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ARTICLE INFO ABSTRACT

Keywords: The development of the electronic tongue (e-tongue) significantly relies on the monitoring of taste-inducing

pH Sensors molecules and ions in solutions. One of the five primary flavors, sourness, has a direct correlation with pH

;&mate“als measurement, making it essential for food assessment. However, real-time food evaluation is constrained by the
ene

high cost and limited portability of conventional taste sensors. Ti3C; MXene is remarkable in the field of two-
dimensional (2D) materials for its abundance of functional groups and metallic conductivity. These character-
istics contribute to its enormous potential as a material for the fabrication of taste sensors with high sensitivity.
This study presents the fabrication and application of reliable and reversible pH sensors based on 2D Ti3Cy
MZXene for the first time. By integrating a microfluidic channel with interdigitated electrodes (IDEs) and a Nafion
layer, the sensors exhibit high selectivity for real-time detection of hydronium ions with the MXene channel.
Differentiating soft drinks and evaluating the fermentation of Kimchi are demonstrated. Our work on a low-cost,
high-performance MXene-based sensor will pave the way for the future of e-tongue development.

Real-time detection
Electronic tongue

1. Introduction contributes significantly to quality management and is designed to
differentiate and analyse foods and beverages [1,2]. The analysis of
sourness, one of the five flavors that e-tongue can detect, is also directly

related to pH monitoring. As a result, the need for accurate pH moni-

In industrial processes, maintaining accurate pH levels is crucial,
especially in those involving the manufacture of food and drink, phar-

maceuticals, and wastewater treatment. With regard to these many ap-
plications, pH monitoring plays an essential role in assuring the
production of high-quality goods, facilitating chemical reactions, and
reducing the hazards of corrosion. The need of this quality assurance is
becoming more apparent than ever, as the COVID-19 epidemic has
increased public interest in cooking at home. Despite a direct impact of
food on human health, consumers largely depend on the information
provided by manufacturers. The development of e-tongue has given
consumers the opportunity to obtain the nutritional information they
require. E-tongues are a widely known sensing technology that
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toring in industries precisely matches the rise in consumer desire for
reliable information about the nutritional content and potential health
effects of the food. However, cost and portability problems make
traditional e-tongues inappropriate for real-time monitoring of food
flavor [3-5]. Moreover, ionic sensor research has encountered problems
in previous decades, such as slow detection times and fluctuating base
current. As a result, ionic sensors have trouble detecting in real-time,
and their reliability is impacted by repeated measurements [6-8].
Therefore, a low-cost and low-power consumption e-tongue capable of
real-time food monitoring is required.
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The selection of sensing materials in e-tongues is crucial to detect
small changes in concentrations of ions and molecules. Diverse sensing
materials, such as lipid membranes, conducting polymers, and two-
dimensional (2D) materials, were utilized [3,9-13]. Among these op-
tions, 2D materials can effectively detect ions and molecules due to their
unique chemical and electrical characteristics. Additionally, they have
huge potential in application to real-time monitoring devices due to
their superior flexible, transparent, and mechanical properties [4,10,14,
15].

Previous studies of ionic sensors, including pH sensors, have shown
amperometric graphs with one-side steps because a solution cannot
escape the device when it is injected. In this way, the graph that in-
creases or decreases in one direction is created because there is no
process of abandoning the solution, and the base current is not constant.
This means that there is a problem with the reliability and repeatability
that are important to the sensor condition [6-8]. This issue can be solved
by integrating a microfluidic channel with IDEs, which allows for
simultaneous solution injection and withdrawal. A response current and
base current will alternately be produced by the repeated injection and
withdrawal of the target and washing solutions, leading to dynamic
on-off functions. The target ion or molecule should be dissolved in the
same solution or electrolyte as the washing solution for this purpose [4,
16]. By comparing the response and base current as the solution passes
through the device, the dynamic on-off functions provide the potential
of real-time detection of the ionic or molecular species. Invasive tech-
nologies involve the utilization of direct contact with the sample, so
facilitating the acquisition of accurate data. In contrast, non-invasive
technologies employ pH measurements without direct contact, thereby
conserving the integrity of the sample but potentially compromising its
accuracy. The MXene pH sensor is distinguished by its invasive nature
since it employs integrated microfluidic channels and electrodes to
provide accurate and real-time pH measurements [7,8,17,18]. This
study presents a novel pH sensor that requires the use of MXene-coated
electrodes, in comparison to non-invasive techniques like optical, fluo-
rescent, or imaging technologies. Although non-invasive techniques are
effective in preserving samples, they frequently lack the real-time ac-
curacy required for crucial industrial operations. The invasive MXene
pH sensor, on the other hand, allows for precise pH measurements to be
taken directly from samples. This improves operational efficiency and
product quality by enabling thorough monitoring and analysis, espe-
cially in situations where continuous pH control is necessary [17,18].

