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Abstract

Disposable devices for sensing biomarkers like Na* ion in sweat was developed using UV-Ozone
irradiated laser-induced graphene (LIG) based electrodes. Solid-state ion-selective electrodes
(ISEs) sensitive to Na* ions were fabricated by a two-step drop-coating process of polyvinyl
chloride solution containing plasticizer, ionophore and ion-exchanger on LIG electrode.
Hydrophobic to hydrophilic transition induced by UV-Ozone treatment reduced the contact
angle, resulting in better permeation of the ion-selective membrane into the ozonized LIG film.

Raman spectroscopy and IR absorption studies indicate physisorption of ozone on LIG.
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Performance of ozonized LIG (O-LIG) electrodes was much better than pristine LIG and screen-
printed carbon electrodes. Sensitivity of 60.2 + 0.9 mV/ decade to Na* ions and a lower limit of
detection of 1 x 10° M was achieved using O-LIG based ISEs. Response time of the devices

were around 1 min.

Keywords
Laser-induced graphene; ion-selective membrane; wearable electrode; electrochemical analysis;

sweat sensor.

1. Introduction

In recent years, electrochemical sensors have emerged as a popular device for real-time analysis
and non-invasive monitoring of human body fiuids such as urine, blood, sweat, tears, saliva and
interstitial fluid [1-4]. It is important to detect and quantify the concentration of biomarkers such
as metabolites, proteins, antibodies, electrolytes, ions and hormones which can provide crucial
information about health and physical status of a person [2, 4-8]. Analysis of sweat has drawn
great attention as it contains chemical and biological markers that are responsible for many
diseases and physiological disorders such as dehydration, cystic fibrosis, stress disorders, bone
mineral loss, hyponatremia, osteoporosis and drug abuse [4, 8-15]. Although sweat contains a lot
of pathological information, it has been neglected in healthcare diagnostics due to the technical
difficulties associated with the collection and analysis of sweat [11, 16-19]. Current state of the
art in ion-selective electrodes have generated hope of overcoming these hurdles through
miniaturization of conventional clinical sensors [20, 21]. ISE is a combination of conducting

electrode and ion-selective membrane (ISM) that can function as an electrochemical
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potentiometric ion sensor. Synthesis of suitable electrode material and selection of a proper ISM
is therefore utmost important for sweat analysis using the potentiometric technique.

Conventional ISEs are liquid contact electrodes which contain an ionic solution (also
referred to as inner filling solution) between the electrode and the ISM [20, 22]. These liquid
contact ISEs has certain limitations such as evaporation of the inner filling solution,
transportation of liquid across the sensing membrane due to osmotic pressure, deviations of
sample temperature and pressure [22]. This can damage the overall senor’s performances. It is
also extremely difficult to miniaturize liquid contact ISEs. Thus it is imperative to replace these
liquid contact electrodes by solid-state ISEs [23]. Carbon-based nanomaterials like three
dimensional ordered macroporous carbon, glassy carbon, carbon nanospheres, carbon nanotube,
graphene and fullerene have shown tremendous promise as solid-state ISEs for electrochemical
bio-sensing [24-31]. Recent development in the area of solid contact ISEs has shown that
introducing a thin conducting polymer as an intermediate layer between the electrode material
and sensing membrane can improve ion-to-electron transduction [32]. It is well established that
graphene-based electrodes hold immense potential for electrochemical sensors owing to their
high electron mobility, high electrical and thermal conductivity, mechanical flexibility and most
importantly high surface area and porosity [33-35]. Despite numerous potential applications,
large scale chemical-free production of porous graphene is a challenging task. Recently, a
simple, scalable and cost-effective technique was developed for the synthesis of 3D porous few-
layered graphene using a single-step laser-writing process [36]. Graphene synthesised by this
process is usually referred to as laser-induced graphene (LIG). It has already shown promising
results in numerous applications, such as electrochemical sensors, biosensors, microfluidic

