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Abstract
Laser-induced graphene (LIG) has shown to be a scalable manufacturing route to create graphene electrodes that overcome the
expense associated with conventional graphene electrode fabrication. Herein, we expand upon initial LIG reports by
functionalizing the LIG with metallic nanoparticles for ion sensing, pesticide monitoring, and water splitting. The LIG electrodes
were converted into ion-selective sensors by functionalization with poly(vinyl chloride)-based membranes containing K+ and H+

ionophores. These ion-selective sensors exhibited a rapid response time (10–15 s), near-Nernstian sensitivity (53.0 mV/dec for
the K+ sensor and − 56.6 mV/pH for the pH sensor), and long storage stability for 40 days, and were capable of ion monitoring in
artificial urine. The pesticide biosensors were created by functionalizing the LIG electrodes with the enzyme horseradish
peroxidase and displayed a high sensitivity to atrazine (28.9 nA/μM) with negligible inference from other common herbicides
(glyphosate, dicamba, and 2,4-dichlorophenoxyacetic acid). Finally, the LIG electrodes also exhibited a small overpotential for
hydrogen evolution reaction and oxygen evolution reaction. The oxygen evolution reaction tests yielded overpotentials of
448 mV and 995 mV for 10 mA/cm2 and 100 mA/cm2, respectively. The hydrogen evolution reaction tests yielded 35 mV
and 281 mV for the corresponding current densities. Such a versatile LIG platform paves the way for simple, efficient electro-
chemical sensing and energy harvesting applications.
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Introduction

Graphene is a one-atom-thick sheet of carbon atoms arranged
in a honeycomb-like structure. It is characterized by a large
surface area, high electrical conductivity, high mechanical
stiffness, and thermal conductivity [1]. Such properties make

graphene-based electrodes particularly attractive for various
electrochemical applications, including ion sensing, ampero-
metric sensing, and water splitting [2, 3]. Traditional methods
for the creation of graphene-based materials generally include
chemical vapor deposition (CVD) which is a laborious pro-
cess that requires vacuum chambers and high temperatures
(500–1000 °C) [4]. Furthermore, after such CVD synthesis,
additional complex procedures are often required to transfer
the synthesized graphene to insulating dielectric materials that
are suitable for electronic devices [5, 6]. To simplify
graphene-based circuit fabrication, researchers have devel-
oped a variety of printing techniques including inkjet [7, 8],
screen [9], and dispenser printing [10]. Though these tech-
niques generally print exfoliated flakes of graphite (graphene
or graphene oxide) that are less conductive than pristine CVD-
grown graphene, researchers have developed a variety of post-
print annealing techniques (i.e., rapid pulse laser annealing,
high-temperature thermal annealing, and photonic annealing)
that improve the electrical conductivity to levels near printed
metals (< 1 k Ω) [7, 11–13]. Recently, researchers have been
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able to effectively combine direct write printing and post-print
annealing to create highly conductive graphene circuits via a
fabrication method coined laser-induced graphene (LIG) or
laser-scribed graphene (LSG) [14–17]. LIG can be produced
from carbon-based polymers (i.e., polyimide) by direct write
CO2 laser irradiation which converts the hybridization of car-
bon within the polymer from sp3 to sp2 found in graphene
[15]. LIG circumvents the need for ink formulation and
post-print annealing involved in graphene printing techniques,
uses inexpensive raw materials, and can create electrode de-
signs on-the-fly as circuits can be rapidly created with CAD
software and uploaded into the CO2 laser.

Researchers have been able to functionalize the surface of
LIG with nanoparticles and/or biorecognition agents to create
a wide variety of electrodes which include those capable of
splitting water and water oxidation [18, 19], sensing fertilizer
and hydration ions in soil and sweat respectively [20, 21],
monitoring of biogenic amines and Salmonella bacteria in
food samples [16, 22], impedance-based cell monitoring
[23], aptamer-based biosensing in serum [17], and biomarkers
in sweat [24]. In this manuscript, we will expand upon these
reports by demonstrating a simpler approach through the cre-
ation of LIG electrodes for water splitting, expanding the re-
search of LIG-based ion sensing to include pH monitoring,
and introducing the first example of a pesticide-monitoring
LIG-based electrode through functionalization with an
enzyme.