MXenes, a family of 2D transition metal carbides/nitrides, are a
recently discovered type of materials with abundant surface functional
groups and metallic electrical conductivity. My, 1X,Tx is the general
formula for MXene. M stands for a transition metal (Ti, Mo, Nb, V, Zr, Ta,
etc.), X is carbon or nitrogen, and n = 1, 2, or 3, and Ty is used to indicate
surface functionalities. Especially, Ti3Cy MXene has —OH, —O, —F
functional groups on its surface, which contributes to ion sensing
[19-24]. These features of TigCy MXene distinguish them apart from
other candidates and provide the possibility to the development of
high-performance e-tongue.

Herein, we firstly introduce pH sensor based on 2D Ti3Cy MXene with
high response to pH variation. By coating MXenes onto IDEs through a
one-step process with remarkable uniformity, we achieve enhanced
selectivity and sensitivity in pH sensing, setting a new standard for
sensor performance. Using the simple step of spin coating, we deposited
a MXene material and a Nafion membrane. Nafion, a commonly used
sieving layer, permits only small cations to migrate through while pre-
venting the penetration of large cations. Various drinks and chemicals
with different pH were utilized to demonstrate the pH sensing proper-
ties. Principal component analysis (PCA) was conducted to discriminate
the drinks from the measured response data. In addition, we conducted
the real-time detection during the fermentation process of Kimchi soup.
Kimchi, a traditional Korean food, is prone to be fermented in room
temperature. The fermentation of Kimchi occurs by microorganisms,
changing the ingredients, including sugar, amino acids, vitamins and
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minerals. Especially, the number of lactic acid bacteria in Kimchi in-
creases rapidly during the fermenting process. Thus, lactic acid, acetic
acid, and carbonic acid gas produced by lactic acid bacteria make
distinct sour flavor and smell [25-28]. We conducted an experiment to
investigate the applicability of the MXene sensor by measuring the dif-
ference in acidity produced during this fermentation process. The pH
value and response of the Kimchi soup were measured after fermenting
Kimchi for 7 and 30 days. Therefore, our sensor enables real-time
monitoring of pH changes, providing invaluable insights into dynamic
processes in various industries. Through real-time measurements of pH
variations in fermenting Kimchi, our sensor demonstrates remarkable
selectivity and sensitivity to pH changes, emphasizing its potential in
food quality control and safety applications. The results demonstrate the
adaptability and efficiency of our sensor to detect pH changes in
complicated food compositions, confirming it as an appropriate device
for immediate monitoring in various industrial environments. Addi-
tionally, these experiments demonstrate that Nafion-coated MXene are
selective and sensitive to pH change. Hence, this study is predicted to
results in the development of the following generation of e-tongues.

