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Abstract: In this work, we propose a potentiometric smart sensor for lithium detection in environ-
mental samples based on a screen-printed cell. The graphite screen-printed electrode (GSPE) was first
modified by gold and silver nanoparticles to increase the conductivity, and then by an ion-selective
membrane, which was directly deposited onto the nanostructured electrode surface. The potentiomet-
ric cell, thanks to its small size, was integrated with a portable instrument connected to a smartphone
for decentralized analysis. The developed sensor was used in drop- and microflow-configurations
and showed a high sensitivity for lithium with a low detection limit (1.6 uM). It was also applied
in the analysis of real samples from the industrial recycling of automotive batteries and complex
matrices, such as contaminated soils.
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1. Introduction

Over the past decades, the production and consumption of lithium have increased at
an average of approximately 3% per annum. Lithium and its compounds indeed own a
strategic importance as they have several industrial applications, among which the most
well-known are lithium and lithium-ion batteries (LIBs). LIBs are the primary driving force
in the increase of lithium production, as they offer a viable alternative to other rechargeable
batteries in terms of costs, number of charge-discharge cycles, and high-performance
results [1]. In addition, they have also become a promising option for the fueling of electrical
vehicles (EVs) and the reduction of CO; emissions, which is increasingly salient due to
the societal awareness of climate change [2,3]. Consequently, the exploitation of mineral
deposits to provide the raw material required by the LIBs market has been subjected to a
rapid increase [4]. Recycling processes (e.g., hydrometallurgical separation) thus represent
a sustainable option for the reintroduction of LIB compounds into the economic cycle,
reducing both the need for primary raw materials, the generated byproducts, and the
impact on the environment, including the health of fauna and flora [5-7]. However, only
a few metals with high economic value are recycled from exhausted batteries as such
approaches could involve complex processes. This is part of the reason why spent LIBs
have been treated as waste ever since the first commercial cells hit the market in the early
1990s: it was often cheap enough to dump old batteries and mine the virgin material [8].

Considering what has just been discussed, the importance of developing a fast and cost-
effective analytical technique to help increase both the efficiency of the recycling process
and quality control in terms of environmental pollution becomes increasingly urgent.

From this perspective, electrochemical sensors like ion-selective electrodes (ISEs) are
a promising alternative to most of the existing analytical techniques for lithium detec-
tion (e.g., inductively coupled plasma—ICP, atomic absorption spectroscopy—AAS, ionic
chromatography—IC) for an accurate in situ monitoring and analysis [9,10], as they pro-
vide rapid results and are small and cost-effective. Lithium detection by potentiometric
sensors has been accomplished through various approaches, including those that rely on
crystalline membranes. Freitas et al. modified a carbon-paste electrode (CPE) with an
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aluminum-doped, spinel-type manganese oxide, retrieving a super-Nernstian response to-
wards lithium [11]. Nel-lo et al. used two different solid-state electrolytes with a garnet-type
crystal structure for lithium detection in molten Pb-Li alloys as the sensing element [12].
In the case of alkali metals, the coupling of electrochemical techniques to macrocyclic
molecules (i.e., ionophores) can yield high sensitivity, reproducibility, low detection limits,
and high selectivity due to the complementarity between the electrostatic properties of
the macrocyclic cavity and those of the metal cation. Potentiometric ISEs based on an
ionophore-containing membrane of polyvinyl chloride (PVC) have been developed for
the detection of potassium and sodium ions [13,14]. Regarding lithium detection, the
potentiometric approaches based on polymeric ion-selective membranes are reported in

Table 1.
Table 1. Lithium detection by potentiometric sensors based on a polymeric ionophore-containing
membrane.
Ionophore Linear Range (M) Slope (mV/decade)  Real Samples Ref.
Li ionophore IIT 10-5-101 58 - [15]
Dendrimer 2.5 x107°-10"! 52 Blood [16]
Li ionophore VI 2.7 x 1076-101 48 Serum [17]
Li ionophore VI 5 x 1075-107" 57 Serum [18]

Portable devices can also be designed, taking advantage of the aforementioned charac-
teristics, which could allow an accurate in situ detection of lithium, whether in hospitals
remote locations, landfill sites, or offshore monitoring [19].