Potentiometric ion-selective electrodes (ISEs) have been
used for the selective and sensitive (nanomolar detection
limits) detection of ions in a wide variety of applications in-
cluding detecting perchlorate and iodide in water [25, 26],
ammonium and potassium in urine [27], and lithium in whole
blood [28, 29]. Conventional liquid-junction ISEs contain an
aqueous internal reference electrolyte between the working
electrode and ion-selective membrane that requires mainte-
nance and creates long-term stability due to leaching.
However, solid-contact or solid-state ISEs do not contain such
a liquid reference electrolyte which can improve their stability
and decrease their maintenance [30]. For the development of
solid-contact ISEs, it is important to maintain the stability of
the potential at the interface between the ion-selective mem-
brane and the electrode. To reach this goal, sufficiently fast
and reversible ion-to-electron transduction should take place
at the solid-contact interface [31]. Furthermore, the potential
should not be significantly influenced by external interfering
factors, such as light, O2, and CO2, and also, the contact area
between the membrane and electrode surface should be max-
imized [32]. LIG-based electrodes satisfy these requirements
and are a promising platform for the development of ISEs [20,
33]. In the present work, we develop solid-state ISEs for the
detection of K+ and pH. These targets were selected since their
detection plays an important role in environmental sensing
[34], human health monitoring [35], and medical diagnostics

(e.g., for use on catheter tips or in implantable devices) [36].
The created K+ and pH ISEs have a wide linear range (0.3–
150 mM K+ and pH 5.0–8.0), near-Nernstian sensitivity
(53.0 mV/dec for K+ ISE and − 56.6 mV/pH for pH ISE),
and excellent storage stability for at least 40 days.

In addition to ion sensing, we demonstrate how LIG-based
electrodes can be used for pesticide monitoring through
functionalization with the enzyme horseradish peroxidase
(HRP). Horseradish peroxidase (HRP), a heme group enzyme,
has shown selective measurement of hydrogen peroxide
through amperometry [23, 37]. Electrodes functionalized with
HRP have been used to monitor a wide variety of analytes
including glyphosate, atrazine, and dichlofenthion [38–40].
However, we demonstrate that LIG electrodes functionalized
with HRP can selectively monitor the herbicide atrazine with
high sensitivity (28.9 nA/μM) and report minimal interference
from other herbicides commonly applied in the Corn Belt
region of the USA including glyphosate, dicamba, and 2,4-
dichlorophenoxyacetic acid.

Finally, we demonstrate how LIG-based electrodes can be
used in electrochemical energy conversion. Electrochemical
electrolysis has gained recent attraction due to its ability to
increase hydrogen evolution reaction (HER) and oxygen evo-
lution reaction (OER) kinetics [41–43]. To date, various noble
metals and semiconductors prove to be promising HER cata-
lysts. Phosphides [44, 45], sulfides, and manganese have
shown good performance in HER. Hydroxides/oxides of nick-
el [46], iron [46, 47], and cobalt [48] have shown good per-
formance in OER. However, metallic platinum (Pt) remains as
one of the most promising used catalysts for electrolysis due to
its high catalytic activity in liberating H2 at high reaction rates
and low overpotentials (η). To reduce the cost but maintain the
superior catalytic activity, nanoscale amounts of platinum in
the form of platinum nanoparticles (PtNPs) are often deposit-
ed onto the electrodes via drop-casting [49], thermal decom-
position of Pt salt [18, 50], or atomic layer deposition [51].
However, researchers have recently demonstrated that electro-
less deposition of PtNPs is a simple one-pot synthesis process
offering several advantages compared to commonly used
methods to synthesize electrocatalysts. Such methods include
solid-phase reaction and hydrothermal, which require delicate
control of reaction time and temperature. The developed LIG-
Pt and LIG-NiO electrodes display an overpotential at
100 mA/cm2 of 281 and 995 mV with relatively low Tafel
slopes of 82 and 48 mV/dec for HER and OER, respectively.