systems, electronic devices, catalysis, water purification etc [37-44].
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One of the disadvantages of LIG is their hydrophobic nature. Coating hydrophobic LIG
films with ISM is significantly difficult and results in ISEs with low sensitivity and non-
repeatable performance. So, it is important to fabricate LIG with tunable wettability. Studies
have shown that there can be a reversible transition between hydrophobic and hydrophilic states
of graphene. Jing et al.[45] demonstrated that the surface wettability of graphene can be
modified by various methods, one of them is ozone (O3) treatment, which has been used in the
current work to make LIG surface hydrophilic. Studies suggest that the interaction between
ozone and graphene can occur in two ways: one is physisorption and the other is chemisorption
[46]. Physisorption generally leads to an upshift of Dirac point and is responsible for p-type
doping [47]. This decreases resistance and improves the electrical conductivity of graphene [48].
Chemisorption results in changes in the atomic structure of graphene [48]. In physisorption,
ozone molecules intercalate between the layers of few-layered graphene which leads to an
increase in the electrochemically active surface area and the content of turbostratic and
monolayer graphene. Hence it improves the sensor performances.

In the current article, we report the improvement in ion sensing performance by using ozonized
LIG (O-LIG) electrodes because of its increased electrochemical active surface area and
porosity. We have shown that the ISM in solution state diffuses throughout the pores of O-LIG.
After solidification, ISM forms a strong attachment to O-LIGs and enables a robust flexible ion
sensing device. Hydrophilicity and high porosity of the electrode improve the penetration and
attachment of ISM to the electrode, which in turn improves the transduction of electrochemical
changes happening inside the ISM in presence of target ions into the electrical potential of the

electrode.
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2. Experimental
2.1. Synthesis of pristine and ozonized LIG (O-LIG) Electrodes

Laser-induced graphene was synthesized using a Universal Laser system over a 50 pm thick as-
received Kapton polyimide (Printed electronics Itd. UK) sheet. The laser treatment was carried
out in ambient atmospheric condition with the help of Universal Laser 230 VLS (CO; laser). For
the conversion of polyimide into LIG, the laser power was kept constant at 8.1 W and the lasing
speed was controlled at 570 mm s™. The electrode, along with the connection lines and pads was
fabricated by laser patterning the polyimide substrate using the same protocol. The laser converts
sp® hybridized carbon in polyimide film into sp? hybridized carbon [36].After fabrication, we
have performed the ozone treatment of LIG in a Novascan PSD Pro Series digital UV-Ozone
cleaner where the ozone is produced by ultraviolet irradiation (254 nm of UV light with an
intensity of 20 mW/cm?) in ambient conditions. The ozonization of LIG was carried out for 30

minutes at room temperature.
2.2. Material Characterization

Scanning electron microscopy (SEM) was performed using a Hitachi SU5000 and Energy-
dispersive X-ray spectroscopy (EDS) data were obtained using an Oxford instrument and analyzed by
using Aztec software. Raman spectroscopy was done by using a micro-Raman spectrometer
(STR) equipped with a 532 nm argon-ion laser source with a power of 2.5 mW and 50x
magnification objective lens. Fourier transform infrared spectroscopy (FTIR) was carried out
using Nicolte iS5 FTIR spectrometer (Thermo Fisher Scientific) in attenuated-total-reflectance
mode on a diamond crystal. Hydrophobicity and hydrophilicity with both water and concentrated
ISM solution on LIG surfaces (before and after ozone treatment of LIG) were investigated by

5
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static and dynamic contact angle measurements (Kriiss GmbH, DSA-25). The sessile drop
method was carried out by applying a droplet of 2 pL volume. Both Deionized water (Resistivity
18.2 MQ-cm) and concentrated ISM solution were taken as test liquids.