In fact, screen-printed cells (SPCs) opened new opportunities to apply electrochemical
techniques for environmental in situ analyses, providing an analytical tool to satisfy the
increasing demand of the rapid, sensitive, and selective determination of a wide range
of analytes. The most attractive features of these transducers are undoubtedly their low
cost and versatility [20]; moreover, to enhance their sensing performance, nano-modified
electrode surfaces can be exploited to retrieve a specific electrochemical behavior depending
solely on the nature of the modifier [21,22]. Moreover, SPCs integrated into flow injection
analysis (FIA), batch injection analysis (BIA), and high-performance liquid chromatography
(HPLC) have been adopted in a variety of analytical studies [23]. The combination of
SPCs and flow systems increases the throughput of measurements, improves electrodes
lifetime, and reduces reagent consumption and waste generation beyond simplifying and
streamlining the analysis of the low volumes of samples, which is extremely critical for
on-spot environmental analysis [24-28].

Motivated by the aforementioned reasons, the authors in this work propose a smart po-
tentiometric solid-contact sensor for lithium detection based on silver and gold nanoparticles-
modified graphite screen-printed electrodes ((Au&Ag)NPs/GSPEs) and a PVC-based
ion-selective membrane. It is known that bimetallic nanoparticles possess excellent elec-
trochemical properties due to synergistic and electronic effects: among them, the Ag-Au
bimetallic catalysts have drawn much attention due to their electronic, optical, and catalytic
properties which differ from those of individual mono metals [29]. To the best of our
knowledge, only one example of a potentiometric screen-printed sensor based on platinum
and gold nanostructures and a polymeric membrane for lithium detection in human per-
spiration was reported in the literature; this showed a slightly higher sensitivity but also a
higher detection limit compared to our sensor, and it was not integrated with a microflow
setup [30,31]. In our case, the use of silver nanoparticles coupled to gold ones enhanced
the sensing performance of inexpensive graphite electrodes, lowering the production cost
of the sensors with respect to the use of platinum. Moreover, the relative amounts of
membrane-cocktail components, which were already known to work properly for lithium
detection, were varied in order to improve the features of the sensor; finally, a study on the
proper amount of the membrane cocktail to be deposited completes the optimization of the
sensor. A good Nernstian response from the sensor (~58 mV/decade) was then retrieved;
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the selectivity was also thoroughly investigated. The developed sensors were ready to use
and, in contrast to most of the reported ion-selective devices, no electrode conditioning was
required before performing the measurements. This ion-selective solid-contact sensor was
integrated into a smart setup comprising a pocket instrument connected to a smartphone
to perform drop and microflow measurements for on-spot decentralized analysis. To assess
the applicability of the developed device, lithium was also detected in waste liquids from
an industrial recycling process of exhausted batteries and in contaminated soils, which, to
the best of our knowledge, was not performed in any of the reported previous studies.

2. Materials and Methods
2.1. Chemicals

Tetrachloroauric acid (HAuCly), silver nitrate (AgNO3), sulfuric acid 95-97% (HySO4),
sodium nitrate (NaNO3), potassium ferrocyanide K4[Fe(CN)¢], potassium ferricyanide
Ks[Fe(CN)g], potassium chloride (KCl), 6,6-dibenzyl-1,4,8-11-tetraoxacyclotetradecane
(lithium ionophore VI), potassium tetrakis (4-chlorophenyl) borate (K-TCPB), 2-nitrophenyl
octyl ether (NPOE), polyvinyl chloride (PVC) high molecular weight, tetrahydrofuran
(THF), lithium chloride (LiCl), magnesium chloride (MgCl,), ammonium chloride (NH4Cl),
sodium chloride (NaCl), and calcium chloride (CaCl,) were purchased from Merck (Darm-
stadt, Germany). All solutions were prepared using MilliQ water (obtained from Milli-Q
Water Purification System, Millipore, UK).

