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Abstract: The hybridization of clay minerals with conducting polymers receives great interest
for different potential applications, including environmental remediation. This work studies and
compares the electrochemical properties of two different clays, montmorillonite (Mont) and diatomite
(Diat), and their respective clay/PEDOT-PSS hybrid materials in HySO4 medium. The hybrid materials
were prepared by electropolymerization of EDOT in the presence of PSS. The physico-chemical and
electrochemical properties of both clays were analyzed by different techniques, and the influence of
the clay properties on electropolymerization and the electroactivity of the resulting clay/PEDOT-PSS
hybrids was investigated. Specifically, the Fe?*/Fe* redox probe and the oxidation of diclofenac,
as a model pharmaceutical emerging pollutant, were used to test the electron transfer capability
and oxidative response, respectively, of the clay/PEDOT-PSS hybrids. The results demonstrate
that, despite its low electrical conductivity, the Mont is an electroactive material itself with good
electron-transfer capability. Conversely, the Diat shows no electroactivity. The hybridization
with PEDOT generally enhances the electroactivity of the clays, but the clay properties affect the
electropolymerization efficiency and hybrids electroactivity, so the Mont/PEDOT displays improved
electrochemical properties. It is demonstrated that clay/PEDOT-PSS hybrids exhibit diclofenac
oxidation capability and diclofenac concentration sensitivity.

Keywords: clay minerals; PEDOT, hybrid materials; electroactive materials; environmental
remediation; diclofenac oxidation

1. Introduction

Clay minerals are highly abundant inexpensive materials with interesting properties for different
applications [1,2]. Among them, clays generally exhibit high cationic exchange capacity and relatively
high surface area, making them highly advantageous for the adsorption of metals and inorganic and
organic pollutants in environmental remediation [3—7]. Of particular concern are the so-called emerging
pollutants [8], including herbicides, pharmaceuticals, etc., which constitute potentially serious threats
to human health and ecosystems. Hence, the development of clay-based materials for the removal
and/or detection of emerging pollutants receives great interest.

In this context, electrochemical technologies gather unique advantages for environmental
remediation [9], and have been found to be efficient for the degradation of emerging pollutants [10,11].
However, the use of clays in electrochemical applications is restricted because of their low
conductivity [12].
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The properties of clays can be improved by combination with other materials [13,14]. This is
the case of conducting polymers, which gather the electrical and optical properties of metals and
semiconductors, apart from low cost and weight, ease of synthesis and an extraordinary versatility
to chemical structure design. As a result, conducting polymers receive great interest for their use in
optoelectronic, photovoltaic, electrochromic, energy storage, (bio)sensing and bionic devices, among
others. In this sense, clay/conducting polymers constitute an interesting family of hybrid materials
that exhibit improved and/or novel properties for these and other applications [15-19].

Among conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) doped with
poly-(styrenesulfonate) (PSS), the so called PEDOT-PSS, presents various advantages [20-22],
demonstrating biocompatibility, high optical transparency in the visible light region, tunable and high
electrical conductivity and excellent thermal stability in its doped state. Moreover, it shows good
physical and chemical stability in air and high flexibility for flexible electronic devices. Accordingly, this
polymer finds a wide range of applications [20-22]. Another interesting feature for practical applications
is the easier solution processability of this polymer and its ability to form thin and homogeneous films.
This is crucial for the preparation of conducting polymers in the form of coatings, i.e., the preferred
conformation for multiple devices. In this sense, and although PEDOT-PSS is commercially available
in the form of suspensions, the preferred technique for the synthesis of PEDOT-PSS coatings is the
electropolymerization of EDOT [23]. In this process, EDOT is potentiostically or voltammetrically
oxidized and the PSS acts as a surfactant to enhance the solubility of EDOT in water. At the same time,
it serves as electrolyte to provide sufficient ionic conductivity. Finally, PSS is embebbed within the
PEDOT chains, acting also as the doping agent. This technique enables a better reproducibility and
precisely control of the film properties (morphology, thickness, etc.), through the control of the electrical
charge passing through the electrode. Moreover, it has also been reported that electrodeposition leads
to higher polymer conductivities than other preparation techniques, and it allows one to localize the
polymer deposition only on specified conducting areas of the support.

The preparation and characterization of clay/thiophene-based polymer composites has been previously
studied in the literature [24—42]. Most works have been addressed to study the intercalative (in situ)
oxidative polymerization of thiophene-based monomers on unmodified and/or organically modified
and/or exfoliated clays, the great majority of montmorillonites, by using FeCls [24-29], (NH4),S,0Og [30]
or Fe;(SO4)3 [31] oxidants or simply by the oxidizing and/or acidic character of suitable clays [32-35].
On the other hand, other works were focused on the combination of already-synthesized polymers with
the clays by solution intercalation [28,36]; colloidal interaction [37], solvent casting [25,27,38—40]; and
melt-cool processing [38,39]. Finally, there are a couple of studies about the anodic polymerization of
EDOT in the presence of bentonite [41,42]. However, despite the advantages of PEDOT-PSS and the
electro-assisted polymerization method, very few studies have involved the synthesis of clay/PEDOT-PSS
composites [26,36,40] and none of them by electropolymerization. Moreover, the influence of the type of
clay in a given syntetic route has not generally considered.

With respect to the electrochemical behavior and application of these composites, very few research
works can be found in the literature [33,35,41,42]. Aradilla et al. [41] analyzed the voltammetric
response of montmorillonite (MMT)-PEDOT composite in aqueous 0.1 M LiClOy, finding out that
the clay enhances the ability to store charge but decreases the electrochemical stability of PEDOT.
Nevertheless, these were very mild effects. Next, the authors evaluated the response of the composite
for charge storage in supercapacitors, and showed that the asymmetric configuration of PEDOT and
PEDOT-MMT films displayed higher specific capacitances than the respective symmetric ones [42].