2.3. ISM Solutions

Sodium ion-selective membrane solution comprised of 264 mg of polymer poly(vinyl chloride)
(PVC) (high molecular weight, Selectophore grade, Sigma-Aldrich), 528.8 mg of plasticizer
bis(2-ethylhexyl) sebacate (DOS) (purity >97.0%, Selectophore grade, Sigma-Aldrich), 5.6 mg
of 4-tert-butycalix [4] arene-tetraacetic acid tetraethyl ester (sodiuni ionophore X) (Selectophore
grade, Sigma Aldrich), and 1.6 mg of ion exchanger potassium tetrakis ((4-chlorophenyl)-borate
(purity >98.0%, Selectophore grade, Sigma-Aldrich) dissolved in 10 mL of solvent
tetrahydrofuran (THF; purity >99.9%, anhydrous, inhibitor-free, Sigma-Aldrich).[49, 50] The
mixture was allowed to rest for about 5 minutes and then stirred until a pellucid solution was
obtained. The concentration of this sodium ISM solution was 0.08 g/mL and henceforth in this
article, it is referred to as the concentrated ISM solution. To dilute this ISM solution to a

concentration of 0.008 g/mL., we added extra THF in a volume ratio of 9:1.[26]
2.4. Fabrication of ISEs

ISM coating on pristine LIG and O-LIG was prepared by a two-step drop-casting process that
has been reported earlier to produce good results.[26] At first we drop coated 200 xL of dilute
(0.008 g/mL) solution and then 100 xL of concentrated (0.08 g/mL) solution. Typical electrode
size was 0.5 x 0.5 cm? A minimum 40-50 s gap was kept between two consecutive coats to
allow the dilute ISM solution to permeate the LIG film. The ISM coated electrodes were kept at
rest for 12 hours under ambient conditions to dry slowly. ISM was also drop coated on a screen-

printed carbon electrode by wusing the same method. Before conducting any

6
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characterization/measurement, the ISEs were dipped inside a 0.1 M NaCl solution for 30-40 min
followed by dipping in DI water for 10-15 min. This process activates the pores on the surface of
ISM and the ion-conducting channels inside the polymeric ISM.

2.5. Electrochemical Measurements

Cyclic voltammetry (CV) and measurements of open-circuit potentials (OCPs) were carried out
using an Autolab potentiostat/galvanostat 302N instrument (Metrohm B.V. Utrecht, Netherlands)
controlled by Nova (version 1.10) software. CV was performed using a three-electrode setup that
consisted of a working electrode (LIG), Pt wire as a counter electrode, Ag/AgCI (with 3 M
potassium chloride electrolyte) as a reference electrode and 1 Molar NaCl was used as the
electrolyte. 15-20 cycles were recorded until at-least 5 stable and repeatable cycles were
obtained. These stable cycles were considered for measuring the capacitance. OCP
measurements were conducted in a two-electrode configuration with ISE as working electrode
and Ag/AgCI reference electrode. Under open-circuit conditions no current is flowing in the
system, hence there is no need for using the third counter electrode. OCPs were measured by
dipping the electrodes in the test solutions, i.e. NaCl solutions of varying concentrations.
Artificial sweat was prepared according to the European reference method EN1811:2011 by
dissolving urea (0.1 wt %), lactic acid (0.1 wt %) in deionized water with varying sodium
concentrations of 10 to 1M. The pH of the prepared artificial sweat solution was maintained at

6.5+ 0.05.

The dependence of OCP (E) of an ISE on the concentration (C) of target ion in the test solution

is given by the Nicolskii-Eisenman equation:

2.303RT
zF

E = constant +

log C
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Where ‘R’ is the universal gas constant, ‘T’ is the absolute temperature, ‘z’ is the charge on the
ion being detected and ‘F” is the Faraday’s constant [20, 51, 52]. Here it is assumed that there are

no other inferring ions. The plot of the OCP vs. log of the concentration of target ion should be a

2.303RT
V4

straight line with slope,

. On substituting the values of these constants, the slope turns out

to be 60.2 mV/decade for Na' ion at room temperature. The slope of the linear fit of
experimentally obtained calibration curve of an ISE is termed as its sensitivity. The lower limit
of detection (LOD) of an ISE was determined by following the IUPAC convention, according to
which LOD is the concentration of target ion where the error of the analysis is 100% [53]. Based
on the Nicolskii-Eisenman equation, we can say that at LOD the concentration of this

monovalent ion is twice or half of the predicted value from the linear fitted calibration curve.