2. Experimental section
2.1. Preparation of IDEs and microfluidic channel

The IDEs were manufactured by photolithography patterning and an
e-beam evaporator depositing Pt/Ti (thickness of 100/30 nm) on SiOy/
Si substrates (thickness of SiO; of 300 nm). The patterned electrodes
were created with a 1 mm x 1 mm size and a 5 pm gap distance. The IDE
substrates were cleaned with acetone and isopropanol (IPA) using son-
ication for 20 min following the patterning procedure, and then they
were dried by N> gas. In order to provide a patterned substrate for the
production of the microfluidic channel, 4-inch SiO,/Si wafer was
cleaned with acetone and IPA via sonication for 20 min, and then dried
with Ny gas. The SU-8 2 was used as an adhesion layer by spin-coating on
a wafer at 3000 rpm for 30 s. The soft baking process was then carried
out at 65 °C for 2 min and 95 °C for 2 min. The UV light was irradiated
for 2 min, followed by the soft baking process. At 180 °C for 3 min, the
hard baking process was finally performed. For the photoresist (PR)
layer, SU-8 50 was spin-coated at 2000 rpm for 30 s. Soft baking was
conducted at 65 °C for 5 h and 95 °C for 5 h. 30 seconds of UV irradiation
were followed by 3 minutes of hard baking at 180 °C. 3 min of devel-
oping, followed by a DI rinse and Ny gas drying, were completed. The
PDMS monomer and curing agent (Sylgard 184) were mixed with a
weight ratio of 10:1. The prepared PDMS was poured on SU-8 template
and degassed in a vacuum chamber. The patterned microfluidic channel
was cut with a razor and detached after the curing process had been held
for 1 h at 80 °C [4,16].

2.2. Device fabrication

Ti3Cy MXene was synthesized by selective etching aluminium from
Ti3AlCy. The mixture of Ti3AlCy (2 g), LiF (2 g), and 9 M HCI solution
(40 mL) was maintained at 35 °C for 24 h. The etched Ti3C, was washed
with DI until a pH level of 6 was reached, in which the specific washing
and centrifugation conditions corresponded to those from previous pa-
pers [19-21]. The surface of IDEs were treated by UV ozone for 1 h for
uniform coating of Ti3C, MXene. Then, TizCy solution (5 mg mL~},
100 pL) was dropped on substrate and allowed to disperse for 30 s,
followed by spin coating at 6000 rpm for 30 s. After the spin coating
process, MXene samples were dried at 100 °C for 30 min. For
Nafion-coated MXene, Nafion solution was spin coated on MXene. To
avoid contamination, the source and drain electrodes were taped. Af-
terwards, Nafion 117® solution (0.1 mL) was deposited on substrate and
then spin coated 6000 rpm for 30 s. The Nafion-coated MXene samples
were dried at 50 °C for 30 min. By attaching the channel-patterned
PDMS onto the MXene samples, the microfluidic channel MXene pH
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sensor was created. The PDMS with acrylic transfer tape (Samchun
chemicals) was treated with O plasma for 120 s with a plasma power of
125 W and O, flow rate of 60 SCCM to stabilize the adhesion between
the IDE and channel patterned PDMS. On the source and drain elec-
trodes, the Cu wires were positioned and PDMS were attached [4,16].

2.3. Materials preparation and characterization

The pH solutions were prepared by mixing different ratios of DI
water with KHoPO4 powders (Daejung, 99%) and KoHPO4 (Junsei, 99%)
for each pH value. The pH solutions below pH 5 were prepared by
mixing different ratios of DI water with Citric acid (Daejung, 99.5%) and
Sodium Citrate dihydrate (Sigma Aldrich, 99%). NaCl (99.5% Daejung)
and KCI (99% Daejung) powders were dissolved in DI water to prepare
solutions with concentrations ranging from 1 to 5 mM. We diluted HCl
(Daejung, 35.4%) solutions to yield concentrations of 1-1000 mM. MSG
(monosodium glutamate, Sigma Aldrich, 99%) powder were dissolved in
DI water to prepare solutions to yield concentrations of 1-1000 mM.
Glucose (Sigma Aldrich, 99.5%) powder was mixed with NaOH solu-
tions. NaOH solutions were prepared using NaOH beads (Daejung, 97%)
dissolved in DI water, with a concentration 0.1 M. Quinine (Sigma
Aldrich, 98%) powder was mixed with HCI solutions. We diluted HCL
(Daejung, 35.4%) solutions to yield concentrations 0.1 M. The carbon-
ated beverages were poured into a vial and sealed with parafilm. To
remove the carbonic acid gas from the beverage, holes were punched in
the parafilm cover and was kept in place for few days. The Nafion 117®
solution was purchased from Sigma-Aldrich. Using field-emission SEM
(ZEISS, MERLIN Compact), the thickness of the Nafion spin-coated
samples was estimated. The topographic images of MXene were ac-
quired from AFM (Park systems, NX-10). XPS (ThermoFisher Scientific,
NEXSA) was used to analyse chemical bonding profile. Raman spec-
trometer (HORIBA, LabRAM HR Evolution) was used to demonstrate the
existence of MXene. TEM-EDS mapping images of MXene were obtained
by the TEM (JEOL, JEM-2100 F).