In the other studies, electroactive species were introduced in the clays by ion-exchange
prior to hybridization with PEDOT. Rajapakse et al. [33] found that the voltammetric profiles of
PEDOT-Ce(Ill)-MMT and PEDOT-Ce(IV)-MMT composites, in 0.1 M HySO, aqueous electrolyte,
are governed by the Ce(IV)/Ce(Ill) redox couple. On the other hand, Senarathna et al. demonstrated that
Co(I)/MMT/PEDOT composites exhibit good catalytic activity towards the oxygen reduction reaction
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(ORR), as well as the oxygen evolution reaction (OER) in aqueous 0.1 M KOH, comparable to those of
conventional and expensive Pt/C catalysts, thus, being promising ORR catalysts for fuel cells [35].
Accordingly, in spite of the interest aroused by clay-/thiophene-based polymer composites,
the electrochemical properties and potential electrode applications of these composites remain
practically unexplored yet. Specifically, the electron transfer capability of these hybrid materials
has been never studied, and their potential utilization in environmental electrochemical appplications,
like the oxidation of pollutants, has rarely been investigated. This works studies the electrochemical
behavior of two different common clays, a montmorillonite and a diatomite, before and after the
preparation of the composite materials with PEDOT-PSS. The clay/PEDOT-PSS composites were
synthesized by electropolymerization of EDOT on glassy carbon (GC)-supported clays in the presence
of PSS. The electrochemical characterization was carried out in sulfuric acid medium. The influence of
the distinct clays on the electron transfer capability of the clay/PEDOT-PSS hybrids, and their response
towards the oxidation of diclofenac, as a model emerging pollutant, is analyzed and discussed.

2. Materials and Methods

2.1. Materials

Two commercial clays were used for this study, namely k10 montmorillonite (97%, Sigma-Aldrich,
St. Louis, MO, USA) and diatomite (100% diatomaceous earth from Spanish deposits, Castalia Bio,
Almazora, Spain). The as-received clays were first sieved through a 100-micrometre size sieve to get
clays with uniform particle size. These materials were denoted as Mont or Diat for the montmorillonite
and diatomite samples, respectively.

Moreover, Nafion (5%, Sigma-Aldrich, St. Louis, MO, USA), sulfuric acid (98%, VWR Chemicals,
Radnor, PA, USA), 3,4-ethylene dioxythiophene (EDOT) (97%, Sigma-Aldrich, St. Louis, MO, USA),
poly(sodium 4-styrene sulfonate) (PSS) (Sigma-Aldrich p.a., St. Louis, MO, USA), diclofenac (Sigma-Aldrich,
St. Louis, MO, USA) and ultrapure water (18 M()/cm, from an Elga Lab (Lane End, High Wycombe, UK)
water Purelab system) were used for the preparation of the solutions and materials.

2.2. Preparation of Clay/PEDOT-PSS Hybrid Materials by Electrochemical Polymerization

Clay/PEDOT-PSS hybrid materials were prepared by electropolymerization of EDOT in the
presence of the clays. First, the clays were supported on the tip of a glassy carbon (GC) rod (geometric
area = 0.07 cm?2, Carbone Lorraine, model V-25) acting as current collector. To do this, 10-puL aliquots
of clay suspensions (0.5 g clay + 0.5 ml ultrapure water + 5 ul Nafion) were dropped on a polished
surface of GC. Next, the deposit was dried with a IR lamp for 3 min. The deposition—-drying procedure
was repeated until reaching a given amount of supported clay, obtaining GC/clay electrodes. As will
be justified below, for the electropolymerization experiments, 3 drops of the different clay suspensions
(ca. 30 pg clay) were deposited on the GC surface (425 pg/cm?).

Second, electrochemical polymerization of EDOT was carried on the GC-supported clays by
cyclic voltammetry in a conventional three-electrode cell. The two different GC/clays acted as working
electrodes, whereas a Pt wire and a Ag/AgCl/Cl- (3 M KCl) electrode were used in all cases as counter
and reference electrodes, respectively. An electrolyte solution of EDOT was prepared by dissolution of
53 uL of EDOT, 1.46 g of PSS and 10.0 mL of ultrapure water under ultrasonication for 30 min at room
temperature [43]. The polymerization was driven by cycling the electrode potential between —0.4 and
1.0 V up to 35 times at 100 mV/s. After polymerization, the GC-supported Mont/PEDOT-PSS and
Diat/PEDOT-PSS materials were rinsed with abundant ultrapure water, to remove excess monomers,
PSS and/or small oligomers, for further characterization.

2.3. Physico-Chemical Characterization of the Clays and Clay/PEDOT-PSS Hybrid Materials

The physico-chemical properties of the different clays and clay/PEDOT-PSS materials were studied
by several techniques. Field Emission Scanning Electron Microscopy (FESEM) was performed with a
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Merlin VP Compact device (ZEISS, Oberkochen, Germany) to obtain high resolution imaging of the
different materials. Particularly, a fine carbon powder was sputter-coated on the clays (non-conductive
materials) for their visualization by using a MED 020 high-vacuum coating system (Balzers Bal-Tec,
Balzers, Liechtenstein), but this pre-treatment was not necessary for the clay/PEDOT-PSS materials.
Moreover, transmission electron microscopy (TEM) images were collected with a JEM-2010 microscope
(JEOL Ltd., Akishima, Tokio, Japan), working at 200 kV, to study the effect of ion-exchange and
polymerization in the clay interlayer structure.