Materials and methods

Fabrication of laser-induced graphene electrodes

The LIG electrodes were prepared by irradiation of polyimide
(0.125 mm thick, DuPont, USA) by the CO2 laser (75-watt
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Epilog Fusion M2, USA). The polyimide was fixed on a glass
substrate and cleaned with a wipe before lasing. Drawings of
the electrodes were prepared in CorelDraw and then submitted
to the laser-controlling program. Lasing parameters were the
following: 7% speed, 7% power, 50% frequency, raster mode,
and 600 dpi, and all other parameters were selected as “off.”
The laser beam was defocused by the placement of the poly-
imide sheet 2 mm lower than the focus distance. These con-
ditions were experimentally selected to achieve the highest
quality of graphene.

Preparation of ion-selective electrodes

Mixture for the preparation of K+ ISE contained valinomycin
(potassium-selective ionophore, 2.5 mg), dioctyl sebacate
(plasticizer, 165 mg), poly(vinyl chloride) high molecular
weight (the main solid component of the membrane,
82.5 mg), and tetrahydrofuran (solvent, 1667 mg) [52]. The
mixture for the preparation of pH ISE contained hydrogen
ionophore I (5 mg), potassium tetrakis(4-chlorophenyl)borate
(ionic additive for better ion exchange, 2.5 mg), dioctyl
sebacate (327.5 mg), poly(vinyl chloride) high molecular
weight (165 mg), and tetrahydrofuran (3163 mg) [53]. After
preparation, the mixtures were vortexed for 3 min, left in the
fridge (+ 4 °C) overnight for a complete dissolution of the
components, and vortexed again for 3 min before usage. The
mixtures could be used for several months if stored in the
fridge. However, to achieve the best sensor performance, it
is better to prepare new mixtures every 2–3 weeks. K+ and
pH ISEs were prepared by drop-casting 8 μL of the corre-
sponding ionophore mixture onto the terminal circular part
of the electrode. About 1 mm of the surrounding area
(polyimide) was also covered with the mixture to prevent
direct contact between the tested solution and the graphene.
For the same reason, the central part of the electrode was
covered in advance with acrylic polish. The prepared ISEs
were stored dry at room temperature.

Preparation of Horseradish Peroxidase-LIG electrodes

Once LIG electrodes were lased, acrylic polish was applied to
the stem of the electrode to act as a passivation layer. Silver
paste was applied to the contact of the electrode. A solution of
3% Horseradish Peroxidase (HRP) Type VI (Sigma Aldrich)
and 2% glutaraldehyde (weight) was prepared fresh in a 1:1
volumetric ratio. After mixing this solution, 1 μL of the mix-
ture was drop-coated onto the pad of the working electrode.
The deposited enzyme mixture on the electrode was allowed
to dry for 12 h at 4 °C before testing.

Preparation of artificial urine

Artificial urine for testing K+ and pH ISEs was prepared ac-
cording to [54] with few modifications. The artificial urine
was obtained by dissolving the following components in DI:
sodium L-lactate (1.1 mM), sodium citrate dehydrate (2 mM),
sodium bicarbonate (25 mM), urea (170 mM), uric acid
(0.4 mM), calcium chloride (2.5 mM), sodium chloride
(90 mM), magnesium sulfate (2 mM), sodium sulfate
(10 mM), sodium dihydrogen phosphate (7 mM), and
disodium hydrogen phosphate (7 mM). The solution was fil-
tered through a 0.45-μM syringe filter to remove larger undis-
solved components. Thus, all ions found endogenously in
urine were present in the artificial urine except potassium
and ammonium. The pH of the as-prepared artificial urine
was 8.5 and was decreased to lower values (pH 5.0, 6.0, 6.5,
7.0, 7.5, 8.0) using hydrochloric acid (HCl).

Electrochemical characterization

Water-splitting electrodes A three-electrode setup was used
on a CH Instrument, Inc. (CHI) 6273E electrochemical ana-
lyzer (potentiostat), with a CHI115 Pt wire as the counter
electrode, CHI111 Ag/AgCl as the reference electrode, and
LIG as the working electrode. The tests were performed in
1 M KOH. Linear-sweep voltammetry (LSV) was performed
for both the LIG-NiO and LIG-Pt electrodes. The LIG-Ni
electrode was tested for the oxygen evolution reaction
(OER) from 0 to 1.7 V (vs Ag/AgCl) at a scan rate of 5 mV/
s. The LIG-Pt electrode was tested for the hydrogen evolution
reaction (HER) from 0 to − 1.7 V (vs Ag/AgCl) at a scan rate
of 5 mV/s.

