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Abstract. In this study, a water-based eco-friendly solution of Titanium Car-
bide MXene was ultrasonically spray-coated on a Si/SiO; substrate for the de-
tection of sweat substances. The optimal flow rate of the solution was found to
be 0.15 ml/min, and the optimal substrate temperature was 130 °C. The result-
ing films had a surface roughness of ~ 17 nm. Chemoresistive sensors with
titanium and aluminum contacts were fabricated, and their response to some
sweat components, such as MgCl,, NH3, and NaCl, was measured. The most
stable and strongest response was toward MgCl, measured from the sensors
with Ti contact. The response and recovery times of chemoresistive sensors
based on MXene/Ti interface were determined to be in the range 20-60 s for the
MgCl, concentration in the range 10-40 mg/mL (typically existing in the human
sweat) and 30-100 s for the NH3 concentrations in the range 0.5-2 mg/mL.
These measurements can be practically useful as indicators for proper electro-
Iyte balance and hydration status, which can be correlated to health implica-
tions.

Keywords: ultrasonic deposition; titanium carbide films; electrical interfaces;
biosensors.

1. INTRODUCTION

The assessment of human physiological condition through the analysis of bio-
chemical compounds present in bodily fluids and excretions - namely saliva, exhaled
breath, and perspiration (sweat) - has emerged as a significant area of investigation
due to its non-invasive nature, offering potential for early detection of developing
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pathologies and identification of previously unnoticed health concerns. This ap-
proach contrasts sharply with traditional diagnostic methods that often require inva-
sive procedures, such as blood draws or biopsies, which can be uncomfortable, carry
risks, and are less amenable to frequent or continuous monitoring.

Specifically, the aforementioned biochemical compounds function as biomarkers,
serving as measurable indicators of specific physiological states or pathological con-
ditions. The presence and concentration of these molecules provide a snapshot of the
body's internal environment, reflecting the interplay of various metabolic processes
and system functions. Alterations in the normal physiology of a human organism,
stemming from disease processes or other disturbances, are often mirrored by detect-
able shifts in the concentrations of specific molecules found in saliva, breath, or
sweat. These changes can serve as early warning signs, prompting further investiga-
tion and potentially enabling timely intervention.

A diverse mix of compounds is secreted within sweat, and fluctuations observed
in their respective concentrations can signal underlying disruptions in human health,
including conditions such as hepatic dysfunction (liver disease), oncological pro-
cesses (cancer), metabolic disorders like diabetes mellitus, and even neurodegenera-
tive ailments like Parkinson's disease [1]. For instance, elevated levels of certain pro-
teins or metabolites in sweat might indicate liver damage or the presence of cancerous
cells, while imbalances in glucose or insulin-related compounds could point to dia-
betic complications. Furthermore, the monitoring of ionic concentrations in sweat,
with specific regard to ions such as sodium (Na*), magnesium (Mg?*), and chloride
(CI", and their compounds, is of critical importance. These ions play vital roles in
maintaining fluid balance, nerve impulse transmission, and muscle contraction. De-
viations from normal concentrations can provide clues to conditions like dehydration,
a state of inadequate bodily fluid volume, and the genetic disorder cystic fibrosis [2].
Cystic fibrosis, characterized by impaired chloride transport across cell membranes,
results in abnormally high chloride levels in sweat, forming the basis of a diagnostic
test. Tracking mineral losses through perspiration is also essential to ensure the
maintenance of proper electrolyte balance, crucial for optimal physiological function
[3]. Significant electrolyte depletion, especially during strenuous activity or in hot
environments, can lead to muscle cramps, fatigue, and more severe complications.

