Int. J. Electrochem. Sci., 16 (2021) Article 1D: 210517, doi: 10.20964/2021.05.52

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Short Communication
Effects of TisC,Tx nano-sheets (MXenes) on the microstructural

and electrochemical properties of SnO,/Ti anodes

Sergio Gonzalez-Poggini®, Andreas Rosenkranz!, Bo Wang?, Samuel Hevia®, Jinhong Yu?,
Melanie Colet-Lagrille!”

! Department of Chemical Engineering, Biotechnology and Materials, Faculty of Physical and
Mathematical Sciences, Universidad de Chile, Beauchef 851, Santiago, Chile

2 Key Laboratory of Marine New Materials and Related Technology, Zhejiang Key Laboratory of
Marine Materials and Protection Technology, Ningbo Institute of Material Technology & Engineering,
Chinese Academy of Sciences, Ningbo 315201, People’s Republic of China

3 Instituto de Fisica y Centro de Investigacion en Nanotecnologia y Materiales Avanzados, Pontificia
Universidad Catolica de Chile, Macul, Santiago, Chile

“E-mail: mcolet@ing.uchile.cl

Received: 15 December 2020 / Accepted: 5 February 2021 / Published: 31 March 2021

The effects of the incorporation of TizC2Tx nano-sheets (MXenes) on the microstructure of SnO2/Ti
electrodes and their electro-oxidation catalytic activity for the degradation of methyl red is studied in
this work. MXenes-SnO>/Ti electrodes are fabricated by spin-coating followed by a thermal treatment
under ambient atmospheric conditions using a solution containing MXene nano-sheets, SnCly, citric acid
and ethylene glycol as precursor. Energy-dispersive X-ray spectroscopy, Raman spectroscopy and X-
ray diffraction analyses of the MXenes-SnO-/Ti electrodes surface indicate the formation of SnO2-TiO>
films with Ti*" ions incorporated into the lattice of SnO, crystals. Cyclic voltammetry curves
demonstrate that the oxygen evolution reaction is restrained by the MXenes-SnO./Ti electrodes, while
the methyl red electro-oxidation is enhanced — with kinetics following a pseudo-first-order model —
compared to the performance of (pure) SnO2/Ti electrodes. These results suggest that oxygen vacancies
are formed in the crystal lattice of MXenes-SnO./Ti electrodes, which act as charge carriers and increase
the electrical conductivity of SnO. as confirmed by the lower charge transfer resistance of MXenes-
SnO./Ti electrodes determined by electrochemical impedance spectroscopy analysis.

Keywords: 2d materials; TisCoTx nano-sheets; anodic oxidation; SnO.-based electrodes; water
treatment

1. INTRODUCTION

In recent years, electrochemical advanced oxidation processes (EAOPs) have received
considerable attention for wastewater treatment. EAOPs are based upon the electrochemical in-situ
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production of highly reactive hydroxyl radicals (*OH), which non-selectively react with a large variety
of organic molecules thus degrading even extremely recalcitrant compounds [1,2]. In this context,
various metal oxide-coated anodes have been studied for anodic oxidation of pollutants in wastewater
exhibiting excellent electrocatalytic activity. Among these, SnO,-based anodes have shown a high
electrocatalytic activity for the generation of hydroxyl radicals that, together with their affordability and
easiness for fabrication, makes them a promising alternative to conventional EAOPs anode materials
such as boron-doped diamond, IrOz and RuO.. Different approaches have been employed to increase the
catalytic activity of SnO,-coated anodes, including their doping with metals/non-metals atoms, different
fabrication techniques and the incorporation of interface layers of other metal oxides [3]. Additionally,
previous studies have revealed the importance of the crystalline structure of SnO2-based anodes on their
electro-oxidation performance. For instance, the insertion of Sb and Nb dopants in the structure of SnO>
considerably enhanced the lifetime of Ti/SnO. anodes. Furthermore, the conductivity has been
significantly improved with the incorporation of dopants such as Sb and fluoride ions [4,5].

TisC2Tx nano-sheets (MXenes) correspond to a new class of layered 2d materials, which have
been identified as promising co-catalysts for applications such as environmental remediation, batteries
and supercapacitors, due to their high surface area and excellent electronic conductivity [6,7]. MXenes
are composed of early transition metal carbides/nitrides (Ti carbides in the case of this work), usually
produced by selectively removing the A layers from Mn+1AXn phases, for which M stands for an early
transition metal, A is mainly a group 1A or IVA (i.e., group 13 or 14) element, X represents C and/or
N, and n is equal to 1, 2 or 3. The thermal treatment of MXenes in oxygen atmospheres generally leads
to the formation of anatase and rutile TiO2 nano-crystals [8,9], which may be interesting for catalytic
applications [10,11]. Recent studies have shown the potential of MXenes-based electrodes for water
splitting and hydrogen production; particularly, the combinations of TizC>-MXenes with MoSez or Ni-
Fe have demonstrated high catalytic activity and durability during electrochemical water splitting [12—
14]. To the best of our knowledge, neither the effects of the incorporation of MXenes on the SnO>
microstructure nor the performance of MXenes-SnO>/Ti electrodes in electrocatalytic applications have
been reported yet.