2.303RT

Thus the difference between measured and predicted OCP at LOD is 4E = + log2 =+ 18

mV, at room temperature, for monovalent ions. For estimating the linear fit to the sodium ISE
calibration curves data in the range 1x 10~* to 1 M was used. The linear range of an ISE is
defined as the part of the calibration curve where the deviations from linear fit do not exceed the

standard error values [53].

3. Results and discussion

The foremost sensing element of the ISEs is ISM which comprises a plasticized polymer doped
with a lipophilic complexing agent termed as ionophore [54, 55]. It is the ionophore that gives
ISE its selectivity towards the specific target ion [56, 57]. The lon-exchanger, potassium tetrakis
((4-chlorophenyl)-borate, used in the current study maintains charge neutrality of the ion-
selective membrane (ISM). As Na" ions enter the ISM, electrostatic potential keeps building up,

so it is necessary to lose some other positive charges. The K* ions from the exchanger go into the
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test solution. Ideally, the ion-exchanger has no direct interaction with the target ions, i.e. Na* or
other interfering ions.

In the current study, the amorphous polymer matrix was prepared by mixing PVC with DOS.
The amorphous nature improves ion conductivity. In order to construct an ISE for sodium,
sodium selective neutral ionophore (Na-X) and ion exchanger potassium tetrakis ((4-
chlorophenyl) borate were incorporated in the polymeric matrix [49, 50]. Sodium ionophore X
has a high sensitivity to Na* ion and superior selectivity against other similar ions like H*, K" and

NH," [50, 58, 59]. We examined selectivity measurements using O-LIG based Na* ISEs. The
selectivity of the Na* ISE towards K" ion (log KEZTK) was calculated by separate solution method

(SSM) [60] (for 10 M solutions) and was found to be -2.31+ 0.23, which is comparable to
values reported in the literatures.[60-63]. Potentiometric selectivity co-efficient is given by the

Nicolsky—Eisenman equation [64]
E=Eo+RT/(z4 F)In[a,+3Xp K,f,gt (aB)ZA/ZB]

where, E is the measured potential; Ey is a reference potential; z, and zz are the charge on the

primary ion, A and interfering ion B; a4 and ag are the activities of the primary ion, A, and the
interfering ion B; Kﬁgt Is the potentiometric selectivity co-efficient for the primary ion A against

the interfering ion, B; R, T and F are universal gas constant, the absolute temperature and the

Faraday’s constant.

Using Nicolsky—Eisenman equation selectivity coefficient can be expressed as:

pot _ (EB—Ep)Za F _Zy
log Kyp =224 +(1 /z5) 10ga,

which is equivalent to
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_ZaA -
Kﬁgt:aA(l /ZB) e(EB Ep)za F/RT

where E, is the measured potential of a pure solution of primary ion and Eg is the measured

potential of a pure solution of the interfering ion at the same activity.

The O-LIG was prepared by direct laser scribing on polyimide films followed by UV-ozone
treatment. By this treatment, ozone molecules are physisorbed on the LIG surface [47].

This converted the hydrophobic surface of LIG into hydrophilic, which was further confirmed by
water contact angle (WCA) analysis (Fig. 1a and 1b). The contact angle decreases from 123° to
0° after the UV-ozone treatment. The hydrophilic surface of O-LIG allows easier penetration of
ISM solution into the LIG film, thus creating a strong attachment of the ISM membrane to O-
LIG film and ensuring proper electrical connectivity between the two layers.