X-ray fluorescence (XRF) of the clays was carried out with 100 mg of pelleted samples by
using a PHILIPS MAGIX PRO spectrometer (PANalytical Inc., Westborough, MA, USA). For X-ray
photoelectron spectroscopy (XPS), a K-Alpha spectrometer (Thermo-Scientific, Waltham, MA, USA)
was used. The spectra were collected with Al Ko radiation (1486.6 eV), monochromatized by a twin
crystal monochromator, yielding a focused elliptical X-ray spot (ca. 0.314 mm?) at 3 mA X 12 kV.
In-depth XPS analysis was performed by sputtering the sample with a 2 keV Ar* ion beam and a
TayOs pattern was used to estimate the etching depth. Charge compensation was achieved with the
system flood gun. Surface elemental composition was calculated from background-substracted peak
areas by using Avantage software. The deconvolution of XPS spectra was done by least squares using
Lorentzian-Gaussian (L/G = 30 %) functions.

X-ray diffraction (XRD) measurements were carried out with a KRISTALLOFLEX K 760-80F
diffractometer (Bruker D8-Advance, Billerica, MA, USA) by using a Ni-filtered Cu K« radiation
(A = 1.5406 A) generated at 40 kV and 40 mA. Diffraction data points were recorded stepwise within
20 = 2.5°-55.0° at a scan rate of 1°/min with a scan step of 0.015° in 26.

The textural properties of the clays were analyzed by N, adsorption-desorption isotherms (at —196
°C) in a Quadrasorb-Kr/MP (Quantachrome Corporation, Boynton Beach, FL, USA) apparatus. Prior to
analysis, the samples were outgassed for 8 h at 250 °C under vacuum. The specific surface area (Sppt)
and the micropore volume (Vyicro) Were estimated by applying the BET and Dubinin—-Radushkevich
equations, respectively, to the N, adsorption isotherm [44]. The mesopore volume (Vimeso) Was
calculated as the difference between total pore volume (V( 995, volume at relative pressure of 0.995)
and micropore volume (Viicro) [44].

2.4. Electrochemical Characterization and Diclofenac Electro-Oxidation

The electrochemical behavior of the clays and clay/PEDOT-PSS hybrid materials was studied in an
electrochemical cell similar to that described in Section 2.2. However, a 0.5 M H,SO, aqueous solution
was used as the electrolyte in this case. For the characterization of the clays, GC/clay electrodes were
prepared by deposition of clay suspensions (as explained in Section 2.2). The effect of the amount of
deposited clay was analyzed. On the other hand, the GC-supported clay/PEDOT-PSS materials were
characterized as prepared immediately after polymerization and washing (see Section 2.2). In addition,
the electrochemical response of the GC support was also analyzed and used as the blank.

The different materials were characterized by cyclic voltammetry (CV) between 0.2 and 0.7 V
at 50 mV/s. Next, the voltammetric measurements were repeated at varying scan rates (between
2.0 and500 mV-s~! ). Furthermore, the voltammetric study at different scan rates was also performed
in the presence of dissolved iron (0.01 M FeSOy4 in 0.5 M H,SO, aqueous electrolyte).

Finally, the potential application of these materials in the electro-oxidation of pollutants was
investigated. Diclofenac was chosen as a example of pharmaceutic emerging pollutant. To do that,
the GC-supported clays and clay/PEDOT-PSS materials were characterized in 0.5 M H,SO4 solutions
containing differet diclofenac concentrations (20-200 ppm) between 0.2 and 1.7 V at 50 mV/s.

The electrolyte solutions were initially de-aerated by N, bubbling for ca. 20 min and isolated by
flowing N, during all the electrochemical experiments (included that of Section 2.2). All the cyclic
voltammograms were recorded at room temperature by using a VSP potentiostat (Bio-logic Science
Instruments, Seyssinet-Pariset, France).
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3. Results

3.1. Physico-Chemical Characterization of the Clays

The montmorillonite (Mont) consists of 1-10 um irregular-shape particles (Figure 1A), which
in turn are compact and non-uniform aggregates of smaller grains (Figure 1B). On the contrary,
the diatomite (Diat) is made of individual or clumped fragments of particles with well-defined
morphologies (Figure 1C). These characteristic shapes correspond to fossilized remains of diatoms,
a type of hard-shelled microalgae. Although the sample may contain various species of diatomites,
the most abundant or easily recognisable are triangle-shaped structues, like that of Figure 1D [45], with
sizes ranging from 5 to 20 um and several pores of less than 100 nm.
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Figure 1. FE-SEM images at different magnifications of Mont (A,B) and Diat (C,D) clays (with
sputter-coated C powder); and their corresponding Fe(2p) core-level XPS spectra (E and F, respectively).

Table 1 presents the chemical composition of the montmorillonite and diatomite clays obtained
by XRF. Both type of materials are mainly composed of silicon (3343 wt%) and oxygen (46-52 wt%),
but they show different chemical composition and structure. On the one hand, the composition of the
montmorillonite agrees with that of silicate hydroxides of Al and other substituted cations proposed
for these clays [46]. As it can be observed, the studied Mont contains ca. 7 wt% Al and a significant
amount of other trivalent (1.5 wt% Fe), divalent (0.8 wt% Mg and 0.4 wt% Ca) and monovalent (2.0 wt%
Kand 0.2 wt% Na) metal ions. On the other hand, the Diat is mainly formed by silica hydrates (5iO; -
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nH,0) [46,47]. In the studied sample, the SiO, content is ca. 71 wt% and it presents a large amount of
Ca (ca 18 wt%) in the form of CaO and CaCO3 and other minor metal species (Table 1).

Another important feature of the clays is the content and nature of iron, since it can participate in
electrochemical processes (see the discussion below). Table 1 shows that the Mont contains five-fold
larger iron concentration than Diat. According to XRF, the iron present in both clays is in the form
of Fe;Os. In order to better study the chemical state of this iron, the clays were analyzed by XPS.
As shown in Figure 1E,F, both samples present practically identical Fe(2p) core-level spectra, with the
characteristic Fe2p¥? and Fe2p'/? spin-orbit doublet. Each component was deconvoluted and best
fitted into three contributions with 2p¥2: 2p!/2 height ratios of 2:1 and a spin orbit splitting of 13.8 or
13.4 eV for Mont and Diat, respectively. The Fe2p3? component with a binding energy of 711.8 + 0.2 eV
is assigned to Fe (II) and those at 713.6 + 0.1 and 716.0 £+ 0.1 eV can be attributed to Fe (III) species,
which are quite similar to those found in Fe304, FeOOH and/or Fe; O3 [48-50].