Inlet Outlet b

a \ /.,

Nafion (sieve)

MXene (channel)

Pristine MXene (Ti;C,)
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2.4. Measurements of ion and molecule sensing

The infusion and withdrawal of the base solution were performed
using two syringe pumps (Pump 11 Elite Infusion/Withdrawal Pro-
grammable Dual Syringe, Fig. S1). The flow rate was 0.07 mL/min, and
the infusion pump was paused (while the withdrawal pump continued to
operate) when the target solution (100 pL) was injected using a pipette.
Following the injection of the target solution, the infusion pump was
turned back on for 100 s. Each solution’s cycle lasted 300 s. Through the
hole, a Pt wire was inserted and brought into contact with the gate
source. Using an Agilent 4156 C semiconductor analyser with a source-
drain voltage of 0.1 V and a gate voltage of —0.2 V, the device’s elec-
trical characteristics were assessed.

3. Results and discussion

Fig. 1a illustrates the schematic illustration of MXene pH sensor with
PDMS (polydimethylsiloxane) and microfluidic channel system. Both
MXene and Nafion layer were coated by facile one-step spin coating
method. The sensing materials (pristine MXene and Nafion-coated
MXene) were coated on IDEs, followed by a patterned PDMS deposi-
tion. The Nafion film was used to selectively penetrate small cations
such as H', Na™, and K*. Fig. S1 depicts the connection of two syringe
pumps to the device for liquid injection and withdrawal. Figs. 1b and 1c
show the optical microscopy (OM) images of pristine MXene film and
Nafion-coated MXene film, respectively. The films were highly trans-
parent, indicating extremely low thickness. From the scanning electron
microscopy (SEM) image in Fig. 1d, the pristine MXene exhibited flake
shape with average size of 1 pm. In addition, the thickness of Nafion-
coated MXene film was investigated by cross-sectional SEM image, as
shown in Fig. le. Estimated from the bright region, the membrane’s
thickness is approximately 130 nm, and it can be predicted that large
molecules or ions cannot penetrate due to their density [4,29-32]. Due
to the low thickness of MXene film, atomic force microscopy (AFM)
analysis was conducted, as shown in Fig. 1f. The MXene film was

Nafion-coated MXene (Ti;C,)

—
—

{

Height (nm)

0 0.25 0.5 0.75 1
Distance (um)

Fig. 1. Overall experiment set up and characterization of MXene film. (a) Schematic image of the microfluidic channel-integrated pH sensor. OM images of (b)
pristine MXene and (c) Nafion-coated MXene. (d) SEM image of MXene film. (e) Cross-sectional SEM image of Nafion-coated MXene. (f) AFM image of MXene film

and surface profile along the red line across the MXene.
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consisted of stacked 2D flakes with thickness about 6 nm [33-35]. The
TEM EDS mapping of Ti, O, and C in Fig. 2f confirms the distribution of
the surface components. Since localized oxidation on the surface of
TigCy generates TiOy, which modulates the Schottky barrier, this
composition distribution confirms the principle of the sensing mecha-
nism [36-38].