Ion-selective electrodes The developed LIG ISEs were elec-
trochemically characterized with a CHI 6273E electrochemi-
cal analyzer (potentiostat). The potentiostat operated in “open
circuit potentiometry” mode, with 0.5 s interval between sep-
arate readings. An ISE was connected to the working connec-
tor, and a reference electrode (CHI111 Ag/AgCl liquid-
junction reference electrode filled with 1 M KCl) was con-
nected to the combined reference and counter connectors. The
ISE and the reference electrode were placed in a 10-mL glass
beaker filled with 4 mL of DI with constant stirring (~ 100
RPM) by a magnetic stirrer. For the sensor calibration, ali-
quots of concentrated KCl solution (1, 10, 100, and
2000 mM in DI) were added to the working cell. The calibra-
tion of pH ISEs was carried out in standard pH solutions with
pH 4.0, 7.0, and 10 (Fisher Scientific) and in 1 mM phosphate
buffer saline (PBS) with different pH levels adjusted with HCl
and NaOH.
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Horseradish peroxidase-LIG electrodes A three-electrode set-
up was used on a CHI 6273E electrochemical analyzer
with a CH115 platinum wire counter electrode, CH111
Ag/AgCl reference electrode, and functionalized LIG
working electrode. Amperometric i-t tests were performed
at − 0.1 V. The test cell contained PBS pH 7.4. A cali-
bration experiment for atrazine was conducted by starting
the i-t test. Upon reaching steady state, 0.4 mM hydrogen
peroxide (H2O2) was added to the test cell. As the
oxidation-reduction reaction occurred between HRP and
H2O2, a signal was detected. Once this signal reached
steady state, atrazine was added in 10-μM increments,
allowing a steady-state signal to be reached before the
next addition. An i-t test was performed for a single sen-
sor by testing the response to each pesticide at 10-μM
additions. The test setup was rinsed 2 times with PBS at
the end of every test. The same sensor and procedure were
used to test for the detect ion of dicamba, 2,4-
dichlorophenoxyacetic acid, and glyphosate.

Microscopy characterization Microscopic images were taken
from a FEI Quanta 250 FEG Scanning Electron Microscope
(SEM) at an operating voltage of 10 kV with EDS. An
Oxfords Instruments Aztec X-Max 80 detector system con-
nected to FEI Quanta 250 was used to collect the EDS photons
for elemental detection. Raman spectrum was obtained by
using an XploRa Plus confocal Raman upright microscope
equipped with a 532-nm excitation source and a Synapse
Electron Multiplying Charge Coupled Device camera
(Horiba Scientific/NJ, France). The intensity (height) was

determined for the D, G, and 2D bands by fitting the data to
a Lorentzian model. XPS measurements were performed
using a PHI ESCA 5500 instrument. The sample was irradi-
ated with 200 W unmonochromated Al Kα X-rays. CasaXPS
was used to process raw data files.

Results and discussion

Characterization of the LIG electrodes

The LIG electrodes used for these tests were produced by
etching 0.125 mm polyimide (PI) with a CO2 laser as shown
in Fig. 1. After lasing, a dielectric coating was applied on the
sample with only the disk-shape working area (dia. 5 mm)
exposed. The ISEs were prepared by drop-coating ion-selec-
tive membranes selective to K+ and pH on the working area
followed by conditioning overnight to stabilize the sensors
and improve the detection limit [28]. The HRP sensors were
prepared by drop-coating enzyme mixture on the working
electrode followed by drying for 12 h. Refer to the
“Materials and methods” section for a summary of the fabri-
cation process. The fabrication of water-splitting electrodes
included thermal decomposition of nickel (II) acetate
tetrahydrate and an electroless deposition method for the plat-
inum (Pt). Refer to the Supplementary information section for
water-splitting electrode fabrication.