In the pursuit of advanced sensing technologies for sweat analysis, various nano-
materials are under intense investigation for integration into sensing structures. Na-
nomaterials, possessing unique physical and chemical properties due to their size and
composition, offer the potential for highly sensitive and selective detection of target
biomarkers. These materials include carbon nanotubes, graphene, metallic nanopar-
ticles, metal-oxide nanoparticles, and polymeric materials [4]. These nanomaterials
are frequently employed in chemoresistive sensor designs, wherein a change in the
electrical resistance of the sensing element occurs in response to chemical interac-
tions with the target analytes [5]. Chemoresistive sensors rely on the principle that
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the adsorption or binding of specific molecules to the sensing material alters its elec-
tronic structure, leading to a measurable change in resistance. The sensitivity of these
sensors can vary depending on the target molecule, and this variance is primarily
governed by the adsorption energy, which refers to the strength of interaction be-
tween the analyte molecule and the sensing material, and the charge transfer mecha-
nism, which describes the movement of electrons between the analyte and the sensing
material, ultimately dictating the sensor's selectivity and responsiveness [6]. The
higher the adsorption energy and the more efficient the charge transfer, the greater
the sensor's response to a particular analyte. This allows for the design of sensors that
are specifically tuned to detect certain biomarkers with high precision.

Among the nanomaterials applicable as sensing layers within chemoresistive sen-
sors for sweat analysis are MXenes, a class of two-dimensional materials gaining
prominence in sensing applications. MXenes combine high electrical conductivity,
large surface area, and tunable surface chemistry, making them ideally suited for
chemoresistive sensing. MXenes are synthesized through the selective etching of the
"A" element layer from a crystalline MAX phase precursor (illustrated in Fig. 1). The
MAX phase is a ternary carbide or nitride with the general formula M,,,  AX,,, where
M represents a transition metal, A is an element typically aluminum or silicon, and X
is carbon or nitrogen [7]. During the etching process, the "A" layer is chemically
removed, leaving behind the multi-layered MXene structure.
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Fig. 2. Scanning electron microscopy
(SEM) image of MXenes [9]

Fig. 1. Fabrication process of MXenes [8]

After the etching of the A elements, the resulting nano-sheets left behind form an
accordion-like structure (Fig. 2). The advantages of the MXenes are tunable electrical
conductivity and a high surface-to-volume ratio, which makes them very promising
materials for selective chemoresistive sensors. One of the MXenes is titanium carbide
— TisC, Ty, fabricated by etching the aluminum in the TisAIC; MAX phase. T, are
surface functional groups, which are —O, -OH, -F [7] that also improve the potential
for sensing applications, as they interact with the targeted molecules [10].

Considering the intended application of the sensor, whether for portable or weara-
ble devices, the MXene film requires deposition onto an appropriate substrate, which
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may be either a rigid, solid-state material or a flexible one. The diverse range of sub-
strates exhibits varying surface wettability characteristics; consequently, some situa-
tions necessitate an additional pre-deposition treatment to optimize MXene film for-
mation. Substrate wettability significantly affects the adhesion and uniformity of the
deposited MXene layer. In consideration of the specific substrate attributes - includ-
ing its thermal capacity, hydrophobic or hydrophilic nature, and surface texture - a
variety of MXene film deposition techniques have been adapted. These techniques
encompass vacuum-assisted filtration [11], spin-coating [12], and ink-jet printing
[13]. The selection of an appropriate deposition method depends heavily on the sub-
strate's properties and the desired characteristics of the resulting MXene film. Given
the hydrophilic nature of MXenes, water serves as a suitable solvent for preparing
solutions used in these various deposition methods. However, when hydrophobic
substrates are employed, certain techniques, such as spin-coating, become less effec-
tive for depositing MXenes from aqueous solutions. This limitation arises because
the water-based solution tends to bead up and not spread evenly on the hydrophobic
surface, necessitating the incorporation of additional compounds (e.qg., surfactants) to
improve wetting and adhesion [12].

An alternative approach for depositing aqueous MXene solutions onto hydropho-
bic substrates involves ultrasonic atomization of the solution. This process generates
microscopic droplets that are propelled towards the substrate under controlled pres-
sure and flow rate. The use of a water-based solution makes the procedure environ-
mentally friendly. As the solvent evaporates, the dispersed MXene nanoparticles are
left behind, forming a layer. Due to the microscopic dimensions of the droplets, the
resulting film tends to exhibit a high degree of uniformity. The small droplet size
minimizes surface tension effects and promotes even distribution of the MXene ma-
terial. However, this method requires heating the substrate to facilitate controlled sol-
vent evaporation and prevent the formation of defects commonly associated with
droplet-based deposition processes, such as "coffee rings" (where the solute concen-
trates at the droplet edge) and the Marangoni effect (which leads to fluid flow driven
by surface tension gradients). The average size of the droplets generated through ul-
trasonic atomization is quantitatively described by the following equation [14]:

1/3

D=0.34(8n—0) , @)

pf?

where D is the mean droplet diameter, f is the frequency of the ultrasonic atomizer, p
density of the liquid, and o is the surface tension. As the surface tension is in relation
to the viscosity of the liquids, the lower the viscosity of the atomized solution, the
smaller the diameter of the droplets, under constant frequency. The aim of this paper
is to establish appropriate spray deposition technology for titanium carbide thin films
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with application as biosensing coatings, to study the interface processes when differ-
ent metallization materials are applied on MXene film, and to test the sensor response
to specific substances contained in human sweat.

2. EXPERIMENTAL SECTION

Silicon wafers coated with a thin film of silicon dioxide (SiO2) were cleaned in
acetone and used as substrates for both optimizing the spray deposition parameters
and fabricating the chemoresistive sensors. The use of SiO,-coated wafers provides
a well-defined and chemically inert surface for controlled MXene film deposition.
MXene films were deposited from a distilled water solution by ultrasonic atomization
with SIANSONIC Ultrasonic Coating System UC330. The minimum droplet size for
pure water for the used coating system is 15 um, according to the manufacturer's
specifications [15]. This value provides a benchmark for understanding the scale of
the atomization process and its potential influence on film morphology. A schematic
illustration of the spray deposition process, highlighting the critical parameters that
govern the quality of the resulting films, is presented in Fig. 3.
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After preliminary experiments with variation of the heating plate temperature (Ta-
ble 1). These initial trials were necessary to establish the ideal thermal environment
for efficient film formation. The results of these preliminary experiments indicated
that a substrate temperature of 130 °C was optimal, ensuring complete evaporation
of the water solvent while simultaneously preventing both the sublimation of the
MXene nanoparticles remaining on the surface and excessively dry conditions, where
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premature evaporation leads to a powdery material with poor adhesion. Maintaining
the correct temperature is a balance between promoting solvent removal and preserv-
ing the integrity of the MXene material. The subsequent parameter identified as sig-
nificantly influencing film quality was the quantity of atomized solution delivered
per unit time. The rate at which the MXene solution is sprayed onto the substrate
directly impacts the film's thickness, uniformity, and overall structure. Therefore, the
flow rate of the solution varied between 0.1 and 0.2 ml/min at constant temperature
(Table 2). The number of passes of the nozzle over the substrates was chosen to be
10, so that the process of deposition is not too slow and unfit for production. The
surface roughness (RMS) and topography of the Ti3C2 films, obtained at different
flow rates, were estimated by atomic force microscopy (AFM) MFP-3D, Asylum Re-
search, Oxford Instruments (Santa Barbara, CA, 93117, USA). RMS was determined
with the assistance of an AFM special software — IgorPro. The topographies of the
film surfaces were scanned by AFM in non-contact mode with standard silicon probes
AC 140 TS. The sheet resistance of the titanium carbide films was measured by a
four-point probe, FPP-5000 Veeco. Post-deposition annealing for 2 hours at 200 °C
was conducted to decrease the sheet resistance and improve the MXene particle dis-
tribution. For the selected like the most uniform, highly covering the substrate and
resistance stable samples, obtained at the optimal deposition conditions, titanium and
aluminum contacts were produced. Titanium films were sputtered from a 3-inch tita-
nium target in a vacuum at a base pressure of 10-6 Torr, and the sputtering argon gas
pressure was 2.5x10-3 Torr at a sputtering voltage of 1 kV. The aluminum electrodes
were deposited by vacuum thermal evaporation of 5N9 aluminum wire pieces at a
base pressure of 10-6 Torr and evaporation current of 1 A. Schematic representation
and a photograph of the fabricated structures are given in Fig. 4a and Fig. 4b, respec-
tively. Resistance and capacitance of the interface between the metal and the sensing
fills were measured by impedance analyzer Hioki IM3590 in the voltage range 0-5
V in C-V mode. The sensor response was tested by applying a microliter volume of
liquids, containing MgClI2, NH3, and NaCl, with an automatic micropipette with dis-
penser syringe tips and measuring the current change accordingly. For this purpose,
a Keithley 6485 picoammeter was used.