To investigate the functional group of Ti3C, MXene in more detail, X-
ray photoelectron spectroscopy (XPS) analysis was conducted. Fig. 2a
shows the Ti 2p peaks for the pristine MXene, which consist of four
doublets for Ti 2p; » and Ti 2p3/5, with each doublet separated by 5.7 eV
[19,20]. The Ti 2p3,» components at 454.7, 455.6, 457.5, and 459.2 eV
correspond to Ti—C (Ti"), Ti—X (Ti*"), TixOy (Ti*"), and TiO, (Ti*"),
respectively. C —Ti, C=C, C—O, and C—F peaks at binding energies of
281.8, 284.6, 286.1, and 289.3 eV, respectively, are depicted in Fig. 2b

Sensors and Actuators: B. Chemical 409 (2024) 135636

for the Ti3Cq samples. According to Fig. 2¢c, the O 1 s peaks are attributed
to TiOp, C—Ti—Oy, and C—Ti— (OH)y at 529.9, 530.5, and 531.9 eV,
respectively. From XPS analysis, we can notice that Ti3Co MXene was
prepared successfully. Furthermore, the inclusion of oxygen functional
groups in the Ti3Cy film, which serve as adsorption sites for ion/-
molecule, contributes to the system’s high ion/molecule sensing capa-
bility [19,36,39]. The X-ray diffraction (XRD) curves of MXene are
illustrated in Fig. 2d. The diffraction peaks (002), (006), (008), and
(110) observed in the Ti3Cy were nearly identical with the results re-
ported for TigCy MXene [40]. Particularly visible at 20 = 6.26° was the
(002) peak, which corresponds to an inter-layer distance of 1.41 nm.
Due to Ti3Cy oxidation, distinct peaks representing the (101), (004), and
(105) planes of TiO5 have been identified at 260 = 26.23°, 37.37°, and
54.6° in the Ti3Cy curve [41]. The Raman spectra of pristine MXene and

Ti2p b
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Fig. 2. Surface analysis of MXene. XPS spectra of MXene for (a) Ti 2p, (b) C1 s, (c) O 1 s. (d) X-ray diffraction (XRD) curves of MXene. (e) Raman spectra of pristine
MXene and Nafion-coated MXene. (f) TEM-EDS mapping images of MXene film.
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Nafion-coated MXene were shown in Fig. 2e. The identical peak position
and intensity ratio of the G and D peaks demonstrate that Nafion coating
have no impact on the surface properties of MXene [42,43].

The basic sensing mechanism of pH sensor is based on ionic/mo-
lecular sensing. Especially, the pH response and selectivity highly
depend on the sensing layer and sieving layer. Pristine MXene sensor
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and Nafion-coated MXene sensor were exposed to solution with different
pH, as shown in Figs. 3a and 3b. The response of the sensing device is
described by following equation (Response (%) = (I+-Ip)/Ip x 100 = Al/
Ip x 100) where I; and Iy indicate the sensor’s electric current in the
presence of target solution and base solutions, respectively. As shown in
Figs. 3a and 3b, the response of the MXene pH sensor tends to increase as

b Day 7
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3
(7]
S 600
Q
3
o 300
0
0 1000 2000
Time (s)
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1200 | I
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0 1000
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d Day 7
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Fig. 3. pH detection characteristics of the MXene pH sensors. Response curves of pristine MXene and Nafion-coated MXene obtained (a) initially and (b) after 7 days.
Linearity of sensor responses for pristine MXene and Nafion-coated MXene obtained (c) initially and (d) after 7 days.
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the pH rises. However, there are stability issues for sensors designed
with pristine MXene. When measured 7 days after the initial response
measurement, the response and stability of pristine MXene sensor were
degraded. (Figs. 3a and 3b) [4,16]. Nafion, serving as a sieving layer,
can improve the response and stability to water. The Nafion film allows
cations to pass through selectively, but filters other substances as a
molecular sieve. The cations with larger size than the pore size of Nafion
are unable to pass through the Nafion film [5,30,44]. The H30™ ions can
hop through the Nafion film due to the small size. The detailed hopping
mechanism of HsO ™ ions will be discussed in the later section. Moreover,
the pH sensing properties were studied by exposing the sensors to so-
lution with different pH value. The response was increased as pH was
increased from 5.63 to 8.11, while the response was decreased as pH was
decreased from 8.11 to 5.63. For further investigation, the response was
plotted as a function of pH, as shown in Figs. 3c and 3d. The points in
Figs. 3c and 3d were determined based on the average value of response
to pH variation. Both pristine MXene sensor and Nafion-coated MXene
sensor exhibited linear relationship between the response and pH value.
The stability of pH sensor can be studied by calculating the slope be-
tween the response and pH value. For pristine MXene sensor, the slope
was decreased from 3.98464 [pH]’1 to 2.84323 [pH]’1 after 7 days
from the initial measurement. However, for Nafion-coated MXene
sensor, the slope was decreased from 4.5364 [pH]’1 to 4.52626 [pH]’1
after 7 days from the initial measurement. Moreover, the response to five
repetitive injection of solution with pH 8.11 to investigate the repeat-
ability of pH sensors, as shown in Fig. S2. Both pristine MXene sensor
and Nafion-coated MXene sensor exhibited good repeatability, where
the response was consistent even after five repetitive exposure.

