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Abstract

In this study, we present a new approach for detecting carbon dioxide based on the
voltammetric behavior of selected pH indicators in a deep eutectic solvent (DES). The
sensing strategy exploits the electrochemical oxidation potentials of acid–base indicators,
in contrast to their conventional use in spectrophotometric analyses. For this purpose, a
screen-printed carbon electrode (SPCE) coated with a thin film of DES containing an acid–
base indicator was employed. This approach takes advantage of the unique properties of
DESs, which make them safe and appealing electrolytes for gas sensing applications. It also
exploits the behavior of acid–base indicators, which can exist in protonated or deprotonated
forms with distinct oxidation potentials; the electron-rich basic form oxidizes at a lower
potential than its protonated counterpart. Phenol Red (PR), Bromocresol Purple (BCP), and
Bromothymol Blue (BTB) were investigated, and their voltammetric behavior was studied
in different pH buffers as well as in reline DES. The pH dependence of their oxidation
potential was used as the analytical parameter, varying in response to the concentration of
acidic species in the gas phase. The proposed strategy was evaluated by performing CO2

measurements, achieving limits of detection (LOD) and quantification (LOQ) of 2083 and
6875 ppm, respectively. The same approach was then applied to monitor food freshness
via CO2 detection, with results comparing favorably to nondispersive infrared (NDIR)
methods for carbon dioxide analysis.

Keywords: deep eutectic solvents; CO2 detection; Phenol Red; food freshness;
acid–base indicators

1. Introduction
Monitoring volatile acidic and basic species is critical across various sectors, includ-

ing food safety, environmental protection, industrial processes, and biomedical applica-
tions [1–5]. In the field of food control, monitoring the respiration of fruits and vegetables
is crucial for assessing post-harvest quality, shelf life, and freshness, as respiration directly
reflects metabolic activity and ripening processes. Respiration involves the consumption
of oxygen and the release of carbon dioxide, with elevated CO2 production typically indi-
cating increased metabolic stress, advanced ripening, or microbial spoilage [6]. Accurate
measurement of respiration is therefore especially important during post-harvest handling,
storage, and transportation, where inappropriate atmospheric conditions can accelerate
quality degradation and lead to significant food waste.

Currently, respiration is most commonly monitored using nondispersive infrared
(NDIR) sensors for carbon dioxide and electrochemical or optical sensors for oxygen, often
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integrated into controlled- or modified-atmosphere packaging systems. Although these
techniques offer high sensitivity and reliability, they are generally associated with relatively
high costs and limited suitability for disposable or in-package monitoring applications. In
this context, the development of alternative sensing strategies that are low-cost, safe, and
suitable for real-time monitoring is highly desirable [7].

To date, the detection of colorless acid or basic species is performed by pH-sensitive
reagents, known as pH indicators; they change color in response to variations in acidity or
alkalinity, not only in aqueous solutions but also in organic solvents [8–10].

To enhance sensitivity and applicability, numerous colorimetric and optical sens-
ing methods have been developed, often involving the immobilization of pH-sensitive
molecules on transducer surfaces [11–14]. In parallel, electrochemical methods such as
amperometry, potentiometry, and conductometry have also been successfully applied to
detect acidic and basic species in both liquid and gas phases [15]. At the same time, the
advent of sustainable chemistry has guided research towards the development of greener
and more sustainable solvents than traditional ones, which are often volatile, toxic, and
flammable. Thus, interest in using ionic liquids (ILs) has grown due to their low volatility,
high conductivity, excellent chemical and electrochemical stability, and ability to dissolve
a wide range of organic and inorganic species. Moreover, their properties can be tuned
through an appropriate selection of constituent cations and anions [16,17]. Consequently,
on the basis of IL properties, various optical and electrochemical devices have been devel-
oped to detect gases such as CO2, O2, SO2, NH3, and H2S [18–22]. More recently, studies
have focused on DESs, a class of solvents composed of a hydrogen-bond donor (HBD) and
a hydrogen-bond acceptor (HBA), whose physicochemical properties are similar to those of
ionic liquids (ILs) [23], but with the added advantages of being more biodegradable, easier
to prepare, cheaper, and simpler to handle [24–26]. Several studies have investigated the
solubility of CO2 in DESs. Notably, Li et al. measured CO2 solubility in a DES composed of
choline chloride (ChCl) and urea over a temperature range of 313.15–333.15 K and pressures
from 10 to 130 bar [27]. Their results demonstrated that CO2 solubility in DESs is governed
by three main factors: (i) pressure, with solubility increasing as CO2 pressure increases;
(ii) temperature, with solubility decreasing at higher temperatures; and (iii) the molar ratio
of ChCl to urea.