3. RESULTS AND DISCUSSION

In the process of establishing an appropriate spray deposition regime, it was ob-
served that when the solution delivery rate exceeded the evaporation rate of the drop-
lets already deposited on the substrate, an accumulation of unevaporated solvent oc-
curred on the substrate's surface, resulting in a loss of control over the film formation
process. This imbalance between delivery and evaporation hinders the creation of a
well-defined film structure. Under such conditions, the force exerted by the carrier
gas stream could also cause the solution to spread laterally across the substrate
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surface, leading to the formation of directional streaks of material aligned with the
movement of the spray head. This phenomenon compromises the film's uniformity
and introduces unwanted structural artifacts. To mitigate these issues, the pressure of
the carrier gas stream was reduced to 0.02 PSI, enabling controlled delivery of the
atomized solution to the substrate while minimizing any significant impact on the
substrate's temperature. Careful adjustment of the carrier gas pressure is essential to
balance droplet transport with substrate temperature control. Subsequently, with this
optimized carrier gas pressure, the solution dispensing rate was initially set to 0.2
ml/min to facilitate solvent evaporation from the substrate. This adjustment aimed to
ensure sufficient time for the solvent to vaporize, preventing the accumulation of ex-
cess liquid. Prior to the annealing step, microscopic observation (not shown) revealed
the presence of discrete "islands" of material, exhibiting either a lack of connectivity
or only weak connections, resulting in the formation of an ultra-thin film with high
electrical resistivity in those areas. The initial island-like structure reflects the limited
mobility of the MXene nanoparticles and the incomplete film formation prior to ther-
mal treatment. During the post-deposition annealing process, the MXene nanoparti-
cles underwent migration and redistribution, facilitating their coalescence and the
formation of more continuous and homogeneous layers. The application of heat pro-
vides the energy necessary for the nanoparticles to overcome surface energy barriers
and coalesce into a more cohesive film. The reduction in sheet resistance served as
the primary indicator of the improved film uniformity resulting from the annealing
process. The inverse relationship between sheet resistance and film uniformity high-
lights the effectiveness of annealing in enhancing the film's structural and electrical
properties.

The flow rate of the solution to be atomized was set to 0.2 ml/min, where the film
showed stable and relatively low resistivity. Afterward, films with a flow rate of 0.1
ml/min and 0.15 ml/min, under constant substrate temperature, were also deposited
to establish the optimal flow rate of atomized solvent and form a more uniform layer.
The sheet resistances of the prepared samples were measured once more to evaluate
the resulting layer uniformity. Subsequently, the surface roughness of these samples
was quantified using Atomic Force Microscopy (AFM) to establish a correlation be-
tween the surface topography and the electrical resistivity of the MXene films. The
flow rates, sheet resistances, and root-mean-square (RMS) roughness for the first set
of investigated samples are given in Table 1. The substrate temperature, sheet re-
sistances, and RMS for the second set of samples are presented in Table 2.

Table 1. Sheet resistance and RMS roughness of the MXene films at different temperatures

Sample Ne Temperature, °C Sheet (r]egs;tszr;ce, Rs RMS, nm
1 120 1.95 36.38
2 130 0.26 16.16
3 140 3.32 54.47
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Table 2. Sheet resistance and RMS roughness of the MXene films at different flow rates

Sample Ne Flow rate, ml/min Shifst Eﬁgizr;ce’ RMS, nm
4 0.1 0.958 26.48
5 0.15 0.156 16.96
6 0.2 2.39 34.57