Table 1.  Elemental composition determined by XRF and textural parameters from N
adsorption—desorption isotherms at —196 °C of the different clays.

X-Ray Fluorescense N, Adsorption Isotherms

Atomic Percentage (%) Sger V0995  Vmicro  Vmeso
o Si Al Ca Mg Sr Na K Fe m?g omdg omig omig

Mont 506 374 6.6 04 08 00 02 18 15 256 0.45 0.09 0.36
Diat 464 332 06 182 03 03 02 02 03 15 0.05 0.01 0.06

The X-ray diffraction patterns of the clay minerals are shown in Figure 2A. The Mont presents
several peaks mainly associated to the hydroxy silicate crystalline structure of this material [51]
and that of x-quartz (JCPDS 00-005-0490) as the main mineral impurity. Among the clay-related
diffraction peaks, some are assigned to montmorillonite mineral (Smectite group, JCPDS 00-012-0204,
00-013-0259) and many other better fit with the crystalline structure of phengite (Mica group [52]).
Unlike montmorillonite, phengite is a hydroxy aluminosilicate mineral, similar to muscovite, containing
also potassium and iron [52], what agrees with XRF results (Table 1). Hence, the Mont must be a
mixture of montmorillonite and muscovite-like minerals [53,54]. Particularly, the weak and broad
peak at ca. 20 = 2.7° and the narrow high-intensity diffraction feature ca. 20 = 8.9° are attributed to
001 reflections characteristic of the interlayer spacing in the montmorillonite (K10 montmorillonite)
and phengite laminar structures, respectively. The laminar crystalline structure of this commercial
montmorillonite was confirmed by TEM (Figure 2B), and the basal spacing was calculated as 32.8 and
9.94 A for these phases, respectively (from XRD), which are in the order of those of other similar
materials reported in the literature [55,56].

g

] []
1 ¢M°nt . A

Mont

g 8 ¥ 8

Vn, ads (cm®/g STP)
8

Diat
e
00 02 04 06 08 10
P/Po

Normalized Intensity (a.u.)
8

‘Qnm

Figure 2. (A) X-ray diffraction (XRD) patterns of the clays (assignment: M = montmorillonite;
P = phengite; Q = a-quartz; C = calcite; A = aragonite); (B) transmission electron microscopy (TEM)
image of the Mont; and (C) N, adsorption—desorption isotherms at —196 °C of the clays.
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On the contrary, the spectrum of Diat (Figure 2A) practically exhibits the features of crystalline
calcite (rhombohedral, JCPDS 00-005-0586), with the highest intensity peak at ca. 260 = 29.4°,
and aragonite (orthorhombic, JCPDS 96-500-0086) polymorphs of CaCOj, with a small impurity
of x-quartz, all superimposed on a broad feature between 26 = 17° and 30° characteristic of amorphous
opal (5iO; - nHO) [57]. This diffractogram agrees with that of other diatomites [58].

Figure 2C displays the N; adsorption—desorption isotherms at —196 °C of the different clays,
and Table 1 collects the calculated textural parameters. The Mont shows a type IV isotherm, with
a hysteresis loop type H4/H3, characteristic of mesoporous materials with some micropores [59,60];
while the Diat exhibits a type I isotherm typical of macroporous materials [60]. Thus, the Mont presents
much larger specific surface area and micro- and mesopore volume (Table 1) than the Diat, which
contains bigger pores (see SEM images in Figure 1).

Electrochemical Characterization of Clay-Modified Electrodes

Figure 3A compares the voltammetric response of GC with distinct amount of Mont deposits in
0.5 M H504. All the CVs were found to be stable upon successive cycling, at least up to 10 cycles (see
Figure 3B), inferring the good stability of the deposits. Particularly, the rectangular-like shape of the
GC without any redox feature (Figure 3A) is assigned to the electrical double-layer charge (EDLC)
of this material. By contrast, the GC/Mont electodes present a quite different profile, showing lower
EDLC but a clear reversible redox couple with a half-wave potential (E1/») of ca. 0.46 V and a cathodic
to anodic peak separation of AE, = 100-130 mV. Considering that the electrolyte is free of electroactive
species, this redox process is assigned to the oxidation and reduction of iron species present in the
Mont structure (XRF, Table 1).

Figure 3A also illustrates the effect of the drops (amount) of deposited Mont on the electrochemical
response of this material. It can be observed that the anodic and cathodic peak current densities
increase linearly with the amount of clay up to 30 ug (three drops) (see, for example, the case of the
anodic peak in the inset of Figure 3A). Next, above 30 pg it was found that the deposited clay partly
fell down in the solution or the signal was practically the same to that of 30 pug, i.e., the peak current
density reached a limit value when 30 pg were deposited.

Another interesting feature was the effect of the scan rate in the voltammetric response (Figure 3C).
It was found that, despite the low conductivity of a clay mineral like Mont, the anodic and cathodic peaks
are well defined even at scan rates as high as 200 mV/s. Furthermore, the good linear relationship up to
50 mV/s between the peak current density (see, for example, the anodic case in the inset of Figure 3C) and
the scan rate reflects that the electrochemical process involves a surface-controlled process. Hence, these
results indicate that, although not electrically conductive, the Mont clay is an electroactive material.

On the contrary, the electrochemical behavior of the Diat was found to be totally different
(Figure 3D). Thus, unlike Mont, (i) the voltammogram of Diat is featureless by the absence of redox
peaks; (ii) the registered current densities and/or voltammetric charges for Diat are even lower than
those of GC support; (iii) the voltammograms for Diat appear significantly tilted; and (iv) no correlation
between the voltammetric current density and the drops (amount) of Diat deposit is found. All these
features reflect the non-electroactive and resistive nature of Diat deposits that block the electrochemical
processes of GC surface.

