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ARTICLE INFO ABSTRACT

Keywords: Pencil graphite electrodes are a simple, disposable, and low-cost alternative to screen-printed graphite elec-

Polymer pencil graphite electrode trodes. In terms of stability and sensitivity, pencil electrodes often outperform conventional carbon ones. This

Nanocomposite paper discusses and emphasizes the superior properties of polymer pencil graphite electrodes (pPeGEs), which

Microporous electrodes . . . . . . .

Siloganes can be exploited in the electrochemical analysis of molecules, such as chlorides, whose signals are missing on
X

common graphite electrodes. The chemical and structural behaviour of pencil leads after exposure to acids (HF,
HNO3, HCIO4) or organic solvents (CH3CN, CH3Cl) was monitored via X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy (SEM). The electrochemical activity of pristine and treated pPeGEs was
studied by the cyclic voltammetry (CV) responses of reversible redox probes [Fe(CN)6]3’/ 4~ and [Ru(NH3)6]3+/
2+, XPS proved the presence of siloxanes in the surface matrix of the pencil leads; this finding relates to the
hydrophobic surface character of the electrodes. SEM then provided images of the pencil surfaces with micro-
plates and flakes and revealed the removal of siloxanes upon chemical treatment. The CVs of non-dried and dried
pPeGEs displayed surface changes in the polymer matrix, accompanied by water loss. Our study shows that the
PPeGE retains the character of a stable graphite sensor when exposed to acids and organic solvents, except for HF
and chloroform. The discovered effects explain the electrochemical processes occurring on pPeGEs and can
contribute to their application in electrochemical sensing and energy storage.

Redox processes of chlorides

1. Introduction

In 1795, Jacques Conte started producing mechanical pencil leads
based on graphite powder with clay as the binder [1]. The pure graphite
component remains irreplaceable as the most important raw material in
pencil manufacturing. However, the composition of the binder is being
continuously developed, while maintaining the form of a pencil rod. The
production of pencil leads starts by kneading a mixture of graphite, the
binder, and water. Afterwards, the mixture is pressed and dried to be
eventually fired at high temperatures (between 800 and 1,000 °C). To
prevent carbon combustion, the pencil lead must be fired in an oxygen-
free atmosphere [2,3]. Changing the ratio between the graphite and the
binder affects the pore size, which is connected with the hardness of the
lead. The leads are then treated in a preparation bath usually consisting

* Corresponding author.
E-mail address: libuse@chemi.muni.cz (L. Trnkova).

https://doi.org/10.1016/j.elecom.2021.107018

of oils, glycerol, and other components; however, the list of components
in the product data sheets is limited [4]. The “polymer” branding of
commercial pencil leads is due to the polymeric nature of the surface
coating. As the leads are composed of graphite and binder particles, they
are considered to be a nanocomposite material, with properties signifi-
cantly different from those of pure graphite [1,5-7].

As well as their primary use in writing, pencil leads find application
in electrochemistry, as an electrode material [8-15]. Polymer pencil
graphite electrodes (pPeGEs) have excellent properties [16-20] with
respect to their (i) functionality over a wide potential range, (ii) good
reproducibility, (iii) high signal-to-noise ratio, (iv) low background
current, (v) fast electron transfer, and, in some cases, (vi) portability and
(vii) stability [16]. Furthermore, pPeGEs are significantly cheaper
(~0.06 €) than screen-printed graphite electrodes (~2.7 €), allowing
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them to be treated as disposable.

Pencil leads are also used to produce graphitic deposits (the pencil
trace on a sheet of paper), which can be exploited for electrochemical
sensing [21]. Paper has an abrasive impact on pencil lead, leading to
exfoliation of the graphitic material and a transfer of the graphene layers
to the cellulose fibres. The electrochemical exfoliation of graphene from
a pencil core with different graphite and clay ratios has been described
recently [17,19,22].

Pencil leads are typically characterized via energy-dispersive X-ray
(EDX) spectroscopy, X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and scanning electron microscopy (SEM) [17,19]. To
determine the electrochemical properties, cyclic voltammetry (CV) with
redox probes such as [Fe(CN)ﬁ]s’/ 4’, [Ru(NH3)] 3424 op dopamine is
used [16-19]. Their high conductivity and the possibility of resisting
surface contamination has facilitated the use of pPeGEs in the fabrica-
tion of scanning tunnelling microscopy (STM) tips [23]. Detection setups
utilizing pPeGEs in microfluidic or chromatography (HPLC) systems
have also recently been characterized [24,25].

