes, respectively. K*-sensor has a two-electrode sys-
tem consisting of ISM—RGO/Ag and Ag/AgCl reference
electrodes. The gas layer test of ISM—RGO/Au electrode
immersed in 0.1-M KCI solution was performed by con-
tinuously flowing N,, O, and CO, gas (purity 99.9%). Real-
sample measurements using screen-printed K* sensor were
measured by Arduino-based PCB including 3.7 V Li-ion
battery as a power source and a FBL780 Bluetooth module
for data transmission.

3 Results and discussion

The 3D RGO hydrogels were prepared by a hydrothermal
reduction method using a mixture of GO (3 mg/mL) and
ethylene diamine (20 pM) in a Teflon-lined autoclave at
180 °C for 12 h. A self-assembled RGO monolith was
obtained after cooling the autoclave at room temperature
(Fig. 1a). This self-assembled hydrothermal reduction for
fabricating 3D RGO hydrogels is a straightforward, sim-
ple, and one-step method with a low-cost and effective
process. As the reduction of GO was processed, the oxy-
genated groups were removed from the GO surface, and
m—r stacking between the 2D sheets and hydrophobicity
was increased [23]. The increased z—x stacking and hydro-
phobicity lead to a self-assembly of 3D RGO hydrogel.
Observation with SEM revealed that the exfoliated RGO
sheets were interconnected with each other, thus showing
a 3D porous structure with sub-micro-size pores (Fig. 1b,
c¢). To investigate the TEM measurement, a piece of 3D

(a)

RGO hydrogel was obtained using a sonicator and then
dropped it onto a TEM grid. The TEM image shows an
exfoliated and wrinkled RGO sheet, indicating no aggre-
gation during the hydrothermal reduction of GO (Fig. 1d,
e). Based on the BET method, 3D RGO hydrogel has a
high specific surface area of 247 m*/g (Fig. 1f). Further-
more, an X-ray powder diffraction (XRD) measurement
confirmed the exfoliated state of 3D RGO. Compared to
pristine graphite, the 2D spacing peak at 24° was dramati-
cally reduced after hydrothermal reduction (Fig. 1g). The
chemical reduction degree of GO was demonstrated by
investigating the change of chemical state of GO and RGO
sheets using an X-ray photoelectron spectroscopy (XPS)
analysis technique (Fig. 1h). The C 1s XPS spectrum of
GO showed two overlapped peaks that can be deconvo-
luted into four peaks, corresponding to C=C (284.4 eV),
C-0 (286.9eV), C=0 (288.7 eV), and COOH (292.4 eV),
respectively. After hydrothermal reduction, the intensities
of oxygenated group peaks were significantly decreased,
indicating the formation of RGO.

The RGO electrode with a high surface area provides a
high electrical double-layer capacitance, which is essential
for effective solid-contact transducers. A cyclic voltam-
metry (CV) measurement was performed to investigate
the electrical double-layer capacitance of RGO electrodes
using a three-electrode system (Fig. 2a). The CV curve
obtained for the RGO electrode was measured at a scan
rate of 50 mV/s in a potential range of 0.0-1.0 V. The rec-
tangular and symmetric CV shape indicates a well-defined
electrical double-layer behavior of carbon materials. The
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Fig. 1 a Photograph of 3D RGO hydrogel. b, ¢ SEM and d, e TEM images of 3D RGO hydrogel. f N, adsorption/desorption isotherm of 3D
RGO hydrogel. g XRD patterns of graphite and 3D RGO. h C 1s XPS spectra of GO and 3D RGO

@ Springer



76

Carbon Letters (2020) 30:73-80

—_
Q
N

—— RGO
— Au

= N W b»

Current density (mA/cm?)
o

02 04 06 08 1.0

Potential (V vs. Ag/AgCl)

270 360 450 540

Time (s)

0 9 180

Fig.2 a CV curves of RGO and Au electrodes at a scan rate of
50 mV/s in 1-M H,SO, electrolyte. b SEM images of Au, RGO and
ISM-RGO with schematic illustrations of ISM/Au and ISM-RGO/Au

area capacitance (Cg) values can be calculated from CV
curves using the following equation [24]:

2 /! 1Udr
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1
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where U is the potential window (V) with U; and U, being
the initial and final values, respectively, / is the current den-
sity (A/cm?), and ¢ is the discharge time (s). The obtained
capacitance of the RGO electrode was 41.1 mF/cm?, which
is much higher than that of a pristine Au electrode (42.3 pF/
cm?).