ISM was drop-coated onto the O-LIG based electrodes in a two-step drop coating process to
fabricate the ISEs. Electrochemical measurements were done to study the sensing performance
of the ISEs using a potentiostat/galvanostat. The OCP measurements were done with two-
electrode systems, where the electrodes were dipped in NaCl solution and the concentration of
this solution was changed from 107 to 1 M in multiplicative steps of 10. OCPs at the ISEs were
measured with Ag/AgCl as a reference electrode. The concentration of Na* ions in human sweat
lies in the range 10™* to 1 M [65], this includes extreme physiological condition like
dehydration. OCP data within this range was fitted with straight lines to produce the calibration
curves. The average sensitivity of O-LIG based ISEs was found to be 60.2 £ 0.9 mV/decade, a
typical calibration curve is shown in Fig. 2a and for pristine LIG based ISE it was found around
42.7 £ 0.9 mV/decade (Fig. 2b). Comparing the error bars in the two figures we can see that the
repeatability of the OCP measurements with O-LIG electrodes is significantly better. Also, the

OCPs of this ISE were stable for one hour. Linear response of O-LIG based ISEs was found in

10
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the range of 1 x 10° to 1 M. Working range of the ISEs was also from 10° to 1 M, with the
lower limit of detection being 10° M. Average response time of the sensor was about one minute
and is primarily due to the time needed by the Na" ions to diffuse through the membrane and set
up an equilibrium potential. A typical time response of the sensors is shown in Fig. 2c.

Fig. 3. shows the results of cyclic voltammetry (CV) measurements conducted in a 1 M NaCl
solution with pristine and O-LIG (without ISM coating electrodes) at a scan rate of 150 mV/s
with a potential window from -0.1 V to +0.6 V (vs. Ag/AgCl). We see that there is a significant
increase in current for O-LIG electrode as compared to its pristine counterpart. The areal specific
capacitance was estimated to be 4.8 pF/cm? for the pristine LIG electrode. After the ozone
treatment, approximately 9-fold enhancement in the specific capacitance for the O-LIG electrode
was observed and a specific capacitance of 42.4 pF/cm? was estimated. The areal specific
capacitances were calculated from the CV loops according to the following equation:[66, 67]

C = § 1dV/ (2AVAV)

Where C is the areal specific capacitance (UF cm™), ¢ 1dV is the area of CV loop, A is the

electrode area in cm?, v is the scan rate (mV s™) and AV is the potential window (V).

LIG films and ISEs were characterized by scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDS), Raman spectroscopy and fourier transform infrared
spectroscopy (FTIR). SEM was used to assess the surface morphology of both pristine LIG (Fig.
4a and 4b) and O-LIG (Fig. 4c and 4d). After ozone treatment, the flaky LIG surface with sharp
protrusion-like features is converted to a rough surface with fewer protrusions. This change in
morphology can also reduce contact angles with liquid surfaces and reduce hydrophobicity.

The concentration of ISM solutions plays an important role during fabrication of ISEs and was

also found to have a strong effect on the sensor’s performance [26]. As reported earlier [26],

11
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ISEs with best sensitivity (60.2 £ 0.9 mV/decade) and stability were obtained by following a
two-step drop-coating process. The first step involves coating O-LIG electrodes based ISEs with
a dilute (0.008 g/mL) ISM solution, which is followed by a second coat of concentrated (0.08
g/mL) ISM solution. Coating with only dilute or concentrated solution of ISM results in ISEs
with poor performance. From the contact angle (CA) measurement (Fig. S1, Supplementary
Data) it can be seen that ISM solution drops have smaller contact angle with the surface of O-
LIG films as compared to pristine LIG. So, the ISM solution is able to penetrate the O-LIG films
more efficiently. From cross-sectional SEM (Fig. 4e) one can see evidence of penetration and
strong attachment between the ISM layer and O-LIG film. The composition and recipe for
making ion-selective membrane and electrode were adapted from previously reported procedures
[49,68-70]. The primary criterion used in these articles for optimizing the fabrication process is
to check whether the ISEs showed a Nernstian response towards the sodium ion concentration.
The ISEs in the current study were prepared using these previously reported procedures and
exhibited near Nernstian response with varying concentration of NaCl solution over a range of

10 to 1M. Hence no further optimization was performed.

The presence of clear chlorine signal in the EDS spectrum (Fig. 5) indicates the presence of PVC
inside the O-LIG films and thus confirms the penetration of ISM.