2.2. Instrumentation

Screen-printed electrochemical cells (SPCs) based on a graphite-working electrode,
a graphite-counter electrode, and a silver pseudo-reference electrode (EcoBioServices srl,
Sesto Fiorentino, Italy) were used for the electrochemical experiments. The open circuit
potential (OCP) measurements were carried out at room temperature using Sensit Smart
portable potentiostat/galvanostat (PalmSens BV, Houten, The Netherlands) connected
to an Android© smartphone equipped with PSTouch software for data acquisition and
elaboration. Potentiometric measurements were also performed with a commercial lithium
ion-selective electrode (DX207-Li ISE half-cell electrode, ref. 51107673) and an Ag/AgCl
reference electrode (pH electrode InLab reference, ref. 51343190) purchased from Mettler-
Toledo S.p.A. (Milan, Italy). The peristaltic pump needed for flow measurements was
purchased from Gilson Inc., USA. Dropsens wall-jet microflow cell (ref. DRP-FLWCL) was
purchased from Metrohm (Milan, Italy). Scanning electron microscopy (SEM) analysis was
carried out using a Gaia 3 microscope (Tescan a.s., Brno, Czech Republic). SEM images were
acquired using an acceleration voltage of 5 kV for the bare-graphite electrodes and 20 kV
for the nanostructured electrodes. Energy dispersive X-ray analysis (EDX) was performed
to assess the elemental composition of the modified electrode surface.

2.3. Preparation of (Au&Ag)NPs-Modified Graphite Screen-Printed Electrodes

The surface of the graphite screen-printed electrode (GSPE) was modified with silver
and gold bimetallic nanoparticles ((Au&Ag)NPs) using cyclic voltammetry (CV) to produce
an enhancement of the electrochemical behavior of the GSPE. Firstly, 2.5 mM of AgNOj3 in a
0.1 M NaNOjs solution was dropped onto the GSPE surface. The potential was cycled from
—1.0 Vto +0.5 V vs. Ag/AgCl pseudo-reference electrode for 10 times at a 50 mV /s scan
rate. Successively, the AgNPs-modified GSPE was washed for three times with deionized
water to remove the excess of free ions from the surface. A solution of 2.5 mM HAuCly in
0.5 M H,50, was dropped onto the AgNPs-modified graphite electrode. The potential was
cycled from —0.2 V to +1.6 V vs. Ag/AgCl pseudo-reference electrode for 10 times at a
100 mV /s scan rate. The (Au&Ag)NPs/GSPE was then washed with deionized water for
three times.
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2.4. Study of the Electrochemical Performance of (Au&Ag)NPs-Modified Graphite Screen-Prin-
ted Electrodes

To gain insights into the electrochemical enhancement produced by the nanostructura-
tion of the electrode surface, CV measurements were performed with the (Au&Ag)NPs/GSPE
by dropping 50 uL of 5 mM [Fe(CN)s]~*/~3 as a redox-probe (equimolar mixture prepared
in 0.1 M KCl) solution.

CV measurements were carried out in a range of potentials between —0.5V and +1.0 V
at different scan rates (25, 50, 100, 125, and 150 mV/s). The current peak height was taken
as the electrochemical signal and plotted vs. the square root of the scan rate (V/s), and a
linear behavior was retrieved. Then, the electroactive area was calculated from the angular
coefficient of the obtained linear regression with the Randles-Sevcik equation [32]:

)

nFoD, 1/2
i, = 0.446nFAC° 0
ip = 0.446n C( RT) ,

where 7 is the number of electrons transferred in the redox events, F is the Faraday constant
(C/mol), A (cm?) is the electrode surface area, R is the gas constant (8.314 J/(mol-K)),
D, (cm?/s) is the diffusion coefficient of the oxidized analyte, and CY (mol/cm?3) is the
analyte bulk concentration. After each CV measurement, the SPCs were discarded.

SEM analysis was performed to assess the morphological characterization of the nanos-
tructured GSPE surface. In particular, the morphology of the graphite electrode was inves-
tigated before and after the electrochemical nanostructuration of the substrate material.

2.5. Preparation of Solid-Contact Lithium Sensor

The lithium-selective membrane was realized using a cocktail consisting of 28% (w/w)
PVC, 1% (w/w) lithium ionophore VI, 0.2% (w/w) K-TCPB, and 70.8% (w/w) NPOE for
100 mg of mixture dissolved in 1 mL of THF. The mixture was left to stir for 1 h with a mag-
netic stirrer. After this, 5 uL of this solution was drop-casted onto the (Au&Ag)NPs/GSPE.
After completing the drop-casting procedure, the sensor was left to air-dry overnight in
dark conditions to allow for the complete evaporation of the solvent.