Our electroanalytical and mechanistic studies of the oxidation pro-
cesses of purine derivatives have shown that pPeGEs can provide a more
sensitive response than other graphite electrodes (GCE, HOPG). This
enhancement was attributed to the accumulation of oxo- and amino-
purines on the electrode surface. The elimination voltammetric pro-
cedure (EVLS) provided easily read, sharp peak—counterpeak signals of
adsorbed electroactive species and allowed us to reach the limits of
detection in the nanomolar range [26-31].

The electrochemical activity of pPeGEs is influenced by their me-
chanical and chemical properties, such as roughness, porosity, me-
chanical stability, hardness, and surface charge. Therefore, chemical
modification of the surface layers, modifications of the pore size, or
changes in the surface morphology can help us to understand the
mechanism of the sensor and to enhance its sensitivity, including the
separation of overlapping signals.

In this paper, we explore the impact of the chemical and thermal
treatments of pPeGEs on their electrochemical properties. We investi-
gated (i) the structure and composition of the surfaces upon exposure to
strong inorganic acids or organic solvents, (ii) the effect of both chem-
ical and thermal treatment on the electron transfer kinetics, and (iii)
their sensitivity to chlorides. The pPeGEs were treated and examined
using three methods: CV, XPS, and SEM. Our study shows that the pPeGE
is a porous nanocomposite graphite electrode with unique behaviour
towards water and the ions present in the solution.

2. Experimental
2.1. Chemicals and materials

Commercially available pencil leads (Ultra-polymer, 0.5 HB) were
purchased from Tombow (Japan). The chemicals for the calibration
redox systems included K3[Fe(CN)g] and K4[Fe(CN)g] (Lachema, p.a.),
Ru[(NHj3)e]Cl3 (Sigma-Aldrich, p.a.), and KCl (Sigma-Aldrich, ACS
grade). The electrode treatment was carried out with HF (48% in HO;
>99.99%), HNO3 (65%; p.a.), HCIO4 (70%; p.a.), acetonitrile (for HPLC,
gradient grade), or chloroform (p.a.) purchased from Sigma-Aldrich,
Merck, or Penta, without further purification. All of the solutions were
prepared in deionized Milli-Q water (18.2 MQ-cm at 25 °C).

2.2. Preparation of the chemically treated pPeGEs

The pencil leads were immersed in solutions of concentrated acids
(HF, HNOg3, HCIO4) or organic solvents (acetonitrile, chloroform) and
soaked for 24 h. After the treatment, the leads were washed with Milli-Q
water (thrice for 20 min with shaking). The leads treated with aceto-
nitrile or chloroform were air-dried at 25 °C for 1 h.
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2.3. X-ray photoelectron spectroscopy (XPS)

XPS was performed on an Axis-Ultra DLD (Kratos, UK) system, using
monochromatic Al-Ka radiation, with the magnetic lens turned on. No
charge compensation was necessary, as proper grounding of the samples
was ensured. The pencil leads were placed over an opening in the sample
plate to exclude the potential contribution of a substrate signal. Pass
energies of 160 eV and 20 eV were employed in the survey and the
detailed spectra, respectively. The quantification was carried out using
the ESCAPE software, utilizing instrument-related sensitivity factors.

2.4. Scanning electron microscopy (SEM)

A SEM Versa 3D (FEI, USA) was used to characterize the morphol-
ogies of the pPeGEs before and after chemical treatment. A conductive
tape facilitated fixing of the electrodes and prevented charging effects
during scanning. The measurement was performed at 5 kV in secondary
electron mode with an Everhart-Thornley detector.

2.5. Cyclic voltammetry (CV)

The voltammetric experiments were performed using a pAutolab Type III
electrochemical analyser (Metrohm, Switzerland) with the GPES Manager
4.9 software. The voltammetric cell was equipped with three electrodes: a
pPeGE as the working electrode (dipped 10 mm deep in the solution); an
Ag/AgCl/3 M KCl electrode as the reference; and a Pt wire as the auxiliary
electrode. A pencil lead was inserted into a tube holder with a gold tubular
FRB Tesla connector. The electrical contact was achieved by soldering a
copper wire to the gold connector. The immersion depth of the pPeGE (10
mm) was checked by means of an attached scale. The reproducibility of our
measurements corresponds to a RSD < 3.5% measured by CV.