Next, the electron-transfer capability of both clays was investigated with Fe?*/Fe®* as a redox probe.
Figure 3E compares the voltammograms of a Mont deposit in the presence and absence of iron in solution.
In the presence of iron (0.01 M FeSOy), the voltammogram of Mont also shows the reversible redox
couple, with similar onsets of the anodic and cathodic processes to those in the absence of FeSOy, but the
current density and charge of both cathodic and anodic peaks as well as the peaks potential separation
(AEp =230 mV) considerably increase. The increase in AE,; infers that this may be a less reversible process.

To further study this electrochemical process, the voltammograms were registered at several
different scan rates (Figure 3F) and the peak current was plotted versus the square root of the scan
rate. The found good linear relationship (see, for example, the anodic case in the inset of Figure 3F),
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as predicted by the classical Randles-Sevcik equation, points out that the new contribution is overall a
diffusion-controlled process [61]. Consequently, the obtained results seem to indicate that electroactive
Mont exhibits electron-transfer capability. In the case of Diat/GC electrode, no redox processes are
observed in the voltammogram in presence of Fe(Il) in the solution.
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Figure 3. (A,D) Effect of drops (amount of clay) on the voltammogram (steady-state) of (A) Mont and
(D) Diat in 0.5 M H,SOy, v = 50 mV/s; (B) successive voltammetric cycles of a 30 nug (3 drops) deposit
of Mont in 0.5 M H,SOy, v = 50 mV/s; (C,F) effect of the scan rate on the voltammogram of a 30 ug
(3 drops) deposit of Mont in the absence (C) or presence (F) of dissolved iron (0.01 M FeSO;) in 0.5 M
H,SOy; and (E) stabilized cyclic voltammograms of a 30 pg deposit of Mont in the absence or presence
of dissolved iron (0.01 M FeSQO,) in 0.5 M H,SOy4, v = 50 mV/s.

Figure 3F also shows that the peaks potential separation (AEp) progressively increases, i.e.,
the reversibility decreases, with the scan rate. According to the Nicholson’s method [62], the standard
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rate constant (K°) for the electron transfer of the electrochemical reaction can be related with the
so-called charge transfer parameter (1) obtained from the AE;, value at suitable scan rates:

K = yb(n;—l,;,vD)l/z 2)

where 7 is number of electrons transferred (n = 1), F is the Faraday constant (96485 C/mol), R is the
universal gas constant (8.314 J/mol K), T is the reaction temperature (298 K), v is the scan rate (V/s) and
D is the diffusion coefficient of Fe?*/Fe3* (ca. 0.00000661 cm?/s [63])

Table 2 collects the main electrochemical parameters that characterize the electron transfer between
the different studied materials and the Fe?*/Fe3* couple. Interestingly, the reversibility (lower AEpeak)
and the standard rate constant for electron transfer (K°) for the GC/Mont electrode are greater than
for GC, and both are much better electrodes than GC/Diat, which shows neither electroactivity nor
electron-transfer capability. The better electrode response of Mont compared to Diat can be attributed
to (i) the higher (ca. 4.5-fold) iron concentration in Mont (see XRF results in Table 1), which has been
proposed to be the origin of electroactivity; and (ii) the laminar crystalline structure and/or larger
surface area of Mont (Table 1), which may facilitate a greater contact of the whole (inner) clay. From the
electroactivity and good electron-transfer capability, it can be inferred that the clay Mont presents high
potentiality to be used for redox and electrochemical processes.

Table 2. Anodic peak current density (jox) and potential (Eox), peak potential separation (AEp),
Nicholson’s charge transfer parameter (1) [62], and calculated standard rate constant (K9) for the
electron transfer on different electroactive materials at 5 mv/s in 0.01 M FeSOy4 + 0.5 M H,SOy.

PEDOT-PSS .
Electrode Loading Jox Eox AEPeak Y K°
ug/cm? A/cm? A% A cm/s

GC - 208%x107% 0.5419 1485 023  467x107*
GC/PEDOT-PSS 562 1.01x10™3 04889 654 4.60 9.25 x 1073
GC/Mont - 250%x10™% 05235 116.5 0.40 7.94 x 1074
GC/Mont/PEDOT-PSS 542 610x 1074 04942 710 220  442x1073
GC/Diat/PEDOT-PSS 347 595%x107%  0.5028 842 0.98 1.97 x 1073

3.2. Preparation and Characterization of Clay/PEDOT-PSS Hybrid Materials

3.2.1. Electrochemical Polymerization

For the electropolymerization of EDOT, the surface of the GC/clay electrodes was performed by
cyclic voltammetry between —0.4-1.0 V in aqueous solution containing PSS as electrolyte. The recorded
cyclic voltammograms are depicted in Figure 4. Independently of the type of clay, during the first
forward scan, the current densiy is roughly zero until a sharp current rise occurs above 0.85 V.
This corresponds to the onset potential of EDOT monomer oxidation and PEDOT-PSS formation [64,65].
Next, the current density remains practically invariant during the reverse scan. In successive potential
cycles, the voltammograms show practically constant current between —0.4 and 0.85 V, in both the
anodic and cathodic scans, with gradually increasing voltammetric charge. These rectangle-like
profiles are attributed to the double-ayer capacitive response of a growing PEDOT-PSS film on the
GC/clay electrodes.