Further advantages arising from the favorable physicochemical properties of DES/water
mixtures have also been demonstrated [28], where the DES structure is preserved even at
relatively high water levels (ca 40–50 v/v % H2O) due to its incorporation within the DES
as nanostructured domains. Studies investigating the nanostructure of reline DES/water
mixtures over a broad range of water concentrations reveal that at low water contents (up
to 6.48 wt%), the DES hydrogen-bond network remains largely intact, while in the range
between 12 and 40 wt% water, the DES intermolecular bonding persists within clusters that
are surrounded by water [29,30].

In this study, we introduced an innovative electrochemical approach for the detection
of acidic species in the gas phase, based on the voltammetric behavior of pH indicators dis-
solved in hydrated DES, rather than their conventional colorimetric response. Specifically,
we exploit the unique physicochemical properties of hydrated reline, a DES characterized
by favorable viscosity, electrical conductivity, surface tension, electrochemical stability, and
CO2 absorption capacity [31], to integrate acid–base indicators as electroactive sensing
probes. Phenol Red (PR), Bromocresol Purple (BCP), and Bromothymol Blue (BTB) were
investigated due to their distinct redox behavior in both buffer solutions and hydrated
reline. These indicators exist in protonated and deprotonated forms with characteristic
oxidation potentials; the electron-rich deprotonated species oxidizes at lower potentials,
which shift toward more positive values as the pH decreases upon CO2 absorption [32,33].
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When CO2, released during the respiration of fruits and vegetables [34], is absorbed by the
hydrated reline matrix, it induces a measurable change in the voltammetric response of the
pH-sensitive dyes. This response enables rapid and reliable CO2 detection using SPCEs
as sensing platforms. The proposed concept was successfully demonstrated for monitor-
ing the respiration of fresh food stored in sealed containers, highlighting its potential for
real-time and low-cost assessment of food freshness.

2. Materials and Methods
2.1. Reagents and Materials

Potassium phosphate monobasic, sodium phosphate dibasic, potassium chloride,
Bromothymol Blue, Bromocresol Purple, Phenol Red, hydrochloric acid, sodium hydroxide,
and 2-propanol were purchased from Sigma-Aldrich (Milan, Italy). Reline (choline chloride–
urea, 1:2) was purchased from Scionix Ltd. (London, UK). Carbon dioxide was of UPP
purity (99.99%), supplied by SIAD (Trieste, Italy). Gas-tight microsyringes were purchased
from Hamilton Company (Reno, NV, USA). Ultrapure water was used for the preparation
of all solutions and for the cleaning and rising operations (R > 18 M Ω), obtained using an
Elga Purelab flex 4 system (Veolia Water Technologies, Zoppola, Italy).

The food samples used in this study included avocado, banana, broccoli, mushrooms,
and Golden Delicious apples purchased from a local supermarket.

pH measurements were made using a pH-meter model 2001 from CRISON (Barcelona,
Spain), equipped with a model 52-40 combined glass electrode from the same manufacturer.

Viscosity was evaluated using a controlled stress rheometer (Haake RheoStress 6000,
Thermo Scientific, Karlsruhe, Germany) equipped with a concentric cylinder geometry. The
sample was loaded in the cylinder, slightly compressed, and allowed to relax for 5 min
after loading before testing.