The pPeGEs were characterized via CV with redox probes of 1 mM [Fe
(CN)6]3’/ 4= (the potential range was — 0.3 V to 0.8 V) or 1 mM [Ru
(NH3)e] 3+/2+ (—0.4 V to 0.2 V) in 0.1 M KCl. The scan rates ranged from
100 to 800 mV/s; the potential step corresponded to 2 mV. The CV curves
of the chlorides were measured in the potential range from — 0.1 Vto 1.8
V using scan rates between 25 and 200 mV/s and a potential step of 2 mV.
All of the experiments were carried out at room temperature.

The effective area of the pPeGEs, A.f, was calculated according to
the Randles-Sevcik equation [32]:

A = 1,/(2.69-10°-n*2-D'/%.cv'12) €h)

where Acf is the electrode area (cm?); I, denotes the peak current (A); n
represents the number of electrons transferred in the redox process; D is
the diffusion coefficient (cm2~s’1); ¢ stands for the concentration
(mol~crn’3); and vdenotes the scan rate (V-s_!). The diffusion co-
efficients of [Fe(CN)]I> /4~ and [Ru(NH3)e]3*/?* in 0.1 M KCl are
7.62:10% cm?s~! and 8.43.107° cmz-s_l, respectively [33,34].

3. Results and discussion

3.1. X-ray photoelectron spectroscopy (XPS) characterization of the
PpPeGEs

The elemental composition of the pPeGEs was determined via XPS
before and after chemical treatment. The survey XPS spectra for the
pristine and chloroform-treated pencil leads are shown in Fig. 1A. The
quantitative analysis revealed that the pristine pPeGE comprised 80.0%
carbon, 9.5% oxygen, and 10.5% silicon atoms. A detailed evaluation of
the individual peaks and their components (see Supplementary Infor-
mation) showed that the majority of the carbon is in the form of graphite
[35]. The two minor components were associated with the sp® carbon in
the aliphatic hydrocarbons (285.0 eV) [36] and Si-C bonds (284 eV).
Both the position and the intensities of the O 1s and Si 2p peaks were
consistent with the [-Si-O-Si—O-], structure of siloxanes [37]. This
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Fig. 1. (A) The survey XPS spectra of the pristine (black) and the chloroform-treated (red) pPeGEs; the inset shows a magnified view of the Si peaks enclosed by the
dashed rectangle. The detailed C 1s spectra of (B) pristine and (C) chloroform-treated pPeGEs. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

siloxane-related polymer was present mainly near the surface of the
pencil leads, as discussed in the Supplementary Information.

When the pencil was scraped with a scalpel to half of its diameter, the
composition of the core significantly differed from that of the surface,
comprising 96.5% carbon, 2.5% oxygen, and 1% silicon. The XPS results
before and after chemical treatment of the pPeGEs are summarized in
Table 1. The atomic concentrations of C, O, and Si are given with
standard deviations up to 2%; on some acid-treated samples, trace
amounts of Cl- and N-associated peaks were measured near the detection
limit (the associated concentrations would be below 1%). Note that in
the case of the HF and HClO4 treatments, the results fall into two cate-
gories as marked within the table; this discrepancy is consistent with
limited reproducibility of the electrochemical response. In all of the
other samples, the results were reproducible.

The quantitative analysis showed relatively small XPS spectral dif-
ferences between the pristine and the treated pencil leads, except for the
modification in chloroform. This was confirmed not only by the values in

Table 1

The results of the quantitative analysis of the XPS spectra of the pPeGEs. The first
three columns give the atomic concentrations of C, O, and Si, respectively; the fourth
column shows the ratio of the oxygen and silicon concentrations; the remaining
columns provide relative fractions of the C 1s peak components based on peak fitting.

pPeGE C 1s peak
C O Si o/ 285.0 284.45 284.0
Si eV (sp®) eV (sp?) eV (Si-
Q)

Pristine

Surface 80.0 9.5 10.5 0.9 7.3 87.9 4.8
Bulk 96.5 2.5 1.0 2.5 1.1 97.7 1.2
Treated