Apart from these general features of PEDOT electropolymerization, the oxidation currents and
capacitive charges for the GC/Mont electrode (Figure 4A) are quite similar to those for the bare GC
(figure not shown) and are considerably larger than for GC/Diat (Figure 4B). The mass of polymer
formed at any cycle can be calculated from the measured double-layer charge and the theoretical
specific capacitance (~70 F/g) of PEDOT [65,66]. Thus, the amount of PEDOT/PSS formed on the
GC and GC/Mont after 35 polymerization cycles was 562 and 542 pg/cm?, respectively, whereas the
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process only yielded 347 pg/cm? for the GC/Diat (Table 2). These results evidence a promoted growth
of PEDOT on the Mont clay.

61 A GC/Mont i 64 B GC/Diat

&< 31 1& 3-
£
So 5o
£ £
=-3- 123
-6- 1 6 _

05 03 01 01 03 05 07 09 11 -05 03 0.1 01 03 05 07 09 1.1
E (V vs. Ag/AgCI/CI) E (V vs. Ag/AgCI/CI)

Figure 4. Successive cyclic voltammograms registered for the different GC/clay electrodes in a EDOT

aqueous solution containing PSS. Anodic limit of 1.0 V. Scan rate = 100 mV/s.

Again, the better electrochemical response for the Mont material may be related to its greater
electroactivity and/or its structural and textural properties. Thus, the larger volume of micropores
associated to interlayer spaces in Mont may provide this material with a greater specific surface area
(Table 1) to promote the polymer growth.

3.2.2. Physico-chemical Characterization

After electropolymerization, the surface morphology of the obtained materials was examined by
FE-SEM (Figure 5). In general, both the montmorillonite (Figure 5A) and diatomite (Figure 5H) clays
appeared to be covered by a thin film of a homogeneous material showing large cracks. Images of
the outer surface reveal that these films are made of fine clay particles dispersed in a smooth matrix
(Figure 5B,I). Nevertheless, it can be observed that the film thickness (ca. 20—40 um, Figure 5C) and
roughness (Figure 5B) for the GC/Mont/PEDOT-PSS are greater than for the GC/Diat/PEDOT-PSS (see
the thickness in Figure 5] and the roughness in Figure 5I).

EDX microanalysis (qualitative) of these materials revealed the presence of a large amount of
carbon, between 5 and 25 wt% depending on the analyzed material and region. The fact that it was
possible to take the FE-SEM images without the need for sputtering was indicative of the conductive
nature of the obtained materials. Moreover, the surface chemical composition of the Mont before and
after electropolymerization was analyzed by XPS (Table 3). Initially, the clay contains around 3 at%
C, which is assigned to adventitious carbon contamination, but it increases up to ca. 13 at% C after
the PEDOT electropolymerization. In addition, around 3 at% S was incorporated to the material as a
consequence of the incorporation of thiophene rings and PSS.

The analysis of the high-resolution C(1s) and S(2p) XPS spectra (Figure 5E,F, respectively) provided
crucial information about the nature of the material. On the one hand, the C(1s) spectrum (Figure 5E)
was fitted into four main contributions, namely that of C-C/C=C bonds centered at 284.68 eV; that
at 286.5 eV assigned to C-S bonding; and those at 284.7 and 287.7 eV associated with C=C-O and
C-C-O environments, respectively [43,67-69]. On the other hand, two different contributions were
noticed in the S(2p) spectrum (Figure 5F). The doublet with S2p%? at 169.1 eV is generally associated
to S-O/S=0 bonds in sulfonate groups (5O3°), whereas that at 163.7 eV is attributed to S-C linkage
in thiophene rings [43,67-69]. These features agree well with the theoretical molecular structure of
PEDOT:PSS (Figure 5G) and coincide with those of other PEDOT:PSS-like materials reported in the
literature [43,67-69].

The ratio of both S2p signals, the sulfonate to thiophene proportion (S¢pss)/Sepor)) was calculated
and included in Table 3. The calculated ratio is eight times higher than the stoichiometric expected
one (around 1, see Figure 5G), indicating a larger proportion of PSS in respect to the thiophene rings
in the obtained PEDOT-PSS fims. This effect has been comonly observed in other PEDOT-PSS films
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synthesized by electrodeposition, and has been related to the doping level of the polymer [43]. In this
sense, for the electrodeposition of PEDOT-PSS on bare GC, it was previously found that the excess
of PSS dopant gradually decreases with the amount/thickness of deposited polymer, obtaining a
maximum value of Spss)/Spot) = 4.1 for extremely thin samples (46.5 ug cm~2) [43]. Hence, the large
S(pss)/SEpor) = 8.2 value found for the studied GC/clay/PEDOT-PSS points out that its doping level is
twice those of PEDOT-PSS deposited on bare GC surfaces. However, this value decreases to normal
values obtained when an etching is done with Ar*, which can indicate the correct formation of the
PEDOT-PSS film.

m

C(1s) c-C

B outer surface

Intensity (a.u.)

294 292 290 288 286 284 282 280
Binding Energy (eV)

-

S(2p) $-0/$=0

s(2p)%

Intensity (a.u.)

176 174 172 170 168 166 164 162 160 158
Binding Energy (eV)

G Q [¢]

c/sS=8
hee
S

Diat-R-07.if s‘l‘ I

Figure 5. FE-SEM images at distinct magnifications of GC-supported Mont/PEDOT-PSS (A-D) and
Diat/PEDOT-PSS (H-L); and C(1s) (E) and S(2p) (F) XPS spectra of GC-supported Mont/PEDOT-PSS
prepared by electropolymerization. (G) Theoretical chemical structure of PEDOT:PSS.

FE-SEM images inside the big cracks provided in-depth information regarding the hybrid materials.
Figure 5D K show that the inner clay particles of the deposits are uniformly covered and interconnected
by a thin polymeric film. The adquirement of FE-SEM photos in these inner regions was again another
piece of evidence of the presence of the conductive polymer surrounding the clay particles. Due to its
low thickness, however, in this zone the polymeric film replicates the morphology of the clay particles,
and thicker films are necessary to better distinguish the clay-polymer interface (Figure 5L).