In addition, the response time was measured to confirm the pH
sensing properties of pristine MXene sensor, and Nafion-coated MXene
sensor (Fig. S3). The response time is a critical factor in evaluation of pH
sensors, which is defined as the time required to achieve 90% of satu-
ration upon exposure to target material. The response time was 14 s for
pristine MXene sensor and 22s for Nafion-coated MXene sensor,
respectively. In case of pristine MXene sensor, the response time was
increased to 25s after 7 days, showing low stability. However, for
Nafion-coated MXene sensor, the response time was reduced to 8 s. The
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reduced response time and constant response after 7 days of relaxation
indicate the significant effect of Nafion on MXene-based pH sensor.
Therefore, it is apparent that Nafion film not only selectively penetrates
H* ions as a molecular sieve, but also plays a significant role in pre-
venting performance degradation caused by the oxidation of TizCy [4,
16].

The role of Nafion on pH selectivity was investigated by measuring
the response to various cations. Figs. 4a, 4b, and 4c show the response
curves of Nation-coated MXene sensor to HCl, KCl, and NaCl solutions,
respectively. The solutions of HCI, KCl, and NaCl were prepared with
concentration ranged from 1 to 5 mM. As illustrated in Fig. 4, the
response to H' ion was the highest among diverse cations. The response
to K™ and Na™ exhibited little change with different ion concentration.
However, the response to H' ion was distinguishable to different con-
centration of H' ion. This was due to the different diffusion rate of
cations when penetrating the Nafion film. The previous works analysing
the diffusion rate for various cations supported these results [30,31,44].
The highest cation response appeared for H' ion due to the smallest ion
size among the substances inducing taste. This was due to ionic transfer
mechanism of Nafion, as shown in Fig. 4d. Grotthuss proposed a
mechanism to account for the high ionic molar conductivity of hydro-
nium ions and the high liquid conductivity of water [45]. Based on
Grotthuss mechanism, the H" ion can pass through Nafion. The passed
H* ion interacts with H»0 to produce H30™, allowing proton hopping to
near H>O molecule. The chain reaction of proton hopping occurs,
inducing the migration of proton along the Nafion surface. The surface
of Nafion contains both hydrophobic and hydrophilic regions, which is
beneficial in proton hopping. The hydrophilic parts are consisted of
SO%, which attract H,O molecules. First, the produced H30" ion binds
with SO%, and the proton transfers to the adjacent HyO molecules. As a
result, H30™ ion is generated newly, which moves to the adjacent SO>
[46-48].