The sensitivity of ISEs based on screen-printed carbon electrodes (Fig. S2, Supplementary Data)
was found to be lower than O-LIG based electrodes. Attachment of ISM to printed carbon films
is much weaker as compared to the attachment to LIG films and it can be easily peeled off from
the surface. Thus, we can conclude that the O-LIG with high porosity and enhanced
hydrophilicity can make better contact with ISM than other metals or carbon films. The strong

attachment coupled with the networked structure of thin sheet-like and ribbon-like graphene

12
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films in LIG creates a robust and flexible sensing device that can resist usual mechanical
distortions. Higher capacitance of O-LIG films implies more electrochemical interfacial area
with ISM and improved transduction of changes in concentration of Na* coordinated ionophores
to electrical potential of the ISE. Higher capacitance of electrodes is also known to stabilize
signals in potentiometric sensing [28]. The electrochemical active surface area (EASA) (Fig. S3
and Fig. S4Supplementary Data) was also calculated for both types of LIG electrodes. O-LIG has
higher (70.8 mm?) EASA than pristine LIG (6.11 mm?) of same geometric size. The increased
EASA of O-LIG, allows easier transduction from electrochemical to electrical potential. It is also
quite evident that the hydrophobic to hydrophilic transition by ozone treatment has contributed to
the high EASA [71]. Stability and reproducibility tests of sodium ion selective electrodes were
carried out and the results are included in the revised manuscript. The O-LIG based ISE showed
good reproducibility (Fig. 6a) across 5 different individual ISEs with an average sensitivity of
63.6 mV/decade and a standard deviation of 2.4%. Long-term stability (Fig. 6b) of the sensors,
over a period of 4 weeks, was also studied. The result indicates that the sodium ion sensor can
maintain its sensitivity with minimal loss. Reproducibility and stability of these Na'-ISEs

indicate that it can be used for continuous and real time monitoring of sodium content in sweat.

Raman spectroscopy is an important tool to study the structure of graphene-based materials [72,
73]. Fig. 7a shows the Raman spectrum of both LIG surfaces before and after ozone treatment. In
case of pristine LIG the prominent D, G and 2D peaks appear at ~1343 cm™, ~1576 cm™ and
~2677 cm™. For O-LIG the above bands appear at ~1345 cm™, ~1580 cm™ and 2682 cm™
respectively. D peak represents the breathing mode of k-point phonon of Ay symmetry.[74] G
peak indicates Eyq phonon of sp® hybrid carbon atoms.[72] 2D peak is an overtone of D peak

(two phonons lattice vibration) [75]. Its position and shape indicates graphene layer thickness

13
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and doping level of graphene [76]. The intensity ratio of D to G band [Ip/I] for O-LIG sample
increased slightly from 0.92 to 1.05 compared to untreated sample. This indicates that some
additional defects in the sp? lattice of LIG were introduced by UV-ozone treatment. This defects
could be created due to the knocking-out of C atoms from graphene lattice by the bombardment
of ozone ions, creation of Stone-Wales defects and removal of the passivating H atoms at the
edges of the graphene flakes, thereby exposing more dangling bonds. UV-o0zone treatment can
also induces oxygen functional groups in the edge planes of LIG. However, this is not a major
factor here as indicated by the FTIR study shown below. The increase in I signal could also be
due to the simple fact that ozone treatment reduces the protruding graphene layers (see figures 4
(a) and (c)) bringing more edge C atoms within the small 3D focal region of the Raman laser.
The small increase in Ip/lg ratio also indicates that the defect formation is restricted to a
minimum possible level, thus not adversely affecting the electrical conductivity of the LIG film.
Also, for pristine LIG and O-LIG the intensity ratio of the 2D to G band [I,p/I¢] was almost
same (0.67 and 0.64). This means the no. of layers in both LIG samples are almost identical (few
layer graphene). FTIR spectroscopy (Fig. 7b) was performed to study the chemical nature of LIG
before and after ozone treatment. For both the samples we got the presence of bands
corresponding to C-O at 1090 cm™, C-O-C at 1237 cm™, C-OH at 1374 cm™ and C=0 at 1709
cm™. Among these, the peaks at 1090 cm™ and 1374 cm™ can be related to hydroxyl, carbonyl
and epoxy groups [66]. The presence of 1237 cm™ and 1709 cm™ peaks can be ascribed to ketone
and epoxide groups on the surface of LIG samples [77]. This confirms that ozone treatment is a
physisorption process, does not alter the atomic structure nor does it introduce any oxygen-