HNO3 85.0 7.8 7.2 1.08 3.0 92.7 4.3
HCIO4 (1) 88.0 7.1 4.9 1.45 5.0 90.4 4.6
HCIO4 (2) 75.5 12.4 121 1.03 5.1 82.0 12.9
HF (1) 70.5 15.3 14.2 1.08 5.9 79.7 14.4
HF (2) 76.0 12.5 11.5 1.08 5.6 88.9 5.5
Acetonitrile 84.6 7.5 7.9 0.94 6.7 88.7 4.6
Chloroform 96.5 1.9 1.6 1.25 3.6 95.4 1.0

Table 1, approaching the intensities of the scraped lead (bulk), but also
the significant reduction in the Si peaks in the survey spectrum (Fig. 1A).

3.2. Scanning electron microscopy (SEM) characterization of the pPeGEs

SEM was employed to probe the surface morphologies and micro-
structures of the pPeGEs before and after various types of chemical
treatment (Fig. 2). At the magnification of 50,000x, graphite flakes
were discerned on the surfaces of both the pristine and the modified
electrodes. As regards the acids (HNOs, HClO4, and HF), the treatment
resulted in a more structured surface, with typical features in the size

Fig. 2. SEM images of the (A) pristine pPeGE and the pPeGEs after treatment in
(B) HNOs, (C) HCIO,4, (D) HF, (E) acetonitrile, and (F) chloroform.
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range 0.5 to 3 pm. Furthermore, these main features exhibited
nanometer-sized wrinkles. These results suggest a higher value for the
effective electroactive surface of the electrodes. In the treatment with
organic solvents (CH3CN and CHCls), the morphology changes were not
as significant as those after the acid cycle.

3.3. Cyclic voltammetry (CV) characterization of the pPeGEs

The electrochemical characterization of the electrode systems was
delivered by using the well-known anionic [Fe(CN)6]3’/ 4~ and cationic
[Ru(NH3)5]3+/ 2+ redox probes [18,38]. These redox pairs differ in their
charges, leading to distinct behaviour on graphite surfaces. The ruthenium
complex is relatively insensitive to the graphite surface state, and its elec-
tron transfer takes place via electron tunnelling, even through an adsorbed
layer of organic substances. Conversely, the ferro/ferricyanide complex
exhibits specific surface interactions and is, therefore, more sensitive to
changes in the electrode surface [18]. The interactions, together with the
electron transfer (ET) of the redox pairs at the molecular level, are man-
ifested macroscopically in the voltammetric peak separation values (AEp);
larger AE,, values indicate a slower rate of electron transfer, and vice versa.

Table 2
The CV-based characterization of the pPeGEs before and after chemical treat-
ment (scan rate: 200 mV/s).

pPeGE [Fe(CN)61* 7+~ [Ru(NHs)e]* >+
AE, (mV) Aefy (cm?) AE, (mV) Ay (cm?)

Pristine 75+ 2 0.110 + 0.012 75+ 2 0.080 + 0.010
Treated

HNO3 84+ 2 0.120 + 0.019 85+ 2 0.108 + 0.017
HCIO,4 79+3 0.119 + 0.014 73+3 0.087 + 0.015
HF 97+5 0.112 + 0.012 73+3 0.078 + 0.020
acetonitrile 80 + 2 0.115 + 0.011 74+ 1 0.061 + 0.011
chloroform 125+ 5 0.136 + 0.014 73+ 2 0.052 + 0.012

The AE,, and the A.¢r were determined as the average of the values obtained for
5-7 electrodes.

50
pristine A
30 Haio,
1(nA) :':03
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The height of the voltammetric peaks (I,) at a known concentration ¢ and
diffusion coefficient D provides the effective electrode area Aeg (Eq. (1)).