The spectrophotometric measurements were performed using a Nanodrop Ultra C
Spectrophotometer (Thermo Fisher Scientific, Segrate Milano, Italy). The electrochemical
measurements were conducted using a BiStat BioLogic (Grenoble, France) managed by
EC-Lab software v10.37 and an SPCE manufactured by Dropsens (Metrohm Italiana S.r.l.,
Varese, Italy) in which the counter electrode (CE) is carbon and the reference electrode (RE)
is a silver pseudo-reference, connected by means of a Dropsens model CAC connector cable
(Metrohm Italiana S.r.l., Varese, Italy).

For validation of our measurement approach, we employed an Aranet4 (Riga, Latvia)
nondispersive infrared (NDIR) sensor to measure carbon dioxide, specified with a measure-
ment range of 0–9999 ppm and an accuracy of ±30 ppm plus 3% of the measured value.
Data were collected via the Aranet Home smartphone app v3.9.1.

2.2. Evaluation of Electrochemical Behavior of Indicators in Buffer Solution at Different pH

To evaluate the electrochemical behavior of PR, BCP, and BTB in aqueous solutions at
varying pH values, these indicators, each at 0.5 mM, were dissolved in 0.2 M phosphate
buffer solutions containing 0.1 M potassium chloride at pH of 6, 7, and 8. For electrochemi-
cal analysis, 30 µL of each prepared solution was drop-cast onto the working area of an
SPCE. The electrochemical behavior of the indicators was assessed using cyclic voltammetry
(CV) at a scan rate of 50 mV/s, within a potential window from 0 V to 1 V vs. Ag/AgCl.

2.3. Evaluation of Electrochemical Behavior of Indicators in Acidified and Basified Reline Solutions

To assess the behavior of the three indicators in reline, distinct solutions were prepared:
acidified solutions and basified solutions. The acidified solutions were prepared by adding
HCl to the reline containing 0.5 mM of the indicator, yielding a final HCl concentration of
0.01 M and a water content of 10% (v/v). The basified solutions were prepared by adding
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NaOH to the reline mixture containing 0.5 mM of the indicator, yielding a final NaOH
concentration of 0.01 M and a water content of 10% (v/v). Lastly, all solutions were doped
with 0.1 M KCl. All solutions were accurately mixed prior to each measurement. The
electrochemical measurement was carried out by drop-casting 30 µL of the solution to
cover the three electrodes of the SPCE. The indicators’ behavior was evaluated using CV at
a scan rate of 50 mV/s. For solutions containing HCl, a potential window from 0 V to 1.3 V
was used, while for those with NaOH, the window was set from 0 V to 1 V.

2.4. Experimental Setup for CO2 Gas Measurement

An airtight plastic box was used for CO2 monitoring. The box was equipped with
four ports: one dedicated to CO2 introduction via a gas-tight syringe, and three for the
connection of connector cables to the SPCEs, enabling triplicate electrochemical measure-
ment. Next, 30 µL of a solution containing 0.5 mM PR, 0.1 M KCl, 10% water, and reline
was drop-casted onto the SPCEs. The SPCEs were then placed inside the box using the
CAC cables; after the box was hermetically sealed and the desired amount of CO2 was
introduced, the system was left to equilibrate under static conditions at ambient pressure
for 20 min. This equilibration period was selected as a compromise to minimize measure-
ment time, while accounting for the fact that the viscosity of the DES, although reduced by
water addition, still significantly limits both the diffusion and adsorption of CO2 within
the medium. Figure S1 shows the variation in the signal as a function of equilibration
time. These data demonstrate that after 20 min, a clear and reproducible potential shift is
observed, sufficient for reliable calibration, even though a slow residual drift indicates that
complete equilibrium would require substantially longer times of about 60 min. Following
the equilibration period, CV was performed at a scan rate of 50 mV/s within a potential
window from 0 V to 1 V.

2.5. Food Sample Analysis

The same airtight box used for gas measurements was also utilized for the study
of real matrices. Once the matrix samples (avocado, banana, broccoli, mushrooms, and
Golden Delicious apples) were introduced, the SPCE, previously coated with the sensing
solution, and the Aranet4 sensor (used for comparison) were placed inside the box. The box
was then hermetically sealed and allowed to equilibrate for 1 h. This equilibration period
was selected to ensure that the real sample reached a detectable CO2 concentration, taking
into account that the samples selected exhibit a respiration rate in the range of 80–120 mL
CO2·kg−1·h−1 at 20 ◦C [35]. Following this period, CV measurements were performed.