2.6. Lithium Detection

The potentiometric cell was integrated into a smart setup where the portable Sensit
Smart potentiostat was connected to a smartphone for OCP measurements, which were
performed both in drop and in microflow configurations, without any conditioning of
the sensor, for a total running time of 100 s each to assure a stable OCP response. Drop
measurements were carried out by depositing 50 uL of standard solution onto the SPC,
while flow measurements were performed using the wall-jet microflow cell with a flow
rate of 0.2 mL/min. The response time was evaluated as the time required for the OCP to
reach 90% of the maximum potential value [33]. The standard solutions were analyzed in
the range of 1075-10~! M using a 0.05 M MgCl, solution as the supporting electrolyte.

The schematic representation of lithium detection with the described microflow con-
figuration is reported in Figure 1.

l In
pump

/ Out

=

sample waste

microflow cell

—

smart potentiostat

Figure 1. Experimental setup for lithium detection using a microflow configuration.
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After each set of measurements, the sensor was washed with a 0.05 M MgCl, solution
to keep the same experimental conditions for the subsequent measurements.

To obtain a calibration curve, OCP values were plotted vs. the logarithm of lithium
concentration, and the experimental points were fitted with a linear regression. The
detection limit was calculated according to Bakker & Pretsch [34]. Briefly, the potentiometric
response is a linear function of the logarithm of the activity of lithium in solution, and its
slope is described by the Nernst equation. Below the LOD, it has a constant value, which is
ideally defined by the response of the sensor to another ion (i.e., the supporting electrolyte).
The potentiometric LOD is then defined as the cross-section of the two linear parts of the
response function.

The sensor was stored in dry and dark conditions between day-to-day measurements.
In this way, the sensor could be used for at least ten calibrations with good reproducibility,
as the relative standard deviation (RSD) was lower than 10%.

2.7. Fixed Interference Method (FIM)

The selectivity of the developed membrane was assessed by evaluating its selectivity
coefficient toward potential interfering ions, such as potassium, sodium, ammonium, and
calcium ions. OCP measurements were performed in solutions at a constant activity of the
interfering ion (i.e., K*, Na*, NH,*, Ca*?), ag, and varying activity of the primary ion (i.e.,
Li*), a4. The measured potential values are plotted vs. the logarithm of the activity of a Li*
ion. The intersection of the extrapolated linear portions of this plot indicates the value of
ay that is to be used to calculate KP4 g from the following equation:

ot aa
KZ’B - ZA 7 (2)
ag’B

where both z4 and zp (i.e., the charge of the ions) have the same sign [35].

2.8. Real Samples Analysis

Preliminary experiments to assess the determination of lithium ions in real samples by
the developed sensor were also performed. The sensor’s response was determined by OCP
measurements.

Samples deriving from an industrial process of recycling automotive batteries were
diluted at a proper ratio (from 1:5 up to 1:200) in 0.05 M MgCl, before the analysis with the
standard addition method in drop and microflow configurations. Lithium concentration in
the samples was then calculated by applying the following equation:

CotdVsta
Vsample + Vstd) - Vsample

sample 10%<

where Cgppple and Ve are the concentration and the volume of the sample, Cy and
V4 are the concentration (1 M) and the volume of the added lithium standard solution,
respectively, S is the slope of the calibration curve, and AE is the potential variation due to
the addition of the standard.

The application of the developed potentiometric platform for the analysis of lithium
in complex matrices such as contaminated soils was also demonstrated. Soil samples
(~1 g) were mixed with HyO, and aqua regia (HCl/HNOj3 3:1 v/v, ~18 g) and then loaded
in a microwave oven. Initially, the samples were irradiated for 20 min, to raise their
temperature from 20 °C to 200 °C. A maximum power of 1600 W then maintained the
temperature constant at 200 °C for at least 3 h. The resulting suspension was then filtered
and diluted as required in the supporting electrolyte, and the obtained solution was used
for lithium-standards preparation. The results were then compared with those obtained by
a commercial lithium ISE.
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3. Results and Discussion
3.1. (Au&Ag)NPs Electrodeposition and CV Characterization

The electrochemical performance of graphite screen-printed electrodes (GSPEs) in
terms of conductivity and electroactive surface area was enhanced by the electrodeposition
of silver and gold nanoparticles ((Au&Ag)NPs) using cyclic voltammetry. Figure 2 shows
the typical cyclic voltammograms recorded during the electrodeposition of AgNPs (a) and
AuNPs (b), respectively. The deposition scans show that the current of all peaks appearing
in the voltammograms increases with an increase in the number of cycles up to the 10th
cycle. No significant difference was observed in the peak current if the number of cycles
was increased from 10 to 20 in both cases. Therefore, 10 cycles were used in the following
experiments for AgNPs and AulNPs electrodeposition.