containing functional groups. This conclusion is further strengthened by the observation that the
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conversion of LIG surface from hydrophobic to hydrophilic is a temporary effect and the surface

regains most of its hydrophobicity with time.

We have investigated the detection of Na* ions in EN1811:2011 artificial sweat solution [78].
The response of the Na*-ISEs in the artificial sweat is displayed in Fig. 8a and 8b. The data
demonstrate the feasibility of using the electrodes for testing real sweat. The average sensitivity
of the O-LIG based ISE in artificial sweat was found to be 65.8 £ 1.3 mV/decade. Also, the
reproducibility of the sensor was tested with artificial sweat and the data is shown in Fig. 8c. The
high sensitivity, reproducibility and stability of the electrode indicate that it can serve as a non-
invasive wearable sensing platform for personal health monitoring.

Overall, the current study demonstrates that the L1G-based electrodes can be used as a flexible

electrochemical sensing platform and is particularly suitable as an ISE.

4. Conclusions

A stable solid contact ion selective sweat sensor was developed using laser-induced graphene
(LIG) as the electrode material. Ozone treatment was found to improve the attachment of ISM to
LIG resulting in improved device performance parameters like sensitivity, stability and
reliability. SEM, CV, ECSA, contact angle, Raman and FTIR spectroscopy shows that
modification in surface morphology and improved hydrophilicity caused by ozone physisorption
are the primary causes of improvement in ISE performance. The best sensitivity of the ISEs was
found to be 60.2 + 0.9 mV/decade. Sensitivity, response time, LOD and working range of the
ISEs indicate that we can use LIG based sensors as noninvasive wearable devices in the future

for applications like sweat sensing.
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Figure Captions

Fig. 1. Water contact angle measurements and wettability of surfaces of (a) Pristine LIG and (b)
O-LIG (UV-ozone treated) on polyimide film.

Fig. 2. Sensor performance. Calibration curve of (a) Ozone-treated and (b) pristine LIG-based
ISE. The concentration of test solution was changed from 1x 107° to 1 M in a stepwise manner.
This measurement was performed with a standard Ag/AgCl reference electrode. (c) Time

response graph of O-LIG based ISE. All OCPs were measured using a potentiostat.

Fig. 3. Cyclic voltammograms of pristine LIG and O-LIG electrodes in 1 M NaCl (aqueous)

electrolyte at a constant scan rate of 150 mV/s.

Fig. 4. SEM images (a,b) of pristine LIG. (c,d) Ozone treated LIG. (e) Cross-sectional SEM
image of ISE prepared by two-step drop-coating process showing the different layers. (f) SEM
image showing the porous morphology of the top surface of an ISE.

Fig. 5. EDS spectrum from LIG after drop-coating of ISM, confirming the percolation of ISM
into the LIG film.

Fig. 6. (2) Reproducibility and (b) stability study of the sodium ion sensors.

Fig. 7. (a) Raman spectra of pristine LIG and O-LIG showing the characteristic peaks associated
with sp® hybridized honeycomb lattice of graphene. (b) FTIR spectra of pristine LIG and O-LIG

showing absorption from various bonds present in the material.

Fig. 8. Electrochemical performance of the Na* sensors in artificial sweat. (a) Calibration curve
of sodium sensors with increasing sodium concentration (10 to 1 M). (b) The open-circuit

potential responses of the sensors. (¢) Reproducibility of the sensors in artificial sweat.
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