3. Results and Discussion
3.1. Effect of pH on the Voltammetric Characteristics of Indicators in Phosphate Buffer Solution

Since our aim was to assess whether certain acid–base indicators could detect gaseous
acidic species through their voltammetric behavior rather than their color change, we first
carried out tests on unmodified SPCEs to evaluate the effect of electrolyte pH on their
anodic response. Preliminary tests on unmodified screen-printed carbon electrodes (SPCEs)
showed that the anodic peak potential of the selected acid–base indicators varied with pH.
These tests were conducted in ambient air on three pH indicators, PR, BCP, and BTB, which
were dissolved in 0.2 M phosphate buffer solutions containing 0.1 M potassium chloride at
different pH values (6, 7, and 8). These acid–base indicators were selected because they all
belong to the sulfonephthalein family and have dissociation constants (pKa) within the pH
range explored [36,37].

As observed in Figure 1 for PR at pH 6, during the forward scan, two anodic peaks
are observed at 0.644 V and 1.091 V. Their presence, peak potentials, and intensities are
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pH-dependent. As the pH of the solution increases, the second anodic peak disappears,
whereas the first peak shows an increase in current. Additionally, the anodic peak potential
(Epa) shifts toward less positive values. Insets in Figure 1 show the linear dependence of the
anodic peak potential (Epa) on pH, described by the equation Epa (mV) = 993 − 59·pH at
22 ◦C. They also illustrate the distinct color changes in PR observed across the investigated
pH range, consistent with its reported pKa. These findings are coherent with an oxidation
process in which, at lower pH, both the unprotonated and protonated forms of PR are
present, with the former undergoing oxidation at a lower potential than the conjugate
form. At higher pH, the second anodic peak disappears, as the unprotonated form of PR
becomes predominant. At the same time, the Epa–pH relationship indicates an oxidation
process involving an equal number of protons and electrons. Overall, these results are
consistent with previously reported data for PR in the literature [38]. Similar behavior was
observed for BCP and BTB, as shown in Figures 2 and 3 for 0.5 mM BCP and 0.1 mM BTB,
respectively. In the case of BTB, a lower concentration was employed due to its limited
solubility in the water–DES solution. The corresponding linear relationships between Epa
and pH were determined as follows: for BCP, Epa (mV) = 1002 − 60.5·pH at 22 ◦C, and for
BTB, Epa (mV) = 838.6 − 57.2·pH at 22 ◦C. According to the literature, all voltammetric
profiles presented here correspond to the first CV cycle, as repeated scans in the positive
direction led to the formation of polymeric films [38].

Figure 1. Comparison of cyclic voltammograms recorded on SPCEs drop-cast with 30 µL of 0.5 mM
PR in PBS at pH 6 (yellow solid line), pH 7 (red solid line), and pH 8 (brown solid line). The
background currents are reported as dashed lines. Scan rate: 50 mV/s.

https://doi.org/10.3390/chemosensors14020039

https://doi.org/10.3390/chemosensors14020039


Chemosensors 2026, 14, 39 6 of 14

Figure 2. Comparison of cyclic voltammograms recorded on SPCEs drop-cast with 30 µL of 0.5 mM
BCP in PBS at pH 6 (orange solid line), pH 7 (red solid line), and pH 8 (brown solid line). The
background currents are reported as dashed lines. Scan rate: 50 mV/s.

In conclusion, the initial screening conducted in PBS demonstrated a clear correlation
between the oxidation potential of each indicator and the pH of the solution, highlighting
their potential for pH-sensitive electrochemical applications.