150 300
100 - 200
_ 50 1 g 100 -
% 0 = 0
-50 1 -100 -
—100 T T _200 T T T T
-1.0 -0.5 0.0 0.5 -03 01 05 09 13 1.7
E (V) E(V)

(a) (b)

Figure 2. (a) AgNPs electrodeposition from a 2.5 mM AgNOj3 solution in 0.1 M NaNOj (e: 1st cycle,
o: 10th cycle, o: 20th cycle). Experimental conditions: potential range from —1.0 V to +0.5V, 50 mV /s
scan rate. (b) AuNPs electrodeposition from a 2.5 mM HAuCly solution in 0.5 M H;SOy (e: 1st
cycle, o: 10th cycle, o: 20th cycle). Experimental conditions: potential range from —0.2 Vto +1.6 V,
100 mV/s scan rate.

After that, the electrochemical properties of the unmodified GSPEs and nanostructured
GSPEs were characterized using the CV technique in presence of a 5 mM ([Fe(CN)g] %/ 3
redox probe (an equimolar solution in 0.1 M KCl) to assess the aforementioned enhancement
of the electrochemical performance of the nanostructured electrodes. The electroactive
area of the developed platform was calculated by applying the Randles-Sevcik equation
to the angular coefficient of the linear regression obtained by plotting the anodic (i,;) and
cathodic (i) current peak heights vs. the square root of the scan rate (Figure 3) for the bare
(a) and nanoparticle-modified (b) electrodes.

The electroactive area values obtained for both platforms are reported in Table 2.

From the obtained results, the electrodeposition of, first, silver and then gold nanopar-
ticles causes an increase in the conductivity of the electrode surface, as noble metals were
deposited onto the screen-printed graphite, and in its electroactive area, as the anodic and
cathodic peak currents increase when passing from the bare GSPE to the nanostructured
(Au&Ag)NPs/GSPE. This is also confirmed by the fact that the electroactive area values
of the nanoparticle-modified electrodes are higher when compared to that of the bare
graphite, even after taking into consideration their geometric area (7.1 mm?). From the
point of view of potentiometric detection, the electrodeposited metal layer works as the
solid contact between the membrane and the substrate electrode, assuring stable potential
readings due to reversible charge transfer between the ionically conducting membrane and
the electronically conducting support [36,37]. Moreover, an increase in the electroactive
area could be helpful in the first place in anchoring the ion-selective membrane to the
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sensing surface, as the nanostructuration brought on by the electrodeposition of the metal
nanoparticles could produce defects while anchoring points.

2.0x10* 2.0x10*
..
0‘.
1.0x104] o ® 1.0x10747 ... L 2
@@ 4
[....
< 0.0x10°7 < 0.0x10°
(@--..... ... .. &--..... ._.'-
@®-. . "....
-1.0x107*1 ¢ -1.0x10-% e,
°
-2.0x10-* . . -2.0x10* . .
0.15 0.27 0.39 0.15 0.27 0.39
Vv (V(v/9)) VvV (V(V/s)
(a) (b)

Figure 3. Plots of anodic () and cathodic (e) peak currents vs. the square root of the scan rate for
(a) bare GSPE and (b) (Au&Ag)NPs/GSPE.

Table 2. Electroactive-area values of unmodified GSPEs and (Au&Ag)NPs/GSPEs, as calculated

from the cyclic voltammograms performed in [Fe(CN)s]~*/~3 redox probe.
Aanodic (mm?) A cathodic (mm?) A (mm?)
GSPE 5.5 5.1 53+0.3
(Au&Ag)NPs/GSPE 9.0 10.3 9.6 £09

3.2. Morphological Characterization of the Nanostructured Surfaces

As shown in Figure 4, the morphology of GSPEs was investigated before (a) and after
(b) the electrochemical nanostructuration of the substrate material with (Au&Ag)NPs.

The presence of (Au&Ag)NPs with dimensions smaller than 100 nm, which are ran-
domly distributed on the entire surface of the graphite screen-printed electrode, is visible.
To assess the effective modification of the graphite surface, an EDX analysis of the nanostruc-
tured GSPEs was also carried out (Figure 4c). Three characteristic gold bands centered at 2.2,
9.7, and 11.5 keV, and two silver bands around 3.0 keV were found when the (Au&Ag)NPs-
modified screen-printed electrodes were investigated, confirming the presence of gold and
silver nanoparticles on the sensor surface.