The 3D AFM images of the samples 4, 5, and 6 are only given in Fig. 5a, 5b, and
5c¢, respectively. AFM of samples 1, 2, and 3 is not presented, as a film with reason-
able quality is formed only at a temperature of 130 °C, pointed out as optimal. When
the substrate temperature is too low, insufficient thermal energy impedes the adequate
evaporation of the solvent, resulting in prolonged wetness of the MXene flakes. This
extended wetness contributes to non-uniformity in the deposited coating as the liquid
disperses unevenly. Furthermore, water molecules entrapped within the film structure
can induce hydrolysis reactions, inhibiting proper film consolidation and accelerating
oxidation processes over time, effects that may not be directly observable via AFM.
Conversely, excessively high substrate temperatures promote rapid solvent evapora-
tion, precluding the MXene flakes from adequately settling and aligning into an or-
dered structure. This rapid desiccation leads to immediate and uncontrolled stacking
of the MXene flakes, resulting in the formation of dense, thick layers characterized
by substantial gaps between the individual flakes. This uncontrolled deposition can
promote the development of macroscopic defects such as large pores and even struc-
tural ruptures within the film. These observations align consistently with findings
reported in previous research [16, 17]. As can be seen, the lower the RMS roughness
is, the lower the sheet resistance of the samples is, which also confirms that the opti-
mal flow rate of delivered solution to the substrate was 0.15 ml/min.

coum Cam

a) (Fig. 5) b) (Fig. 5)
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c)
Fig. 5. 3D AFM images of a) Sample 4; b) Sample 5 and ¢) Sample 6

Chemoresistive sensor structures were fabricated by depositing titanium (Ti) and
aluminum (Al) metal contacts onto the MXene films that exhibited the lowest meas-
ured sheet resistance. Selecting the lowest interface (contact) resistance films ensures
that the inherent conductivity of the MXene layer is maximized, optimizing the sen-
sitivity of the overall sensor device. Titanium was strategically selected as one of the
contact materials based on the theoretical prediction that it would establish an Ohmic
contact with the MXene sensing layer. An Ohmic contact is characterized by a linear
current-voltage relationship, indicating minimal contact resistance and unimpeded
charge flow between the metal and the semiconductor. This expectation stemmed
from the fact that MXenes are titanium-containing materials, suggesting a potential
for favorable interfacial bonding and minimal Schottky barrier formation. The similar
chemical composition aims to minimize energy barriers at the interface.

Conversely, aluminum was intentionally chosen to form a contact that would in-
duce a charge carrier barrier, creating a depletion layer within the titanium carbide,
thereby forming a Schottky contact. A Schottky contact exhibits a hon-linear current-
voltage characteristic due to the presence of a potential barrier at the metal-semicon-
ductor interface. The energy level alignment at the interface for the titanium metalli-
zation case is depicted in Fig. 6.

Energy level diagrams help to visualize the relative positions of the Fermi levels
and work functions of the materials, providing insights into charge transport mecha-
nisms. When an Ohmic contact is formed, and the work functions of the contacting
materials (MXene and Ti in this case) are sufficiently close, a depletion layer of sig-
nificant width to impede charge transfer across the contact interface does not develop.
The absence of a substantial depletion layer allows for efficient and linear charge
injection and extraction, minimizing contact resistance.
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The work function of MXenes after annealing at 200 °C is reported to be approxi-
mately 4.2 eV [18], while the work function of titanium is approximately 4.33 eV.
These values, while not identical, are sufficiently close to suggest that an Ohmic con-
tact formation is achievable. The formation of Ohmic and Schottky contacts for tita-
nium and aluminum metallizations, respectively, was experimentally confirmed
through capacitance-voltage (C-V) and resistance-voltage (R-V) measurements. C-V
and R-V techniques are standard methods for characterizing the electrical behavior
of metal-semiconductor junctions. In these measurements, the contact capacitance
and resistance were evaluated as a function of the applied bias voltage, providing
information about the presence and nature of interfacial barriers. These measure-
ments are shown in Fig. 7. The bias voltage effectively modulates the width of the
depletion region, influencing the capacitance and resistance of the junction.

As evidenced in Fig. 7b, the contact resistance for the aluminum contacts exhibits
a distinct drop at approximately 1.1 V, and the corresponding capacitance curve dis-
plays an inflection point. The inflection point marks the voltage at which the built-in
potential of the Schottky barrier is overcome, leading to a significant increase in cur-
rent flow.