Scanning electron microscopy (SEM) images with corre-
sponding EDSwere acquired to investigate the morphology of
the LIG electrodes. The pristine LIG shows a porous structure

Fig. 1 Schematic of fabrication and functionalization of the LIG HRP sensors, LIG ISE sensors, and water-splitting electrodes
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with pores ranging from 200 nm to 10μm (see Supplementary
information (ESM) Fig. S1a). ESM Fig. S1b shows the struc-
ture of the nickel (II) deposition on the graphene. Similarly,
ESM Fig. S1c shows the structure of the platinum (II) depo-
sition. Thermal decomposition of nickel acetate tetrahydrate
into nickel oxide (NiO) requires a temperature of at least
380 °C. The LIG-NiO also shows an increase of porosity
(ESM Fig. S1b), which could be attributed to the thermal
reduction of graphene during the deposition of NiO. This
was not observed on the Pt-LIG sample as shown in ESM
Fig. S1c. The corresponding EDS was performed to confirm
elements present in the NiO-LIG sample as shown in ESM
Fig. S2b containing carbon, oxygen, and nickel. The carbon
can be found across the sample confirming the successful
conversion of PI into LIG by laser irradiation. The nickel
and oxygen can be found in the same area which confirm
the presence of NiO on the LIG surface.

Pt was electrolessly deposited onto the LIG by immersing
the sample into a chloroplatinic acid solution following the
protocol that was previously developed in our group
[55–57]. The method can deposit platinum onto various sur-
faces, such as carbon-based materials (carbon nanotube, car-
bonized wood, graphene) and others like cellulose and SiO2

wools with surface functionalization [55, 56, 58]. After 20 h, a
layer of Pt deposits onto the surface of LIG as shown in ESM
Fig. S1c. The EDS was conducted on Pt-LIG samples to con-
firm the presence of Pt deposition as shown in ESM Fig. S3b.
The Raman characterization was performed to confirm the
presence of graphene in LIG (ESM Fig. S1d). Three promi-
nent peaks were observed on the LIG: the D peak at ~
1350 cm−1 induced by defects or bent sp2- carbon bonds, the
first-order allowed G peak at ~ 1580 cm−1, and the 2D peak at
~ 2700 cm−1 originating from second-order zone-boundary
phonons [59]. The intensity (height) was determined for the
D, G, and 2D bands by fitting the data to a Lorentzian model.
The presence of this 2D band in the Raman spectra suggests
graphitization of the polyimide substrate and formation of
graphene layers due to the high local heating by the CO2 laser.
It shows the ID/IG ratio of 1.2 ± 0.2 and I2D/IG ratio of 0.28 ±
0.04. XPS was also performed on water-splitting catalyst to
confirm the elemental composition and chemical valance
states. For the LIG-NiO, metallic Ni and Ni2+ are present with
the main peaks located at ~ 852.8 eV, ~ 855.03 eV, and ~
860.53 eV. The metallic Ni and the Ni2+ are about 21% and
79%, respectively (ESM Fig. S1f). The presence of metallic
Ni could be attributed to the reduction of Ni2+ at elevated
temperatures [19]. For the LIG-Pt, Pt in the + 2 and + 4 states
is present with the main peaks located at ~ 73.65 eV and ~
77 eV for Pt(II) and ~ 75.82 eV and ~ 79.17 eV for Pt(IV)
(ESM Fig. S1e). The + 2 and the + 4 state has about
18% and 82%, respectively, which we postulate to be
PtO and PtO2.

Electrochemical performance of LIG was characterized by
cyclic voltammetry in 5 mM ferricyanide-ferrocyanide mix-
ture. Eleven electrodes from the same batch were tested
(Fig. 2) and showed similar shape of voltammograms and
peak currents with little batch-to-batch variation. Peak-to-
peak separation was about 90 mV, which is similar or better
than achieved with other carbon nanomaterials and indicates
excellent electrochemical performance of the electrode. For
example, the following peak-to-peak separations were report-
ed for electrodes based on various carbon nanomaterials:
68 mV (pyrolytic graphite) [60], 81 mV (LIG) [61], 90 mV
(single-walled carbon nanotubes modified with Pt
nanospheres) [62], 92 mV (single-walled carbon nanotubes
modified with Pd nanocubes) [62], 96 mV (single-walled
carbon nanotubes) [63], 183 mV (pyrolytic graphite) [60],
230 mV (multi-walled carbon nanotubes) [63], and 630 mV
(pyrolytic graphite) [64].