In parallel, XPS analysis was repeated on the same sample after etching with Ar+ ions.
This treatment removed some atomic layers (around 10-20 nm) of the outer surface over the wide
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area of XPS analysis (314,000 um?). Thus, surface etching affected both the outer thick polymer
film and the cracks exposing inner particles. The C(1s) and S(2p) spectra (not shown) were found
to be practically identical to those of Figure 5E,F, reflecting again the PEDOT:PSS-like nature of
the polymer. Nevertheless, the overall surface content (%) of C and S on the the etched sample
(Mont-Na/PEDOT-PSS(etch)) significantly decreased (Table 3). This infers that the abundance of the
synthesized polymer decreases with the depth of the clay deposit.

Table 3. X-ray photoelectron spectroscopy (XPS) atomic surface chemical composition of Mont clay
before and after electropolymerization.

Atomic %
o Si Al Fe C S  Sessy Sepor) Swess) Sepor
Mont 58.4 33.0 5.0 0.7 29 - - - -
Mont/PEDOT-PSS 33.7 47.0 3.3 0.4 12.6 29 2.6 0.3 8.2
Mont/PEDOT-PSS(etch) 35.8 50.1 4.3 0.5 7.0 24 1.9 0.5 4.2

To further study the polymer penetration and growing, one of the clay deposits was broken, so that
a deeper cross-section of the material was exposed. FE-SEM micrographs (see for example the case of
Diat/PEDOT-PSS in the supporting info) revealed the presence of several big channels and cracks crossing
the deposit. These defects may be formed during the preparation of the deposit, probably through the
release of water during IR drying, and/or by penetration of electrolyte during electropolymerization.
Moreover, although to a lower extent, the polymer was detected again among the clay particles, even in
this deeper part of the deposit. These results suggest that the observed channels and cracks may enable
mass transportation of EDOT and PSS from the solution to the inner parts of the deposit, as well as the
polymer formation throughout all the supported clay (1-2 mm thick) until the GC collector.

Finally, the effective interaction between the clay and the polymer was further demonstrated
by TEM. Figure 6 presents various TEM images of the Mont/PEDOT-PSS hybrid material. Figure 6A
shows an amorphous phase embedded within the clay layers, causing some exfoliation (Figure 6B).
This seems to be confirmed by the decrease in the relative intensity of the characteristic diffraction peak
related to laminar structure (figure not shown). Interestingly, the polymer was stable to the energetic
electron beam (used in TEM) when it was inside or close to the clay particle (see the absence of holes in
the polymer film during image adquisition (Figure 6A,B), or in the proximity of clay particles, zone 1 in
Figure 6C); but it was remarkably degraded during such exposure at a greater distance, as evidenced
by the generation of round holes (zone 2 in Figure 6C). This indicates that the clay increases the stability
of the polymer, as was confirmed by TG (figure not shown), thus reflecting their effective interaction.

Figure 6. TEM images at different magnification of the Mont/PEDOT-PSS hybrid material.

These results point out that the polymer grew not only around but also inside the clay particles.
Thus, the growth of polymer in the interlayer space of Mont may justify the higher oxidation currents
and larger charge upon electropolymerization, i.e., a more effective polymer growth, observed for the
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Mont compared to the Diat (Figure 4). Hence, the different characterization techniques demonstrate
the successful preparation of true hybrid materials, made of PEDOT around and/or inside the clay
particles, and exhibiting effective interaction clay-PEDOT-PSS.

3.2.3. Electrochemical Characterization

Figure 7A,B show the effect of PEDOT-PSS on the voltammetric response of the GC/Mont and
GC/Diat electrodes, respectively, in 0.5 M HySO4. In both cases, the voltammetric currents and
charges greatly increase after electropolymerization and rectangular-shape profiles are obtained.
This agrees with the characteristic electrochemical response of PEDOT in an acid medium [70].
Nevertheless, the voltammetric charge of GC/Mont/PEDOT-PSS (Figure 7A) was higher than that of
GC/Diat/PEDOT-PSS (Figure 7B), in agreement with the more efficient electropolymerization process
observed for the Mont (see Section 3.2.1).
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Figure 7. Steady-state cyclic voltammograms of the GC/Mont/PEDOT-PSS (A,C) and

GC/Diat/PEDOT-PSS (B,D) hybrid materials in 0.5 M H,SO4 aqueous electrolyte and in the absence
(A,B) or presence of Fe2+/Fe3+ probe (0.01 M FeSO4) (C,D); v = 20 mV/s. (E,F) Effect of scan rate on the
voltammetric response of GC/Mont/PEDOT-PSS (E) and GC/Diat/PEDOT-PSS (F) in the presence of

FeZ*/Fe** probe (0.01 M FeSOy).
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The electron transfer capability of these hybrid materials was tested with the Fe?/Fe3" redox
probe. As observed in the figure, both GC/Mont/PEDOT-PSS (Figure 7C) and GC/Diat/PEDOT-PSS
(Figure 7D) show the reversible electron transfer process with Fe>*/Fe3* species in solution, but the
registered current densities are remarkably higher than without PEDOT-PSS. Then, the votammetric
analysis was carried out at different scan rates (Figure 7E,F). The linearity between the peak current
density and the square root of the scan rate confirms that the electrochemical reaction is diffusion
controlled [61]. For these hybrid materials, however, the linearity was found for a wider range of scan
rates than for Mont (see the GC/Mont electrode in Figure 3F). This result may be explained by the
higher conductivity introduced by the incorporation of PEDOT-PSS in the hybrid materials.

On the other hand, the heterogeneous transfer rate constants (K’) were calculated by using the
peaks’ potential separation (AE,) at different scan rates and by using the Equation (2). Table 2 contains
the K° values for the hybrid materials calculated at 5 mV/s. As it can be observed, the hybridization of
Mont with electropolymerized PEDOT-PSS increases the electron transfer rate constant by one order
of magnitude, whereas it introduces electroactivity and electron transfer capability on the inert clays
(Diat). However, for similar PEDOT-PSS loadings, the GC/Mont/PEDOT-PSS composite shows a lower
reaction rate constant than GC/PEDOT-PSS (Table 2), what may be reasonably explained by the poorer
electrical conductivity of the clay component.