3.3. Optimization of the Amount of Lithium Selective Membrane

The homogeneous coverage of the electrode surface with the ion-selective membrane
is an important prerequisite to achieve an optimal sensor response. To identify the correct
volume of the membrane cocktail to cast on the electrode surface, the responses of a batch
of sensors towards lithium detection, each one obtained after having dropped a different
volume of membrane solution, were evaluated. The linear regressions obtained for different
amounts of the membrane cocktail are reported in Table 3.
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Figure 4. SEM morphologies of (a) bare GSPE and (b) (Au&Ag)NPs-modified GSPE. (c¢) EDX spectrum
of (Au&Ag)NPs/GSPE.

Table 3. Linear regressions obtained for lithium detection using sensors covered with different
volumes of the ion-selective membrane cocktail (n = 5).

Volume (uL) Slope (mV/Decade)
3 47 +4
5 58 42
7 46 £1

When the electrode surface was covered with 3 uL or 7 uL of the membrane solution,
the sensor showed a non-Nernstian behavior. In addition, when 3 uL were used, the
repeatability of the measurements among different electrodes was also poor, because the
volume was not enough for a homogenous coverage of the electrode surface and for
providing sufficient binding sites for lithium detection. When 7 uL were used, the response
was slower due to the higher thickness, and lithium ions bound to the outer binding sites
are likely too far from the sensing surface and cannot have any more influence on the signal
itself. On the other hand, when the (Au&Ag)NPs/GSPE surface was covered with 5 pL
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of membrane solution, the sensor showed a Nernstian behavior and a good repeatability
of the measurements. Therefore, the volume of 5 uL. of membrane cocktail solution was
selected for further experiments.

3.4. Optimization of the Supporting Electrolyte Concentration

To obtain a stable response of the sensor for lithium detection, a MgCl, solution was
used as the supporting electrolyte. The supporting electrolyte concentration was optimized
by analyzing lithium standard solutions containing different concentrations of MgCl, (0.01,
0.05,0.1,0.5 M).

The obtained calibration curves are shown in Figure 5.

400

« 0.01 M MgCl,
« 0.05 M MgCl, _
« 0.1 M MgCl, ;
- 0.5 M MgCl, O e
250 -

. .
. e
. o
. e
.

OCP (mV)
o

-5 -4 -3 -2 -1
log [Li*]

Figure 5. Lithium calibration curves obtained with different concentrations of the supporting elec-
trolyte solution by OCP measurements (n = 5).

The linear regressions obtained for different concentrations of the supporting elec-
trolyte (MgCl,) are reported in Table 4.

Table 4. Linear regressions obtained for lithium detection in standard solutions containing different
concentrations of the supporting electrolyte (n = 5).

[MgCl,] (M) Slope (mV/Decade)
0.01 37£13
0.05 56 £2
0.1 52+1
0.5 54 +1

The highest sensitivity for lithium detection, almost approaching a Nernstian behavior,
was retrieved when a concentration of 0.05 M of MgCl, was used. Therefore, this concen-
tration of supporting electrolyte solution was selected for all the subsequent experiments.

3.5. Lithium Detection in-Drop Configuration

Under optimized experimental conditions, lithium in-drop detection was performed
by OCP measurements. The response time and stability of the signals were evaluated by
recording the potential vs. the time during the analysis of solutions at different concentra-
tions of lithium for a total running time of 100 s (Figure 6a). The OCP values measured in
correspondence of a fixed time of 90 s for each of the analyzed lithium concentrations were
plotted vs. the logarithm of lithium concentration, and a linear regression was used to fit
the experimental points (Figure 6b).
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Figure 6. In-drop lithium detection in standard solutions. (a) Recorded OCP signals vs. time for a
total duration of 100 s, and (b) corresponding calibration curve. Each measurement was repeated at
least 5 times using the same sensor.