Other advantages of the developed LIG electrodes include
the fast and easy production process (12–15 s to lase one
electrode) and low cost of materials. For comparison, com-
mercial CVD-grown graphene film (1 × 1 cm2, 4 items) costs
$352 (Sigma-Aldrich, ref. #773719). Recently reported elec-
trodes based on carbon nanotubes and characterized by the
authors as simple and fast in production required a 5-step
preparation process that lasts ~ 6–8 h [65]. Graphene modi-
fied with MoS2 nanocrystals was synthesized during a
45-s microwave annealing of the reaction mixture
(MoCl5, graphene oxide, thiourea, and ethanol) using a
conventional microwave oven [66].

Potassium (K+) and pH ion-selective sensors

Calibration of K+ ISEs was carried out in DI by sequentially
increasing the KCl concentration in the working cell (Fig. 2c,
black line). As a control, a bare LIG electrode was also cali-
brated (Fig. 2c, red line). As seen, K+ ISEs respond rapidly
after the addition of KCl with a response time of 10–15 s. The
response moves in the positive direction since K+ cations bind
with the ionophore and increase the potential of the ion-
selective membrane. On the contrary, the bare electrode does
not show a stable response to KCl and demonstrates a de-
crease of potential probably due to higher binding of Cl− an-
ions to the graphene surface.

A typical calibration curve of the K+ ISE is shown on Fig.
2d. The linear range of K+ detection is from 0.3 mM to at least
150 mM, and the average sensitivity is 53.0mV/dec. The limit
of K+ detection is 0.1 mM. K+ concentrations above 150 mM
were not tested since they usually cannot be found in real
samples. The presented characteristics allow the detection of
any K+ concentration found in urine.

Storage stability of the sensors was also investigated. For
this experiment, K+ ISEs were calibrated after preparation and
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after 40 days of dry storage at room temperature (20–22 °C).
Sensitivity of the sensors remained the same, which indicates
excellent storage stability.

The characteristics of the developed K+ ISE are similar to
those of other solid-state electrodes found in literature. For
example, solid-state K+ ISEs based on a graphene-covered
paper electrode had a sensitivity of 57 mV/dec [21]. Another
sensor based on a graphene-coated glassy carbon electrode
had a sensitivity of 59.2 mV/dec and was stable during
3 weeks [67]. Sensitivity of K+ ISEs based on a fullerene-
modified glassy carbon electrode was 55 mV/dec [68].

A calibration of pH ISE was carried out in a wide-range
buffer (5 mM tris, 5 mM NaH2PO4, 5 mM sodium citrate,
5 mM boric acid, and pH adjusted with HCl/NaOH) (Fig.
2b). A decrease of pH level leads to the decrease of the ISE
potential due to the lower amount of H+ in the ion-selective
membrane. The response was linear within pH 5.0–8.0 which
is notably the normal pH range in humans, and the calibration
curve was described by the equation y = − 56.63x + 556 [69,
70]. Thus, the sensitivity of the sensor was − 56.6 mV/pH.
Storage stability of the sensors was investigated in the same
way as for K+ ISEs. After 44 days of dry storage, sensitivity of
the sensors decreased by 1.5 mV/pH. Thus, the pH ISEs were

a little less stable than the K+ ISEs but still could be efficiently
used after storage.

The obtained results appear to approve upon existing solid-
state pH sensors. For example, pH ISEs based on Pt electrodes
with a PEDOT polymer had an initial sensitivity of − 46 mV/
pH, which decreased by 55% after 28 days of storage [71].
Another pH ISE based on Pt electrodes with poly(aniline) had
sensitivities of 55–59 mV/pH (depending on the ionophore)
and remained stable for 1 month [72]. A pH ISE based on a
graphite rod demonstrated a sensitivity of − 55 mV/pH and
was stable during 2 months [73]. Graphene-based pH ISEs
had a sensitivity of − 56 mV/pH, but its storage stability
was not tested [21].