Consequently, this work addresses: (i) the surface characterization of stable MXenes-SnO;
electrodes fabricated by spin coating of a precursor solution on Ti substrates, and (ii) the effects of the
incorporation of MXenes to the SnO2/Ti electrodes nanostructure on their electrocatalytic activity for
the oxygen evolution reaction and the electro-oxidation of methyl red.

2. EXPERIMENTAL

2.1. Synthesis of TisC2Tx nano-sheets (MXenes)

TisAlC,-powder purchased from FORSMAN SCIENTIFIC Co. Ltd. (Beijing, China) was used
to synthesize multi-layer TisC2Tx nano-sheets. Therefore, 10 g of the TisAlC>-powder were immersed
under stirring in 100 mL of a 40% hydrofluoric acid solution (24 hours at room temperature). The
prepared suspension was subsequently washed using deionized water until reaching a pH above 6 and,
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afterwards, centrifuged to separate the powder sections. Finally, the washed powder was filtered under
vacuum conditions and dried at room temperature for 24 hours in a vacuum oven.

2.2. Characterization of the as-synthesized MXenes

The quality of the synthesized MXenes was studied by high-resolution transmission electron
microscopy (HR-TEM, Tecnai F20, FEI) using an acceleration voltage of 200 kV. The surface chemistry
and surface terminations of the nano-sheets were investigated by Raman spectroscopy and X-ray
diffraction (XRD). Concerning Raman spectroscopy (Alpha 300 RA, Witec), an excitation wavelength
of 633 nm, a grating of 300 g mm™ and 10% of the maximum laser intensity were used. The spectra
were collected using an integration time of 4 seconds and 256 accumulations. The phase analysis was
done in a powder diffractometer using a Bragg-Brentano configuration (PANalytical Empyrean)
operating at 40 kV and 40 mA with CuK, irradiation (A = 0.15406 nm). The diffraction angle (2 Theta)
was swept from 5 to 65°. The step size was 0.026° and the dwelling time at each measuring point was
1396.89 seconds.

2.3. Preparation of MXenes-SnO> precursor solution

MXenes-SnO2/Ti electrodes were fabricated by spin coating of Ti substrates using a precursor
solution prepared by the method proposed by Pechini [15]. The precursor solution was prepared by
dissolving 1.89 g of citric acid (CsHsO7, Sigma-Aldrich, 99.5% purity) in 3.4 mL of ethylene glycol
(C2HeO2, Merck, 99.5% purity) at 60 °C. Afterwards, the citric acid solution was heated to 90 °C and
529 mg of tin chloride (I1) (SnCl2-2H20, Merck, 98.0% purity) were added to the aforementioned
solution. The solution was stirred until reaching the complete dissolution of the precursors. After having
cooled down to room temperature, 6 mg of MXenes were added to the mixture to obtain the MXenes-
SnO; precursor solution.

2.4. Fabrication of MXenes-SnO- electrodes

For the fabrication of MXenes-SnO2/Ti electrodes, Ti plates (99.8% purity) with dimensions of
1 cm x 1.5 cm x 0.5 mm were pre-treated by polishing their surface with emery paper in successive grits
of 600, 1500 and 2000. The polished substrates were consecutively cleaned in acetone, ultra-pure water
and absolute ethanol. Afterwards, the precursor solution was ultrasonically stirred for 20 minutes and
the Ti plates were modified by adding 40 pL of the precursor solution onto their surfaces and spin coating
the samples at 3000 rpm for 1 minute. Each electrode was dried at 70 °C for 10 minutes before applying
the next layer. Every 5 layers, the electrodes were thermally treated in a Nabertherm LHTCT 01/16 box
furnace at 400 °C for 10 minutes, following the subsequent procedure: using a heating rate of 5 °C min™!
the temperature was increased to 130 °C and samples were kept at this temperature for 30 minutes to
remove water; afterwards, the temperature was increased to 250 °C and maintained for 10 minutes to
eliminate organic materials leading to the formation of the metal oxide films; finally, the temperature
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was increased to 400 °C and maintained for 10 minutes. At the end of this process, the furnace was
switched off and left to cool down naturally with the electrode samples inside. The coating cycle was
repeated 8 times to achieve a total number of 40 layers. During the final cycle, electrodes were
maintained at 400 °C for 2 hours to ensure the formation of metal oxides.