It can be observed that the average response time for all the standard solutions is
45 s, calculated as reported in Section 2.6. A linear response was retrieved in the range
107°-10~! M, described by the equation y = (58 + 3)x + (380 + 7), with a good correlation
coefficient (R? = 0.9998). The limit of detection (LOD) was calculated as described in
Section 2.6 and found equal to 1.6 uM. The repeatability of the sensor response was
evaluated by multiple measurements of the calibration curve (n = 5), obtaining %RSD
values lower than 4%. The same ion-selective cell was tested for a period of 48 h, and it
showed a long lifetime. A loss of performance could be observed only after 36 h due to
different events, such as the detachment of the membrane. Moreover, the sensor showed
high working stability, as observed by the low potential drift (3 mV /h) obtained after 5 h
of continuous OCP response when measuring a 0.1 M lithium solution. Lastly, the storage
stability of the sensor was outstanding, as its analytical performance in terms of sensitivity
remained almost constant for at least 1 month after preparation in dry and dark storage
conditions at room temperature.

3.6. Interference Study

The most important characteristic of an ion-selective membrane is its response toward
the ion of interest in the presence of other potentially interfering ions, which is measured in
terms of the potentiometric selectivity coefficient (KP* 4 g). Lithium calibration curves were
carried out in presence of 50 mM of the interfering ion. The calculated values of log(KP*! 4 p),
one for each interfering cation, are shown in Table 5.

Table 5. The selectivity coefficients (log KP° 4 p) of lithium sensors for different interfering ions
obtained by fixed-interference method.

Interferent Ion Log(K*°t4 p)
K* —1.89 £ 0.72

Na* —2.45 + 0.51
NH,* —2.55 +1.02
Ca*? —4.82 £ 0.94

As it could be expected, the sensor showed the highest selectivity towards Ca*?, while
the lowest coefficient values were those obtained for the smallest ions, namely, K* and Na*,
which have similar dimensions to Li* ions, thus, resulting in a stronger interference.
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3.7. Lithium Detection in Microflow Configuration

With the aim of developing a smart setup to be applied in environmental analysis
for the continuous monitoring of lithium, the presented sensor was integrated into a
microflow configuration comprising a peristaltic pump and a wall-jet flow cell. Standard
solutions were pumped at different flow rates to evaluate the sensor response toward
lithium detection.

The response time changed significantly depending on the flow rate. To assess the
most suitable one, different flow rates were tested, and the response time was calculated as
reported in Section 2.6. The obtained results are reported in Table 6.

Table 6. Response time in respect of the flow rate for lithium detection ([Li*] = 0.01 M) with the
microflow setup.

Flow Rate (mL/min) Response Time (s)
0.10 600
0.15 500
0.20 50
0.40 300

The optimal flow rate was 0.2 mL/min, as in this condition the sensor showed the
fastest response time. The use of different flow rates resulted in higher response time
values of about 10 min when using a flow rate of 0.10 mL/min and 5 min when using a
flow rate of 0.40 mL/min. This was probably due to the fact that a higher flow rate does
not allow the establishment of a proper binding equilibrium between lithium ions and
the ion-selective membrane, thus, the sensor requires a longer time to detect lithium. On
the other hand, a lower flow rate is likely insufficient for providing an efficient binding of
lithium ions considering that, in the microflow analysis, the volume of lithium standard
solutions which instantly comes into contact with the sensing surface is much smaller with
respect to that used in the drop configuration.

A typical recording of the OCP with the microflow setup in the concentration range
of 107°-10~1 M of lithium ions, together with the relative calibration curve, is shown in
Figure 7.

300
10-1 M Li* 300 Fy
A y=59x + 338 -
R? = 0.995
200 - Kl
= — 200 - ,.--§
£ = ’
= g 4
2 5
100 -
© 100 &
[ B
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0 250 500 ' ' '
-5 -4 -3 -2 -
t(s
(s) log [Li*]
(a) (b)

Figure 7. Microflow lithium detection in standard solutions. (a) Recorded OCP signals vs. time for a
total duration of 500 s at a flow rate of 0.2 mL/min and (b) corresponding calibration curve. Each
measurement was repeated at least 5 times using the same sensor.

Calibration curves show a similar behavior with respect to drop measurement, as
described by the equation y = (59 £ 5)x + (338 +£ 10), with a LOD of 2.0 pM.
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3.8. Sensor Application in Environmental Samples Analysis

Having verified the suitability of the sensor for detecting lithium in standard solutions,
preliminary experiments on real industrial samples were then carried out.