Measurements of K+ concentration and pH in artificial
urine

To evaluate the performance of the sensors in conditions close
to real applications, we analyzed artificial urine, prepared as
described in the “Materials and methods.” Five samples of
artificial urine with different pH and K+ contents were used;
the pH and K+ concentrations were chosen from their typical
values in urine (reference range for K+ concentration in urine

Fig. 2 a Cyclic voltammograms of 11 bare LIG electrodes in
ferricyanide-ferrocyanide mixture. Voltammetry settings: initial potential
+ 0.4 V, low potential 0 V, scan rate 10 mV/s, sample interval 0.001 V,
and sensitivity 1e−4 A/V. b Typical calibration curve of the pH ISE. c

Real signal of the K+ ISE (black line) and bare LIG electrode (red line) to
the sequential additions of KCl (from 10−6 to 10−1 M, with 10–0.5 step). d
Typical calibration curve of the K+ ISE
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is 25–125 mmol/day and typical pH range is 4.5–8.0 [74]).
The results are presented in Table 1. The difference between
the spiked potassium concentration and detected concentra-
tion by K+ ISE was 13% or less. The pH ISE detected higher
levels of pH than a commercial pH meter; the difference was
0.3–0.4 pH values. This shift is probably explained by the
influence of high ionic content of artificial urine on the sen-
sor’s working portion. However, for medical purposes, the
accuracy of pH detection can be considered sufficient, since
the urine pH is highly variable and, in case of diseases, it can
be shifted to 1 pH value or even more. Furthermore, accuracy
of the pH and K+ detection may possibly perform better in less
complex samples or in diluted urine.

HRP sensors for atrazine sensing

Amperometric sensing of the herbicide atrazine on the LIG
platformwas demonstrated. Graphene sensors perform well in
terms of enzymatic-based sensing due to the direct electron
communication between the electrode and the active center of
the enzyme [37]. Horseradish peroxidase was selected for this
enzymatic biosensor due to its high stability and availability
[75]. Our procedures involve the initial detection of hydrogen
peroxide. HRP has shown selective measurements of hydro-
gen peroxide through amperometry [37]. HRP is a heme
group enzyme where the Fe(III) of this group acts as the elec-
tron source [23]. Peroxidases are shown to decompose hydro-
gen peroxide (H2O2) into water and oxygen [76]. HRP has
been used similarly in detecting the herbicide glyphosate at
low concentrations [40]. Therefore, it is reasonable to use
HRP in detecting our analyte in PBS pH 7.4.

The atrazine calibration curve in Fig. 3a shows the re-
sponse change to 10-μM additions of atrazine followed by a
PBS addition of the same volume. The detection mechanism
utilized hydrogen peroxide as the substrate. Once a signal was
generated due to the decomposition of H2O2, an herbicide
would be added in 10-μM increments. It is evident that HRP
shows a higher affinity toward atrazine over the other herbi-
cides tested. Using the 3-sigma limit of detection, the theoret-
ical limit of detection for this sensor is 1.6 μM (Fig. 3b). A
variety of common herbicides were tested for interference and
enzyme selectivity. Of these herbicides, glyphosate, dicamba,
and 2,4-dichlorophenoxyacetic acid were tested. After each
run, a different herbicide would be tested on the same sensor.
The interferant data is shown in Fig. 3c.

LIG-Pt/LIG-NiO electrode for water splitting

The HER electrode was prepared by electroless deposition of
a nanoscale amount of Pt onto the LIG. The OER electrode
was prepared by thermally decomposing the nickel (II) acetate
tetrahydrate by photonic heating. The electrocatalytic activi-
ties of LIG-Pt and LIG-NiO toward HER and OER in 1 M
KOH were measured. Linear-sweep voltammograms (LSV)
were performed from 0 to − 1.7 V and 0 to 1.7 V at 5 mV/s
for HER and OER, respectively. The catalytic activity of the
LIG-Pt and LIG-NiO are plotted in Fig. S4a-b. Analysis of
this data includes the conversion of the voltage potential in
Ag/AgCl to overpotential in volts vs RHE. The LIG-Pt shows
nearly zero onset potential vs RHE, which demonstrated the
excellent activity. Overpotentials for current densities of
10 mA/cm2 and 100 mA/cm2 are commonly used to compare