It was essential to broaden the experimental approach in order to
recognize the numerous details of taste perception, which expand
beyond simple sourness and salty. Selectivity testing was enhanced by
using solutions of glucose, quinine and MSG which means sweetness,
bitterness, umami taste, in addition to the traditional NaCl and KCl

500 | KCI Nafion-coated MXene
400
300
200
102 F F FFEEEE
0
0 1000 2000
Time (s)

Fig. 4. Selectivity test of Nafion-coated MXene sensor. The response curves of solutions in which the cations differ in size. (a) HCI, (b) KCl, and (c) NaCl solutions
were tested to concentration of 1-5 mM. (d) Ionic transfer mechanism of the Nafion sieve for selectively detecting HsO™.
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solutions. In addition, the experiment was carried out over a signifi-
cantly broader concentration range of 1-1000 mM compared to the
previous range. As depicted in Fig. S4a, S4b, S4c, S4d, and S4e, it is
evident that other flavor factors exhibited significantly lower sensitivity
compared to hydronium ion. The result indicates the selectivity of the
Nafion-coated MXene sensor. The utilization of this expanding method
facilitated a specific assessment of the sensor’s selectivity, yielding
further understandings regarding its efficiency across diverse taste
attributes.

The application of a Nafion-coated MXene sensor has been studied in
both the standard pH range of 5.63-8.11 and the lower pH range below
5.0, which includes different types of food (Fig. S4f). The increased
range of pH measurement highlights the effectiveness of the sensor in
detecting a wider range of acidity levels. Therefore, our research con-
firms the sensor’s strong performance, expanding its usefulness outside
the typical pH range and demonstrating its adaptability in various acidic
conditions. The pH sensing measurements were conducted with various
real beverages, including Coke, orange juice, Sprite, and Gatorade. The
beverages were injected to pH sensors with five pulses, as shown in
Fig. S5 (pristine MXene) and Fig. S6 (Nafion-coated MXene). The
response of both pristine MXene sensor and Nafion-coated MXene sensor
to beverages was plotted, as shown in Figs. 5a and 5b. For pristine
MXene sensor, the response to beverages showed little difference, indi-
cating poor selectivity. In the case of Nafion-coated MXene sensor, the
response to Gatorade was much higher than other beverages with high
selectivity. The relationship between sensor outputs and pH values was
established by fitting the pH values of each beverage to their corre-
sponding sensor responses, as depicted in Fig. S7. The figure clearly
demonstrates a noticeable trend where the sensor response rises as the
pH levels increase, exactly like the behavior found in pH solution
testing. The consistency found in this study not only confirms the sen-
sor’s ability to accurately detect pH in standard solutions, but also
verifies its proficiency in pH detection across different types of bever-
ages, including regularly encountered soft drinks. To further study the
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beverage selectivity, PCA was conducted for pristine MXene sensor and
Nafion-coated MXene sensor, as shown in Figs. 5c and 5d. For the
analysis, the response, response time, and base current values were
collected from Fig. S5 and S6. Then, the collected values with different
scale and unit were changed into normalized values. The two principal
components with the highest importance were selected as the x- and y-
axis for 2D plots to prove effective selectivity [4,16]. In addition, as
shown in Fig. 5c, the PCA data of pristine MXene sensor reveals that data
points are highly distributed, implying that pristine MXene sensor has
low selectivity to beverages. In the case of Nafion-coated MXene sensor,
the data points for each beverage were placed nearby with high selec-
tivity. The PCA results indicate that pristine MXene is not appropriate
for distinguishing real beverages due to the less difference in sensing
parameters. In contrast, the Nafion coating enabled the efficient
discrimination of real beverages, which is promising in e-tongue
technologies.

The practicality of Nafion-coated MXene sensor was further studied
using Kimchi, a traditional Korean food. Kimchi easily ripens at ambient
atmosphere and generates various acids, resulting in sour flavor.
Figs. 6a, 6b, and 6¢ show the response curves of Nafion-coated MXene
sensor to Kimchi. The response was measured at the starting day, after 7
days, and after 30 days for fermentation. As fermentation proceeds, the
acidity increases; consequently, the pH value decreases. This can be
confirmed by the response measurement, where the response was
decreased after 7 days and 30 days of fermentation. The decreased pH
during fermentation resulted in decreased response. The images of
fermentation of Kimchi were shown in Figs. 6d and 6e. Due to the
generation of various acids, the distinct color variation was investigated.
Fig. 6f depicts a comparison of the pH change and response change of a
Nafion-coated MXene sensor to Kimchi soup over time. Overall, this
demonstrates that the pH and response values decrease as the acidity of
Kimchi increases over time. Therefore, based on the collected data, it
can be confirmed that the Nafion-coated MXene device can detect lig-
uids that can be easily observed in real time.
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Fig. 5. Responses and PCA plots to real beverages. Response comparison of (a) pristine MXene sensor, (b) Nafion-coated MXene sensor to four soft drinks (Coke,
orange juice, Sprite, and Gatorade). PCA plots of (c) pristine MXene sensor and (d) Nafion-coated MXene sensor for actual beverages.
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the graph.