3.2. Effect of pH on the Voltammetric Characteristics of Indicators in Reline Solutions

As previously described by Abbott [39], pH measurements in DES may be subjected to
error. Indeed, if the solution is non-aqueous, the ionic composition and ion mobility differ
significantly, and the junction potential may vary unpredictably, leading to errors in pH
measurement. The addition of water may help mitigate differences in junction potential,
making the response more similar to the Nernstian behavior. Accordingly, all solutions
were prepared with the addition of 10% v/v water for the subsequent investigation. As pre-
viously reported in the literature, the nanostructure of DES is maintained even at relatively
high water contents (up to ~42 wt% H2O) [29], owing to the solvophobic sequestration
of water into nanostructured domains surrounding the cholinium cations. Following the
addition of water and KCl, the reline pH decreased from 9.8 to 9.6, in agreement with
previous studies [40], while the addition of HCl to a reline–water mixture decreased the pH
to 2.9, whereas the addition of NaOH to a reline–water mixture increased the pH to 13.1,
consistent with the pH of water containing reline. To investigate the influence of pH on the
voltammetric behavior of pH indicators dissolved in reline, disposable SPCEs coated with
a thin film of hydrated reline were employed. For this purpose, reline was doped with 10%
v/v of aqueous HCl and NaOH solutions, yielding final concentrations of 10−2 M for each.
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As shown in Figure 4 for PR and in Figures S2 and S3 (see Supplementary Materials) for
BCP and BTB, all three indicators exhibited a comparable shift in their oxidation processes
in reline compared to that observed in aqueous buffer. In contrast, the second oxidation
process appears either absent or obscured by solvent oxidation, with the anodic peak
potential shift being smaller than that observed in aqueous solutions. In addition, the
potential stability was evaluated with the ferro/ferricyanide redox couple serving as an
internal electrochemical reference. The results confirmed that the oxidation potentials of
the indicators did not vary significantly over time.

Figure 3. Comparison of cyclic voltammograms recorded on SPCEs drop-cast with 30 µL of 0.1 mM
BTB in PBS at pH 6 (light green solid line), pH 7 (green solid line), and pH 8 (dark green solid line).
The background currents are reported as dashed lines. Scan rate: 50 mV·s−1.

3.3. Carbon Dioxide Sensing Concept

In analogy with the operating principle of many optical CO2 sensors employing
acid–base indicators and fundamentally based on the Severinghaus principle [41], the CO2

absorbed by the water–reline solution in our system also undergoes the following equilibria:

CO2 (g) ⇆ CO2 (w−reline)

CO2 (w−reline) + H2O ⇆ H2CO3

H2CO3 + H2O ⇆ HCO−
3 + H3O+

H3O+ + Ind−(w−reline) ⇆ HInd(w−reline)
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Figure 4. Comparison of cyclic voltammograms recorded using SPCEs drop-cast with 30 µL of
0.5 mM PR in reline containing HCl 0.01 M or NaOH 0.01 M. The background currents are indicated
by dashed lines. Scan rate: 50 mV·s−1.

However, our sensing concept is not based on the color change in the pH-sensitive
indicators, but rather on their oxidation process, which shifts from the oxidation potential
of the basic form (Ind−) to that of the acidic form (Hind), moving toward more positive
potentials as the pH decreases. The sensitivity and functionality of this sensing approach
are thus governed by the indicator’s acid dissociation constant (pKa) as well as by the
initial pH of the water–reline solution, which must ensure the prevalence of the indica-
tor’s basic deprotonated form (Ind−). As demonstrated by the UV–vis spectra shown in
Supplementary Materials Figures S4–S6, at the pH of the hydrated reline solution, only PR
prevailed in the deprotonated form, whereas for the other indicators, both the protonated
and deprotonated species coexisted. For this reason, further investigations were carried
out with PR.

3.4. Application of pH Indicators in Static Atmospheric Systems for Voltammetric Quantification
of CO2

Following the promising results from exploratory voltammetric studies of the pH
indicators in reline, we investigated the potential use of PR in hydrated DESs for CO2 quan-
tification. Figure 5A provides a schematic representation of the concept. As an example,
Figure 5B displays the voltammetric shift observed during the calibration experiments.
The calibration curve, obtained using the setup described in the experimental section, is
shown in Figure 5C, where CO2 concentrations were gradually increased. Voltammetric
measurements were performed following a 20 min equilibration period, allowing CO2

absorption. These processes are influenced by the viscosity of the hydrated reline, which
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was determined to be 36.16 mPa·s at 20 ◦C. Equation (1) was chosen using Origin pro 2021
Software, selecting the fitting function that provided the highest coefficient of determination
(R2 = 0.997) and best represented the experimental data.

y =
x

a + bx + c
√

x
(1)

a = 107.28; b = 0.0093; c = 0.01216;

Figure 5. (A) Conceptual illustration of the measurement setup. (B) Representative cyclic voltam-
mograms demonstrating the potential shift. (C) Calibration curve obtained for increasing CO2

concentrations; the inset displays the linear fit of the response in the linear region.