Table 1 Results of the detection
of K+ concentration and pH level
in artificial urine using LIG ISEs

# Added K+

concentration,
mM

Detected K+

concentration,
mM

Recovery,
%

pH, measured
by pH meter

pH, measured
by pH ISE

Recovery,
%

1 10.0 11.3 113 6.71 7.08 106

2 25.0 22.6 90 7.10 7.44 105

3 50.0 47.0 94 6.11 6.53 107

4 125.0 108.9 87 6.51 6.97 107

5 10.0 9.8 98 7.10 7.40 104

Fig. 3 a Atrazine calibration curve, b electrode sensitivity to atrazine, c interference test of select herbicides
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the efficiency of various systems. The OER tests yielded
overpotentials of 448 mV and 995 mV for 10 mA/cm2 and
100 mA/cm2, respectively. The HER tests yielded 35 mV and
281 mV for the corresponding current densities. However, the
bare LIG (black curve in ESM Fig. S4a-b) does not show a
significant current increase in both the HER and OER cases.
Another source of comparison is the Tafel slope. The respec-
tive OER and HER Tafel slopes were 48 mV/dec and 82 mV/
dec as shown in ESM Fig. S4c-d. The Tafel slope of LIG-Pt is
slightly higher than the Pt-based electrode prepared by con-
ventional methods. However, the straightforward electroless
deposition method presented here is noteworthy, as it elimi-
nates the need to prepare inks that contain noble metal power,
conductive filler, and binder. The Tafel slope of LIG-NiO is as
low as 48 mV/dec, indicating the rapid reaction kinetics on the
electrode. This value is similar to recently reported values
[18]. Hence, LIG with liquid phase deposited metal nanopar-
ticles is an important addition to metal-based electrocatalysts.

Conclusions

In conclusion, we report the fabrication of electrochemical ion
sensors, pesticide biosensors, and water-splitting electrodes
by utilizing a laser-induced graphene (LIG) platform. The
ISE sensors demonstrated wide linear ranges (0.3–150 mM
K+ and pH 5.0–8.0), near-Nernstian sensitivity (53.0 mV/
dec for K+ ISE and − 56.6 mV/pH for pH ISE), and good
dry-storage stability (100% of the initial sensitivity after
40 days for K+ ISE and 97% after 44 days for pH ISE).
These analytical characteristics of the sensors are comparable
or exceed previous reports for nanomaterial-basedK+ [67] and
pH [71, 73] solid-state sensors. Practical applicability of the
proposed ISEs was confirmed by the analysis of artificial urine
that contained 11 metabolites and inorganic ions. The charac-
teristics of the sensors make them potentially suitable for var-
ious biological applications, such as detection of K+ and pH
levels in blood plasma [71, 77], urine [78], and other biolog-
ical fluids [79, 80]. Simple and efficient LIG electrodes were
developed for potentiometric sensing and water splitting. The
HRP pesticide biosensors created by functionalizing the LIG
electrodes permitted the selective monitoring of the herbicide
atrazine with a high sensitivity (28.9 nA/μM) with negligible
inference from other common herbicides (glyphosate, dicam-
ba, and 2,4-dichlorophenoxyacetic acid). The LIG electrodes
also exhibited small overpotentials of 35 mV for HER and
448 mV for OER at 10 mA/cm2 after platinum and nickel
oxide are immobilized. LIG can be used as electrodes directly
after lasing, without necessity in any further treatments that
are required in the case of printed graphene electrodes [52].
The fabrication procedure is easily scalable for mass pro-
duction of the electrodes. Such a low-cost, fast, and sim-
ple one-step procedure for the electrode preparation also

eliminates the need in modification of the electrode with
nanomaterials as was necessary in earlier works [21, 67,
71]. In summary, the presented LIG electrodes can serve
as a versatile platform for the creation of solid-state ISEs,
enzymatic electrochemical sensing, and water-splitting
applications. Additionally, laser induction of polyamide
as a fast process could fabricate electrodes on a large
scale. The solution phase deposition of a metal precursor
could also be integrated into roll-to-roll production of
such electrodes, which is amenable to potential scale-up
and commercialization.
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