The outstanding pH sensing properties of Nafion-coated MXene can
be explained by Schottky barrier modulation between TiO, and Ti3Cy
MXene. As shown in Fig. 2d, the surface of Ti3C, MXene contains
oxidized region, where TiO; is generated. Thus, the Schottky barrier is
formed between TiO; and Ti3Cp; MXene. Ions with various types of
charges (H3O0'/OH" ion), are attracted to TisC, surface and then
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released. This causes a change in the barrier, which is the primary
mechanism of pH sensing. Fig. 7a depicts the mechanism of liquid sen-
sors based on the formation of Schottky barriers in hybrid TiO2/TisCz
structure. We constructed a band diagram of the TiO,/Ti3C; interface to
demonstrate the formation of Schottky barrier between the metallic
TisC, and semiconducting TiO,. The adsorbed H30™ ion can increase the
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Fig. 7. Schematic illustration of the sensing mechanism of MXene pH sensor. (a) Schottky barrier modulation upon exposure to H30"™ and OH" ions. (b) Ion sensing
mechanism of MXene pH sensor. (c) Transfer characteristic of Nafion-coated MXene sensor.
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electron potential barrier, thereby restricting the electron pathway.
H30™ ion functions as an electron acceptor and raises the resistance of
both Ti3Cy and TiO,/Ti3Cs. The OH  ion likewise modifies the electron
potential barrier in the case of the OH ion, resulting reduction of po-
tential barrier to facilitate the passage of the electrons. Fig. 7b provides a
schematic illustration of ion sensing mechanism where H3O" ion is
adsorbed on Ti3Cy and TiOy/TisCy. This Schottky barrier modulation
influences the electron path, allowing for efficient ion sensing [19].

Fig. 7c depicts the evaluation of the transfer characteristics of
Nafion-coated MXene sensor in different pH value. The I45 (drain-source
current) was measured as a function of Vg (gate voltage) to pH variation.
Because the electron potential barrier rises when H30" is adsorbed, it
obstructs the electron route. The response rises with pH due to the
lowered electron potential barrier when OH' is adsorbed, which facili-
tates the electron transport.

4. Conclusion

In summary, we have successfully demonstrated a MXene pH sensor
that detects H" ions selectively and can be fabricated using a simple
process. The microfluidic channel allows the injection and ejection of
solutions, which maintain base current and enable real-time detection
with IDE substrate integration. In contrast to previous research on ionic
sensors, this sensor structure is beneficial in enhancing sensing proper-
ties, including high reliability and a rapid detection time. TisC, MXene
was coated with a Nafion film to improve selectivity and repeatability.
Moreover, the Nafion film prevents large molecules and ions from
passing through while allowing small ions such as H' to pass through,
resulting in selective detection. Actual beverages such as Coke, orange
juice, Sprite, and Gatorade were used in the experiment for practical
testing of the device. Through PCA, each drink was distinguished from
the others, and the selectivity of the device was demonstrated. In
addition, the practicability of device was evaluated by measuring the pH
change and response according to the maturation time of Kimchi, a
traditional Korean food. Likewise, the simple fabrication method pro-
vided a novel viewpoint for current ionic and molecular sensors. The
MXene-based pH sensor integrated with microfluidic channels can
detect actual liquids and H' ions in real time and pave the way to the
development of an electronic tongue.
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