To demonstrate the effect of RGO solid contact on a
potentiometric performance, we selected a potassium ion
as a target molecule because the concentration of potassium
ion is an indicator for muscle cramps, hypokalemia, and
hyperkalemia during exercise [25]. Two different ion-selec-
tive electrodes were prepared using a drop-casting method
(Fig. 2b): (1) an Au electrode with an ISM (ISM/Au) and
(2) an Au electrode with RGO solid contact and an ISM
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(ISM—-RGO/Au). The roughness morphology was observed
after surface modification of the Au electrode with RGO.
The drop-casting of ISM fully covered the RGO surface. The
measurement of potentiometric K* responses was performed
in a two-electrode system using an ISM—RGO/Au sensing
electrode and an Ag/AgCl reference electrode immersed in
an electrolyte K* solution (Fig. 2c). The electromotive force
(EMF) responses between ISM—RGO/Au and Ag/AgCl elec-
trodes were recorded by decreasing the concentration of the
K* solution from 1 M to 3.8 pM. The calibration curve of
EMEF versus log [K*] was plotted in Fig. 2d. The ISM—RGO/
Au electrode showed a linear slope of 53.34 mV/log[K*]in a
range of 250-0.06 mM, which is close to a Nernstian behav-
ior. Based on the intersection of two slopes, the detection
limit for ISM—RGO/Au was calculated to be —4.24 log[K*]
(0.06 mM).

The repeatability of the ISM—RGO/Au electrode was
tested by repeatedly measuring EMF responses during
increasing and decreasing K* concentration (Fig. 3a). The
ISM-RGO/Au electrode has almost the same sensitivities of
52.46 mV/log[K*] and 53.44 mV/log[K"] for the front and
back directions (Fig. 3b). The maintained sensitivity with a
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Fig.3 a Hysteresis curve for the RGO/K*-ISM electrode in varying
potassium concentration solutions and b Linear relationship between
EMF and log[K*] with decreasing and increasing potassium concen-

small hysteresis width of 2.9 mV indicates good repeatabil-
ity for the ISM—RGO/Au electrode. The ISM—RGO/Au elec-
trode can spontaneously respond to the abrupt concentration
change of the electrolyte solution within 6.0 s (Fig. 3c). This
fast response time is essential for the high performance of
all-solid-state ion sensors. The selectivity is also one of the
most important characteristics for ISM electrodes (Fig. 3d).
The selectivity coefficient (K;;T_J) is a good indicator to
determine an accurate measurement of a potassium ion in
the presence of interfering ions (J) [26]. The selectivity
coefficients were obtained using a separate solution method
comparing the response of the ISM electrode to the primary
ion and to that of the interfering ion. All of the selectivity
coefficient values of ISM—RGO/Au electrodes to interfering
ions of NH,*, Na*, Mg?*, and Ca®* were below 1 (Fig. 3d),
indicating a good selectivity of the ion-selective electrode.
The RGO-ISM/Au electrode showed excellent potential
stability (Fig. 4). The potential stability against electrode
polarization in a constant measuring condition can be inves-
tigated by measuring the capacitance of electrodes using a
chronopotentiometric technique. The RGO-ISM/Au elec-
trodes were charged and discharged at an applied constant
current of + 1 nA for 200 s. The potential stability based
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tration. ¢ Change of EMF signals when diluting KCI solution from
100 to 55 mM. d Ion selectivity of ISM-RGO/Au electrode using
separate solution method

on the time (7) dependence of the electrode potential (AE/
Ar) can be expressed by the capacitance (C) of the elec-
trode obtained at an applied constant current as following
the equation [13]:

Potential stability = AE/At=1/C )

This equation indicates that as the capacitance increases,
the potential responses become more stable. The specific
capacitance (C,) of electrodes can be calculated from chro-
nopotentiometric charge/discharge curves using the follow-
ing equation [27]:

C, =I1/(AE/Ap), 3)
where I is current density (A cm™2), AE is a potential win-
dow after iR drop, and At is discharge time. The RGO-ISM
electrode showed a symmetric charge/discharge curve,
indicating ideal electrical double-layer capacitive behavior.
The RGO-ISM electrode had a higher area capacitance of
2.38 mF/cm? and a lower potential drift (2 pV/s) than those
of the Au-ISM electrode (0.10 mF/cm? and 50 puV/s). The
high capacitance of the RGO-ISM electrode originated from
a large surface area and electrical double-layer capacitance
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Fig.4 Potential stability of ISM/Au and ISM-RGO/Au electrodes
measured at an applied current of +1 nA for 200 s in 0.1-M KCl
solution

of RGO-enhanced potential stability compared to the
Au-ISM electrode.

The formation of an unintentional water layer at the inter-
face of the solid contact and the ISM is one of the most
important criteria for the high potentiometric performance
of ISM electrodes [28]. The diffusion of undesired ions or
gases into water layer causes severe potential drifts and
mechanical failure. The presence of the water layer was dem-
onstrated by conditioning the ISM electrodes alternatively
in solutions of the primary and interfering ions for a long
time (Fig. 5) [29]. After being conditioned in a 0.1-M KCl
solution overnight, EMF responses of ISM electrodes were
measured by subsequently changing electrolyte ions from
0.1-M KCI (primary ions) to 0.1 NaCl (interfering ions) and
back in initial primary ions of 0.1-M KCI. When the elec-
trolyte ion returns to initial ion solution, the bare Au—-ISM
electrode showed unstable potential drift due to the presence
of the water layer. In contrast, the RGO-based ISM electrode

T
—— ISM-RGO/Au
Al B | A A 0.1MKCl ISM/AU
| | B: 0.1 M NaCl
| 50 mv

EMF (V)

T

012345678 910111213 14 15
Time (hr)

Fig.5 Water layer tests of ISM/Au and ISM-RGO/Au electrodes in
0.1-M KClI (A) and 0.1-M NaCl (B) solutions
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exhibited stable potential responses, which are close to its
initial values. This result indicates that RGO solid contact
enables the effective prevention of a water layer onto the
surface of ISM because of the rough surface morphology
and hydrophobic nature of RGO.