Both the pristine and the chemically treated pPeGEs were tested by
using the above-mentioned redox probes; the AE, and A values are
summarized in Table 2. The pristine pPeGE provided the same AE, values
for [Fe(CN)6]> 4~ and [Ru(NHs5)e]®*/?" probes, indicating identical ET
kinetics. In the case of the ruthenium complex, no significant changes in the
AE, were observed upon chemical treatment; the only exception was
HNO3, which resulted in an increased AE),. By contrast, the results obtained
for the ferro/ferricyanide complex showed significant fluctuations in the
AE, after treatment, an effect related to interactions with the changing
electrode surface. Surprisingly, the changes in the A showed an opposite
trend. With the ferro/ferricyanide complex, the value of Ag remained
relatively constant after the various treatments (variation within ~ 15%).
The greatest increment was observed in chloroform, indicating its attack on
the pPeGE surface; this finding is in agreement with that obtained via XPS.
Conversely, the Ru complex exhibited differences in the value of A after
various treatments, and the values were generally lower (about 20-50%)
than those acquired with the ferro/ferri complex. In this case, too, the
largest difference occurred after the chloroform treatment; however, a
decrease was observed, unlike the situation with the ferro/ferricyanide
probe, where the chloroform produced an increased Af. Overall, we can
claim that the [Fe(CN)6]3’/ 4= probe provides larger AE, changes and
smaller A variations than the [Ru(NHz)g]3+/2+ probe. These findings are
consistent with the XPS results (Table 1).

After the acid treatment, the electrodes were washed with water and
dried, causing lower reproducibility of the CV parameters. A closer look
at the drying procedure revealed that these changes are connected with
variations in the drying time. This directed us towards studying the ef-
fect of temperature-dependent changes in the surface siloxanes and the
role of water, which could enter the porous material of the electrode.
Thus, we performed experiments where non-dried and dried (200 °C, 24
h) pPeGEs were examined using the [Fe(CN)6]3’/ 4- probe. The CV
curves and the relevant data are shown in Fig. 3 and Table 3,
respectively.

50
pristine B
30 HCIO,
I(MA)  HNO,

HF

-200 0 200 400

E (mV) vs. Ag/AgCl/3 M KCI

600

-10
-30
-50
-200 0 200 400 600
E (mV) vs. Ag/AgCl/3 M KCI
50
pristine
30 cHyeN
I (nA) CH,CI
-10
-30
-50

-200 0

C

200

400 600

E (mV) vs. Ag/AgCl/3 M KCI

Fig. 3. The cyclic voltammograms of the pristine and the treated pPeGEs in 1 mM [Fe(CN)¢]>~/*~ in 0.1 M KCl (the scan rate of 200 mV/s). The CV curves for the
pristine pPeGEs and after treatment with HClO4, HNO3, and HF; (A) without drying, and (B) after drying at 200 °C for 24 h. (C) The CV curves of the pristine pPeGEs

and after acetonitrile and chloroform-based treatments (without drying).
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Table 3
The impact of surface water on the CV parameters of the pPeGEs.

pPeGE [Fe(CN)]®> 4~ non-dried [Fe(CN)]> 74 dried

AE, (mV) Actt (cm?) AE, (mV) Aett (cm?)
Pristine 75 + 2 0.110 + 0.012 129 + 2 0.080 + 0.014
Treated
HNO; 84 +2 0.120 + 0.018 179 + 2 0.069 + 0.015
HCIO4 79 + 3 0.119 + 0.013 8345 0.080 + 0.017
HF 97 +5 0.112 + 0.019 113 + 44 0.072 + 0.012

The effect of the drying and heat treatment of the pencil leads on the
ferro/ferri ET is displayed in Fig. 4. The largest changes in the AE, and
the Acff were observed in nitric acid. The strong impact of the heat
treatment on the electrochemical behaviour of the pPeGEs was sup-
ported not only by the CV (Table 3) but also by the electrical conduc-
tivity value. In the non-dried electrode, the electrical conductivity was
almost double (732 S/m) that of the dried one (429 S/m). We can as-
sume that the thermal properties of the surface poly(siloxanes) were
changed [39], and water was removed from the pores of the pPeGE. The
CV of the ferro/ferri probe measured at 200 mV/s revealed that the
largest difference between the dried and the non-dried pencil leads was
observed for HNO3, where water caused a difference in the AE; of almost
100 mV (Fig. 4).