The limit of detection (LOD), calculated as three times the standard deviation of the
blank signal divided by the slope of the calibration curve in the linear range, was deter-
mined to be 2083 ppm. The corresponding limit of quantification (LOQ), estimated by
multiplying the LOD by 3.3, was 6875 ppm. As shown in Figure 5C, the inter-device repro-
ducibility of the anodic peak potential obtained from three independently modified SPCEs
used on different days exhibit an RSD below 5%, indicating good fabrication reproducibility.

We reported the calibration data using PR, as it provided the best results. Calibration
was also performed with BCP (see Supplementary Materials Figure S7), while BTB was
excluded due to its poor solubility in reline solutions.

The analytical figures of merit of the proposed indicator-based electrochemical ap-
proach are summarized in Table 1 and compared with some representative gas CO2 sensing
methods reported in the literature. While conventional colorimetric sensors based on pH
indicators often achieve lower detection limits, they typically rely on optical readout and
may require spectrophotometric instrumentation or controlled illumination conditions. In
contrast, the present method exploits the voltammetric oxidation potential shift of acid–
base indicators solubilized in a deep eutectic solvent, offering an alternative electrochemical
transduction mechanism, while many other electrochemical approaches rely, for example,
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on membrane-based electrodes [41] or require high-temperature operating conditions [42],
which are not compatible with smart packaging applications.

Table 1. Comparison of the analytical performance of the proposed CO2 sensor with previously
reported gas sensors.

Method Response Time Temperature Range Limit of
Detection (LOD) Reference

Colorimetric 30–60 min Room
temperature ND * ND * [14]

Colorimetric 30 min Room
temperature 0–500,000 ppm 8000 ppm–26,000 ppm

7000–16,000 ppm [43]

NDIR 30 s Room
temperature ND * ~750 ppm [44]

NDIR 3–6 s 0–60 ◦C 0–100,000 ppm 90–94 ppm [45]

Colorimetric ND Room
temperature ND * ND * [46]

Electrochemical 20–60 min Room
temperature 0–50,000 ppm 2083 ppm This work

* not determined.

The achieved LOD of 2083 ppm is well suited for applications related to food packaging
and freshness monitoring, where CO2 concentrations generally fall within the high-ppm
to percent range. Moreover, the use of DESs as the sensing medium provides additional
advantages in terms of safety, chemical stability, and compatibility with screen-printed
electrodes, while avoiding volatile or toxic electrolytes. Although nondispersive infrared
(NDIR) sensors offer superior sensitivity, they are typically more expensive and less suitable
for disposable or low-cost sensing platforms. Overall, the proposed approach is designed
for single use and represents a favorable compromise between sensitivity, simplicity, and
applicability, extending the use of conventional pH indicators beyond optical detection
toward electrochemical CO2 sensing in static atmospheric systems.

3.5. Food Sample Analysis

Lastly, the applicability of this approach was evaluated by monitoring the respiration
of fruits and vegetables, used as markers of ripening within the food supply chain. Table 2
presents the results relative to CO2 concentrations in ppm of different samples of avocado,
banana, broccoli, mushrooms and Golden Delicious apples. The percentage error was
calculated relative to the reference commercial NDIR sensor, Aranet4.

Table 2. CO2 quantification of the samples of avocado, banana, broccoli, mushrooms, and Golden
Delicious apples by the indicator method and infrared comparison sensor; errors were calculated
relative to infrared sensor measurements.