A good ISM electrode should endure interferences of
light and gases (e.g., O,, N,, and CO,), which are gener-
ally observed at conducting polymer-based ISM electrodes.
The use of conducting polymer as a solid contact leads to a
photosensitive electrode due to the organic semiconducting
properties of conducting polymers [30]. The gas species can
diffuse through the ISM and reach solid contact, resulting in
the severe perturbation of potential measurement. The effect
of light on the RGO-ISM electrode was tested by continu-
ously measuring potential responses of the electrode during
the ambient light on/off. In addition, the interferences of O,,
N,, and CO, on potential measurement were investigated by
bubbling these gases through electrolyte ion solutions. As
shown in Fig. 6, RGO-ISM had no significant interferences
against light and gases.

The highly selective potassium ion sensing performance
of the RGO-ISM electrode with a good ion-to-electron trans-
ducer of RGO solid contact was applied for the fabrication
of potassium ion sensor devices. Figure 7b shows the device
configuration of a potentiometric K-sensor device, in which
two electrodes are integrated with a printed circuit board
(PCB). The PCB collects sensing data and transfers them to
a notebook or a mobile phone. The digital data can also be
displayed in a mobile application. The K*-sensor consisted of
a two-electrode system of RGO-ISM sensing and Ag/AgCl
reference electrodes. The screen-printed process was used to
fabricate electrode substrates of Ag-printed electrical circuits.
This screen-printing technique allowed us to manufacture
conductive patterns of electrodes in a large-scale, low-cost,
and reproducible process. An Ag/AgCl reference electrode
was prepared by electroless deposition of chloride and then

[5mv N,

EMF (V)

Light off
¥

0 1800 3600
Time (s)

Fig.6 EMEF signals of ISM—RGO/Au electrode in 0.1-M KCl solu-
tion during N,, O,, CO, gas flows and under light on/off states
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Fig.7 a SEM image of screen-printed silver electrode. b Photograph
image of screen-printed K*-sensor integrated with PCB and mobile
application. ¢ EMF responses of K'-sensor measured at a range
of 100-0.1 mM of KCI solution under mechanically normal and
bent states. Inset is photograph of K*-sensor with normal and bent

covering with PVB containing 78-mg NaCl. The RGO-ISM
sensing electrode was prepared by subsequently drop-cast-
ing RGO and ISM onto the surface of the Ag electrode. The
fabricated K*-sensor spontaneously responded to exposing
concentration changes in K* solutions by decreasing from
100 to 0.1 mM (Fig. 7c). The EMF responses were displayed
in a mobile application, showing a sensitivity of 60.7 mV/
log[K*]. To demonstrate the feasibility of the K*-sensor, real
samples of sports drinks (sports drink 1: Pocari Sweat™ and
sports drink 2: Powerade™), coke, and orange juice were
measured, and the values were similar to those of an elec-
trochemical analyzer (Fig. 7e). Furthermore, the K*-sensor
responded spontaneously to the change of ion concentration
by adding 1-M KCl into sports drink 1 (Fig. 7).

4 Conclusions

We prepared RGO hydrogels with a large surface and pore
structure through the hydrothermal reduction of a GO solu-
tion. The electrical double-layer capacitive behavior and
hydrophobicity of RGO made it an attractive solid contact
between the potassium-selective membrane and Au elec-
trode. The resultant ISM—RGO/Au electrode showed high

Time (s)
—CN— () [— sponsannc
’ KCl
N\
2 1.871 KCl
w N
=
W 1.861
KCl
1.851 N
VR <N oKe Wice 0 30 80 % 120
‘\(\\" (\(\\" O e\
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states. d Photograph images of K*-sensor immersed in real samples
of sports drink 1 (Pocari Sweat™), sports drink 2 (Powerade™),
coke, and orange juice. ¢ K* concentration of real samples using
K*-sensor using PCB and electrochemical analyzer. f EMF responses
of K*-sensor by adding 1-M KCl into sports drink 1

sensitivity, a low detection limit, a fast response time, and
good selectivity. The RGO solid contact-based electrode,
compared to the bare Au electrode, enhanced potential
stability and more effectively prevented the formation of
a water layer and interferences of light and gases. Moreo-
ver, we fabricated a potentiometric K*-sensor based on a
screen-printed process, in which PCB was interconnected
to collect data and transfer them to a mobile application.
The potentiometric K*-sensor performed accurate measure-
ments of K* concentration in real samples of sports drinks,
coke, and orange juice, which were consistent with an elec-
trochemical analyzer. The potentiometric ion sensors based
on RGO solid contact offers great promise for reliable and
reproducible electrochemical performances of all-solid-state
ion sensors.
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