These observations are indicative of the presence of a contact barrier that is sur-
mounted at this voltage, leading to increased current conduction and a subsequent
sharp decrease in resistance. In contrast, Fig.7a demonstrates that the characteristics
for the titanium contacts are predominantly linear, exhibiting only minor variations
around an average resistance value, a behavior that is typical for an Ohmic contact
where little or no interface barrier exists. The linear behavior suggests that the re-
sistance is relatively constant across the applied voltage range, indicative of unim-
peded charge transport. Based on the absence of an inflection point in the C-V curves
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for the titanium contacts (Fig. 7a), it can be inferred that there is a lack of a significant
depletion region and an absence of band bending in the energy band diagram of the
materials near the interface. This supports the conclusion that an Ohmic contact is
indeed formed between titanium and the MXene layer, without requiring a specific
"turn-on" voltage to overcome an interfacial barrier. This is desirable for sensor ap-
plications as the response will ideally be linear and sensitive across the entire operat-
ing voltage range.
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Fig. 7. C-V graphs of a) Ti/MXene contacts and b) Al/MXene contacts

MgCl,, NH; and NaCl are compounds found in the sweat, and their concentrations
depend on individual factors such as age, sex, race, and health status. For a clinically
healthy middle-aged person, typical values of these parameters range within, for ex-
ample, 0.02-0.2 mg/mL for MgCl,, 1-3 pg/mL for NHs, and 1-3 mg/mL for NaCl
[19]. Solutions of MgCl,, NHs and NaCl were prepared with concentrations in these
ranges and were drop-casted on the MXene sensing layers using a laboratory micropi-
pette with a minimum dose of 10 uL. To investigate the sensors’ sensitivities toward
the different compounds and their dependence on the liquid volume, the current
through the structure was measured under constant voltage, and an increasing number
of droplets was placed over the titanium carbide. The current through the chemoresis-
tive sensor with Ti metallization, under the influence of these compounds separately,
is shown in Fig. 8. The sensor with Ti contacts was the most responsive toward
MgCl,, where the change in conductivity follows the change in the concentration of
the substance with distinct current values The response time was 1 s and after remov-
ing the influence of the solution the recovery time was found to be 15 s for low vol-
umes in the range of 10-30 pL and 28 s for higher volumes. Lower sensitivity can be
observed towards NHs, and no sensitivity towards NaCl. The current through the
chemoresistive sensor with Al metallization, under the influence of the different com-
pounds separately, is shown in Fig. 9.
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The response of the structure with Al contacts was longer until a stable signal was
measured, and it was weaker as compared to the sensor structure with Ti contacts
(mean current of 500 pA compared to 750 pA for the structure with Ti contacts).
Also, the sensors with Al metallization have lower sensitivity; a measurable response
was observed for amounts of substances above 20 pL (in contrast to the titanium
electrode, where this value is 10 pL), which can be ascribed to the contact barrier
formation between the Al electrodes and the MXene.
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Figure 10 a-c displays the response characteristics of the fabricated sensors when
exposed to step changes (both increments and decrements) in the concentrations of
the target analytes: magnesium chloride (MgCly), ammonia (NHs), and sodium chlo-
ride (NaCl). This type of analysis, known as dynamic response testing, allows us to
evaluate the sensor's real-time behavior, including its sensitivity, response time, and
recovery time, and assess its ability to track changes in analyte concentration. It's
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essential to evaluate the suitability of the sensor for continuous monitoring applica-
tions. For the needs of the present experiment, a chemoresistive measurement princi-
ple is the most suitable solution, which is the reason to select the case with the Ohmic
contact formed between Ti electrode and the MXene sensitive coating. A lag can be
observed in each of the plots, where the sensor doesn't respond instantaneously to the
concentration change. Additionally, a gradual saturation occurs as the concentration
reaches the maximum value. This is due to the time it takes for the analyte to interact
with the sensor and the sensor to reach its maximum detection capability.