Samples
Infrared Sensor Indicator Approach Error *

CO2 (ppm) CO2 (ppm) %

Sample 1
avocado 2981 ± 146 3877 ± 288 ±23%

Sample 2
banana 5581 ± 194 5477 ± 302 ±2%
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Table 2. Cont.

Samples
Infrared Sensor Indicator Approach Error *

CO2 (ppm) CO2 (ppm) %

Sample 3
banana 7181 ± 224 6470 ± 382 ±11%

Sample 4
broccoli 9581 ± 275 8182 ± 403 ±17%

Sample 5
mushrooms 5881 ± 187 5235 ± 298 ±12%

Sample 6
apple 3500 ± 147 3897 ± 329 ±10%

* The error was calculated based on the infrared sensor value.

As shown in Figure 6, there is a good correlation (R2 = 0.9882) with the measure-
ments obtained using the Aranet sensor. In addition, to assess potential interferences on
the voltammetric signal, we performed selectivity tests using ethanol and acetaldehyde
separately in concentrations comparable to those typically emitted by fruits. The results
confirm the high selectivity of our sensor: in fact, the RSDs of the signal in the presence of
ethanol was 0.56% and 0.80% for acetaldehyde, indicating negligible interference.

Figure 6. Correlation plot between the quantification obtained with the developed sensor (y-
axis) and that obtained with the reference method (x-axis). The dashed line represents the best-fit
linear regression.
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4. Conclusions
In this study, we investigated the potential use of acid–base indicators, typically

employed for colorimetric determinations, by voltammetrically assessing the shift in their
oxidation peak in DESs. The electrochemical behavior of the three indicators PR, BCP, and
BTB was studied, revealing a strong correlation between the voltammetric peak shift and
pH variation in a reline solution containing 10% water. This approach, applied for CO2

detection, exhibited an excellent correlation coefficient (R2 = 0.998) using nonlinear fitting,
with limits of detection (LOD) and quantification (LOQ) of 2083 and 6875 ppm, respectively.

Furthermore, this setup performance was evaluated on real samples yielding promis-
ing results when compared with a commercially available infrared sensor. Overall, this
work, essentially a proof of concept, proposes a new electrochemical sensing approach
for CO2. Although the current configuration demonstrates good analytical performance,
the sensing device could be further improved by replacing commercially available screen-
printed carbon electrodes with paper-based substrates, in which pH indicators dissolved in
hydrated deep eutectic solvents could be adsorbed rather than drop-cast. This methodology
could potentially be extended to the detection of other gaseous analytes by tuning the pKa

of the indicator, thereby enabling selective detection; in fact, gases such as sulfur dioxide
(SO2), nitrogen dioxide (NO2), and ammonia (NH3) are particularly promising targets, as
they readily interact with protonation equilibria and are known to cause pH changes upon
dissolution. In these cases, the use of pH indicators with suitably tuned pKa values could
enable selective sensitivity within relevant concentration ranges. For example, indicators
with lower pKa values could be employed for strong acidic gases, whereas indicators with
higher pKa values would be more appropriate for basic gases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors14020039/s1. Figure S1 Peak potential variation
profile versus exposure time in a 10.000 ppm of CO2 concentration. Figure S2 Comparison of cyclic
voltammograms recorded using SPCEs drop-cast with 30 µL of 0.5 mM of Bromocresol Purple (BCP) in
Reline containing HCl 0.01 M or NaOH 0.01 M. The background currents are indicated by dashed lines.
Scan rate: 50 mV·s−1. Figure S3 Comparison of cyclic voltammograms recorded using SPCEs drop-
cast with 30 µL of 0.5 mM of Bromothymol Ble (BTB) in Reline containing HCl 0.01 M or NaOH 0.01 M.
The background currents are indicated by dashed lines. Scan rate: 50 mV·s−1. Figure S4 Characteristic
UV–visible spectra of PR at different pH values in hydrated reline. Figure S5 Characteristic UV–
visible spectra of BCP at different pH values in hydrated reline. Figure S6 Characteristic UV–visible
spectra of BTB at different pH values in hydrated reline. Figure S7 Bromocresol violet calibration
curve obtained for increasing CO2 concentrations.
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