Lithium was detected in several samples derived from an industrial process of re-
cycling automotive batteries. The determination of the analyte was carried out by the
standard addition method on the samples diluted to a proper ratio in the supporting
electrolyte and by performing OCP measurements in drop and microflow configurations
under the aforementioned optimized conditions. The results were compared with those
obtained from the commercial ISE using batch measurements (Table 7).

Table 7. Lithium concentrations determined in industrial samples from recycling automotive batteries.
Each measurement was repeated at least 3 times using the same sensor. The samples were tested with
the developed sensor through both drop measurement and the microflow setup; the results were
compared with those obtained in batch with the commercial ISE.

Samples Li* (mg/L)
Developed Sensor Commercial ISE
Drop Microflow Batch
1 128 +£ 6 134 +£ 12 120 £2
2 45+9 60 £+ 10 55+1
3 88+ 4 91+8 87 +2
4 290 + 6 302 + 13 283 +9

As observed, the results obtained with the proposed method, both in drop and mi-
croflow configurations, partially overlap with those deriving from the commercial ISE
analysis, demonstrating that the two methods have the same precision.

To reinforce the established applicability of the proposed method, lithium was also
detected in a complex matrix obtained from soils, which could mimic those derived from
grounds accidentally polluted by the byproducts of recycling processes. Given the complex-
ity of the solution obtained from soil digestion, the dilution of the matrix was preliminarily
optimized by performing potentiometric measurements with the commercial ISE (Table 8).

Table 8. Lithium detection in contaminated soils at different dilutions. Each measurement was
repeated at least 5 times with the commercial ISE.

Dilution Ratio Slope (mV/Decade)
1:10 45+ 6
1:20 48 £5
1:50 5243
1:100 55+ 3

As observed, the optimal dilution ratio was 1:100 since the slope of the corresponding
calibration curve has the highest value. Thus, this dilution ratio was used for all the
following experiments.

As soil usually contains an elevated amount of interfering ions such as sodium, potas-
sium, and calcium [38], together with other potentially interfering species, the concentration
of the supporting electrolyte was re-optimized. An imbalance in the ionic strength (with
respect to that of standard solutions) could affect the stability, the reproducibility, and the
sensitivity of the measurement. The resulting calibration curve is shown in Figure 8.
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Figure 8. Lithium detection in contaminated soils diluted at a 1:100 ratio in different concentrations
of the supporting electrolyte. Each measurement was repeated at least 5 times using the same sensor.

It can be observed that the highest sensitivity was obtained using a solution of MgCl,
at a concentration of 0.05 M, while the highest R? score was retrieved when the supporting
electrolyte was 0.5 M. To evaluate the operability of the developed sensor once more, the
soil sample was contaminated by spiking it with one of the byproducts of the industrial
process of recycling batteries, obtaining a recovery of 81%.

Taking into account the good agreement between the results obtained with the pro-
posed method and those deriving from the commercial ISE, it can be asserted that the
developed sensor could be applied for lithium monitoring in industrial waste samples and
contaminated soils.

4. Conclusions

In this paper, we developed a potentiometric smart sensor for lithium detection based
on bimetallic nanoparticle-modified graphite screen-printed electrodes. Gold and silver
nanoparticles were quickly deposited using cyclic voltammetry; the obtained platform
was electrochemically and morphologically characterized, and the results were compared
with the bare-graphite electrode. Increased conductivity and improved surface area were
retrieved after the deposition of (Au&Ag)NPs. An appropriate amount of an optimized
ion-selective membrane cocktail was then deposited directly onto the surface of the nanos-
tructured graphite electrodes. Lithium was detected in standard solutions over a wide
range (107°-10~1 M) with low detection limits of 1.6 uM and 2.0 uM, both in-drop and with
a microflow configuration, respectively. The selectivity towards lithium detection in the
presence of interfering ions was also evaluated. The absence of the need for conditioning
time for the developed sensor has many advantages for its application as a ready-to-use
and disposable device for real-sample analysis. Real samples from an industrial process
of recycling automotive batteries and a complex matrix deriving from contaminated soils
were analyzed, and the results were in accordance with those provided by a commercial
lithium selective electrode. The applicability of the proposed method was then reinforced,
as lithium was also detected in a complex matrix obtained from contaminated soils. This
kind of analysis highlights the importance of the use of screen-printed modified elec-
trodes to monitor all the steps of the process and to assure a complete recovery of the
battery materials.
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