3.4. Redox processes of chlorides on the pPeGEs

The anodic polarization of the pristine pPeGE to potentials greater
than 1.2 V (vs. Ag/AgCl/3 M KCl) in 0.1 M KCl indicated voltammetric
oxidation waves of the chlorides in the anodic and a reduction of the
chlorine in the cathodic parts of the cyclic voltammogram (Fig. 5). The
chloride signals recorded by us agree with the standard redox potential
of chlorides (1.396 V vs. NHE) and also with the results of previous
publications [40-42]. The impact exerted by the chemical treatment of
the electrodes on the response of the chlorides is compared in Fig. 5B

40

I (nA)

pristine

-200 0 200 400 600
E (mV) vs. Ag/AgCl/3M KCI

-200 0 200 400 600
E (mV) vs. Ag/AgCl/3M KCl
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and C). The CV records of the chlorides showed that the most significant
effect was observed in the case of chloroform (Fig. 5C, violet), which
corresponds to the above-mentioned results. The linear dependence of
the wave or peak heights on the square root of the scan rate indicated
that both the oxidation of the CI~ and the reduction of the Cl, are
diffusion-controlled (not shown).

The pencil surface is intensively structured, with many microplates
and flakes; their edges create areas of high charge density allowing high
charge-transfer rates. Therefore, the pPeGEs can catalyse electrode
processes with sluggish kinetics. For example, consider the above-
mentioned redox behaviour of the chlorides, which are poorly detect-
able on GCEs (Fig. S2). The effect of pore water was also reflected in the
redox process of chlorides, as illustrated in Fig. S3.

Our results also revealed that the pPeGEs have a high conductivity

700
B
30
500 i y
400 /
0
300 —
400
0 500 1000 1500 0 500 1000 1500
I (nA) E(mV) vs. Ag/AgCl/3M KCI E(mV) vs. Ag/AgCl/3M KCI
100

>

25mV/s 150 mV/s
50 mV/s 175mV/s
200 mV/s

-100
100mV/s

-300

0 500 1000 1500
E (mV) vs.Ag/AgCl/3MKCI

Fig. 5. (A) The cyclic voltammograms of the chlorides (0.1 M KCl in 0.1 mM
HNO3) recorded at different scan rates (from 25 mV/s to 200 mV/s) on the
pristine pPeGE and after treatment with (B) acids and (C) organic solvents (scan
rate 200 mV/s).

-200 0 200 400 600
E (mV) vs. Ag/AgCl/3M KCl

-50
-200 0 200 400 600
E (mV) vs. Ag/AgCl/3M KCl

Fig. 4. A comparison of the cyclic voltammograms of the non-dried (full lines) and the dried pPeGEs (dashed lines), pristine and chemically treated. The scan rate

was 200 mV/s.
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and an abundance of slit-like pores that can retain water. Thus, water is
present, even though the surface of the pPeGEs is hydrophobic due to the
presence of (poly)siloxanes. The Si is bond-saturated by oxygen in the
siloxane structure; however, the oxygen may play the role of a Lewis
base, offering the possibility of binding not only the cations and pro-
tonated small organic molecules but also the water in the form of
positively charged clusters. In this manner, the pPeGE surface can
accelerate electron transfer processes.

4. Conclusion

We exposed and demonstrated the unique electrochemical properties
of pPeGEs relating to their chemical stability and changes upon heat
treatment. The electrodes were shown to be composed of a nano-
composite conductive material with a hydrophobic character and a
porous structure. In this context, we experimentally verified the pres-
ence of polysiloxanes in the pencil lead. The investigation via different
chemical treatment methods (inorganic acids and organic solvents),
eliminating chemicals that dissolve polysiloxanes, revealed the rela-
tively high chemical stability of the pPeGEs. Furthermore, we compared
for the first time non-dried and dried pPeGEs, indicating that humidity
improves the functioning of the electrodes. To remove the water, we
heated the electrodes for 24 h. In the presence of humid air, however,
water molecules were observed to fill the pores of the pPeGEs; this
process is slow, lasting several hours. Generally, siloxanes, due to their
hydrophobicity and chemical composition, may aid the penetration of
water into the pores. The water then facilitates the electron transfer,
which produces higher electrical conductivity and lower background
currents. These effects were highlighted by the electroanalysis of the
chlorides: detection was feasible only in the pPeGEs whose pores con-
tained water, although small chloride signals were observed in the dried
pPeGEs and conventional carbon electrodes. The presented character-
ization of pPeGEs leads towards not only a deeper understanding of the
electrochemical processes occurring but also the development of
advanced electrochemical applications, including sensors and batteries.
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