Interestingly, the quite similar K° values found for Mont/PEDOT-PSS and Diat/PEDOT suggest
that the electron transfer kinetics on these hybrid materials are mainly determined by PEDOT-PSS.
This is attributed to the high conductivity of PEDOT-PSS. Nevertheless, the clay does not seem to act as
a mere support of PEDOT-PSS. Thus, the higher currents measured for the Mont/PEDOT-PSS electrode
compared to Diat/PEDOT-PSS indicate that the properties of clay may have a strong influence on the
polymer growth and properties, affecting the amount, dispersion, specific surface area, etc. of the
polymer on the hybrid material.

3.3. Electro-Oxidation of Diclofenac on Clay/PEDOT-PSS Hybrid Materials

Finally, the electroxidation of diclofenac was used in this work to test the electrochemical activity
of the clay/PEDOT-PSS hybrids to oxidize emerging pollutants. Figure 8A,B show the first voltammetric
scans of GC/Mont/PEDOT-PSS and GC/Diat/PEDOT-PSS electrodes, respectively, in a sulfuric electrolyte
containing 20 ppm diclofenac. For comparison purposes, the figures also include the response of a
GC electrode under similar conditions. It can be observed that the GC and the GC/clay/PEDOT-PSS
electrodes exhibit quite different voltammetric behaviors. On the one hand, the GC electrode shows an
increasing oxidation current from 1.20 V in the positive scan, whereas a broad reduction peak centered
atca. 0.65 V is clearly observed in the reverse scan from 0.95 V. Moreover, the currents of both the anodic
process and reduction peak gradually increase with diclofenac concentration, at least up to 200 ppm
diclofenac (figure not shown). Hence, the anodic current may be assigned to diclofenac oxidation,
probably occurring together with water oxidation (OER) and some GC oxidation, whereas the cathodic
process may be attributed to the reduction of any product generated from diclofenac oxidation.

On the other hand, for the hybrid electrodes, the onset of the oxidation current is shifted by
0.4 V towards lower potentials (at 0.80 V) and a broad irreversible oxidation peak appears centered
at ca. 1.30 V, well separated from the OER. Moreover, an anodic hump can be discerned after the
peak maximum at ca. 1.40 V. Interestingly, the width and maximum current of this oxidation peak
increase with diclofenac concentration (see an example in Figure 8C), suggesting that it may have a
contribution associated to the oxidation of diclofenac on the studied clay/PEDOT-PSS hybrid materials.
Nevertheless, the oxidation of the polymer and its contribution to the anodic current should not be
ruled out. In this sense, the stability and mechanism of diclofenac oxidation on these clay/PEDOT-PSS
hybrid materials are the subject of further research in progress. With respect to the effect of the clay,
no remarkable qualitative differences were found. Again, this result suggests that the electrochemical
response of these hybrid materials may be mainly governed by PEDOT-PSS.
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Figure 8. Voltammetric response (first scans) of the GC/Mont/PEDOT (A) and GC/Diat/PEDOT
(B) hybrid materials in the presence of diclofenac (20 ppm sodium diclofenac). (C) Effect of diclofenac
concentration (20-200 ppm) for GC/Mont/PEDOT (example). In all cases, the supporting electrolyte
was 0.5 M H,SO4 and v = 50 mV/s.

To the knowedge of the authors, this study constitutes the first attempt at using clay/PEDOT-PSS
hybrids for pollutants oxidation. The obtained results demonstrate the capability of these materials
for diclofenac oxidation and their sensitivity to diclofenac concentration anticipates their potential
utilization for sensing this or other pollutants.

4. Conclusions

The use of different characterization techniques indicates that the two clays studied in this work,
montmorillonite and diatomite, present interesting but different physico-chemical properties. The Mont
displays a laminar crystalline structure with higher micro- and mesoporosity and five-fold larger
iron content than the Diat, which is essentially a non-laminar macroporous clay. The electrochemical
characterization of the clays shows that the Mont exhibits a solid-state Fe?* < Fe®" surface reaction
in HySOy, that can efficiently participate in electron transfer reactions with redox species in solution,
evidencing its electroactive nature. Despite its poor conductivity, the electroactivity of Mont is
attributed to the iron species present in the clay (Fe‘:'ntnt/ Fef;gnt) that are located enough close to,
and therefore can be effectively polarized by, the conducting current collector. On the contrary, the Diat
has been found to be non-electroactive and cannot transfer electrons.

Through the electropolymerization of EDOT in the presence of PSS, clay/PEDOT-PSS hybrid
materials, with a homogeneous polymer distribution and effective clay-polymer interaction, were
prepared. The hybridization with PEDOT-PSS improves the electroactivity of the clays, so that it
enhances the electron-transfer kinetics on Mont and it converts Diat into electroactive. Although the
overall response of both hybrids is governed by PEDOT-PSS, it has been found that the nature
of clay affects the electropolymerization efficiency and the electrochemical activity of the hybrids.
Thus, the higher voltammetric currents measured for the Mont/PEDOT-PSS hybrid, compared to
Diat/PEDOT-PSS, are assigned to the larger surface area, microporosity, laminar structure and/or
electroactivity inherent to Mont clay.

Finally, the present work demonstrates that the clay/PEDOT-PSS hybrids exhibit diclofenac
oxidation capability and diclofenac concentration sensitivity. Accordingly, and although optimum
oxidation conditions (potentials, currents, etc.) and material stability must be further investigated,
the observed electron transfer and oxidative response may be considered interesting and
promising for the potential application of clays and clay hybrids in different environmental
electrochemical applications.
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