Most reasonable variations in the sensor signal (current) corresponding to changes
in MgCl; concentration can be noted in Fig. 10a. Upon initial exposure to MgCl,, a
rapid and pronounced change in current is observed, indicating a high sensitivity and
a fast response time. The lack of dissociation of the compound into Mg?* and 2CI-
ions each likely contributes to reduced charge transfer at the surface, leading to a
significant decrease in the device's conductivity. The nearly linear response to in-
creasing MgCl, concentrations implies the sensor's suitability for quantitative meas-
urement across a broad concentration range, which is typical in the sweat composi-
tion. In contrast, the sensor's response to NH3 (Fig. 10b) is less pronounced and more
gradual compared to MgCl,, with a slower response time. This can be attributed to
the slower diffusion of ammonia molecules into the MXene interlayer spaces or
slower reaction kinetics between their surface functional groups. It may involve elec-
tron acceptor behavior, decreasing the conductivity of the MXene film.
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While a clear decrease in current is observed with increasing NHs concentration,
the less distinct steps and smaller magnitude of the response compared to MgCl; sug-
gest a lower sensitivity and less reliable quantification of NH3 using this sensor con-
figuration. The sensor's reaction to NaCl is minimal and relatively noisy, confirming
a poor sensitivity to this analyte (Fig. 10c). This indicates a very weak interaction
between Na* and CI- ions and the MXene surface. The absence of a significant change
in conductivity suggests that the surface functional groups of the MXene are less
reactive towards these particular ions or that a specific activation energy is required
for adsorption to occur. The nature of the MXene functionalization is important to
consider when talking about the binding to each specification.

The response time can be seen in the same graphs as the time from the addition of
the new concentration until the sensor shows a stable signal. The response time varied
depending on the analyte and its concentration. The recovery time refers to the time
from when the analyte concentration is reduced (or removed) until the sensor's signal
returns to its baseline or initial value. Recovery time can be seen at the end of the
curves and can also be affected by factors such as the analyte's properties and the
sensor material. For the MgCl, sensor, the time response increased slightly with the
concentration increase, starting from 20 s for the lowest concentration and reaching
60 s at the highest concentration of 40 mg/mL, with a recovery time of 55 s after
saturation. For the NHj3 sensor, the response time for the lowest concentration was 30
s and reached 80 s for the highest concentration of 2 mg/mL. Afterwards, although
the concentration was further decreased, the strong saturation of the sensor resulted
in even higher response time of 100 s and recovery time of more than 70 s, without a
clear trend of restoring the initial condition of the sensor. For the NaCl, the sensor
structure cannot exhibit differentiated response and recovery times.

4. CONCLUSIONS

In summary, this study successfully optimized a technology for depositing tita-
nium carbide MXene films from an aqueous solution utilizing ultrasonic atomization.
By carefully controlling parameters such as substrate temperature, solution flow rate,
and carrier gas pressure, uniform and conductive MXene films were achieved. Lev-
eraging these optimized films, chemoresistive sensor architectures were fabricated,
incorporating both titanium (Ti) and aluminum (Al) contacts to strategically exploit
their distinct interfacial properties. The selection of Ti was based on its ability to form
an Ohmic contact with the MXene sensing layer, facilitating efficient charge injection
and extraction, while Al was chosen for its potential to create a Schottky barrier,
enhancing sensitivity through modulation of the depletion region. The sensing capa-
bilities of these structures were then evaluated toward key sweat components. The
resulting sensors exhibited a distinct response profile, demonstrating the highest sen-
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sitivity towards MgCl,, a moderate response to NHs, and a minimal, unstable re-
sponse to NaCl. The observed differences in sensitivity are likely attributed to varia-
tions in the strength of interaction and charge transfer efficiency between each analyte
and the MXene surface functional groups, in addition to the influence of the contact
material on charge transport at the MXene-metal interface - a relationship that war-
rants further investigation. These initial findings suggest that the developed sensing
structures hold promise for the detection, and potentially the quantification, of spe-
cific biomarkers in sweat, thereby contributing to the advancement of non-invasive
health monitoring strategies.

However, it is crucial to acknowledge existing limitations and future directions.
Further research is necessary to address the sensor's cross-sensitivity to other sweat
components or environmental factors, like changes in temperature and humidity, and
to fully elucidate the complex mechanisms governing analyte-MXene interactions.
Specifically, future studies should focus on: (1) investigating the sensor's response to
complex mixtures of sweat analytes to assess its performance in more realistic sce-
narios; (2) characterizing the influence of environmental variables, such as tempera-
ture and humidity, on the sensor's stability and sensitivity; (3) exploring the long-
term stability and aging characteristics of the MXene films and sensor devices under
prolonged exposure to relevant environmental conditions. Ultimately, the goal is to
engineer robust, selective, and reliable MXene-based sensors for continuous and non-
invasive monitoring of human health, which necessitates a comprehensive under-
standing of the factors influencing their performance and stability over time.
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