2.5. Characterization of the MXenes-SnO electrodes

The surface morphology of the electrodes was characterized by scanning electron microscopy
(SEM), which was performed using a FEI microscope (Quanta 250 FEG). The chemical composition
was analysed by energy-dispersive X-ray spectroscopy (EDX) using an acceleration voltage of 20 kV.
The crystallinity of the electrodes was characterized by grazing angle XRD analysis (Bruker D8 Advance
diffractometer) with Cux, radiation (A=0.15406 nm) and working at 30 kV / 40 mA in a scanning angle
(2 Theta) range from 20 to 80° with a step size of 0.02°. Raman spectra were collected at room
temperature (LabRAM HR Evolution) using an excitation wavelength of 633 nm within a Raman shift
between 200 and 900 cm,

2.6. Electrochemical performance of the MXenes-SnO: electrodes

The electrocatalytic behaviour of the MXenes-SnO; electrodes was studied by cyclic
voltammetry, methyl red (MR) electro-oxidation and electrochemical impedance spectroscopy (EIS)
experiments using a Gamry Reference 3000 potentiostat/galvanostat/ZRA. To this end, it was used a
three electrodes system consisting of a 100 mL jacketed glass cell, the fabricated MXenes-SnO, anodes
as working electrodes (with a geometric area of 1 cm?), a platinum wire as counter electrode and an
Ag/AgCI (3 M KCI) reference electrode?. Cyclic voltammetry experiments were performed using 50 mL
of a0.1 M sodium sulfate (Na2SOs, Merck, 99.0% purity) solution as electrolyte at constant 25 °C, along
with 10 mg L™ of methyl red as required. For each electrode, it was used a potential range between its
open circuit potential and 1.7 V at a scan rate of 25 mV s with a step size of 10 mV. All measurements
were repeated at least three times to confirm the reproducibility of the results.

For the electrocatalytic degradation experiments, 50 mL of a 10 mg L™* methyl red (C15H15N30x,
Merck), 1 M sulfuric acid (H2SO4, Merck) and 20 mM sodium sulfate (Na2SOs, Merck) aqueous solution
were used as electrolyte. The degradation of methyl red was performed for 5 hours under potentiostatic
conditions, applying a constant potential of 2.5 V to the working electrode while keeping the temperature
constant at 25 °C. Samples were taken every 60 minutes to measure the concentration of methyl red in
the electrolyte using an UV-visible spectrophotometer (Agilent 8553 UV-visible spectrometer) at
Jmax=517 nm. The fraction of dye degradation (C+/Co) was calculated using equation (1):

_ Abs,
Abs,

(1)

C./Co

where Abso and Abst are the electrolyte absorbances at to (initial absorbance) and t, respectively.

L Al the potentials presented in this work are referred to this electrode, unless noted otherwise.
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For EIS measurements, a potential of 2.5 V was applied to the working electrode with a
perturbation signal with 10 mV AC amplitude. Frequencies analysed were between 100 kHz and 0.1 Hz
in 50 mL of a 10 mg L* methyl red (C1sH1sN3O2, Merck), 1 M sulfuric acid (H2SO4, Merck) and 20 mM
sodium sulfate (Na2SOa, Merck) electrolyte.

3. RESULTS AND DISCUSSION

3.1. Characterization of the as-synthesized MXenes
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Figure 1. (a) HR-TEM micrograph, (b) TEM-EDX spectrum, (c) Raman spectrum and (d) XRD pattern
of the as-synthesized MXenes

Error! Reference source not found.a shows an HR-TEM micrograph of the as-synthesized
MXenes, which reveals their regular multi-layered structure having a layer distance of about 0.828 nm.
The TEM-EDX analysis presented in Error! Reference source not found.b confirms that titanium,
carbon, oxygen and fluorine are the main chemical elements present in TisC2Tx nano-sheets. The multi-
layered MXene nano-sheets contain about 80-100 layers with x-y-dimensions in the order of a few
microns (between 1.5-2 microns). Negligible traces of aluminum (0.3 wt.%) were found, which stem
from the original MAX-phase. The Raman spectrum depicted in Error! Reference source not found.c
shows pronounced peaks at 125, 212 and 701 cm, as well as broad peaks around 285, 376 and 600 cm”
! These vibrations can be directly associated to TizC20z, TisCoF2 and TisC2(OH), [16-19]. This is
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confirmed by the peaks observed in the XRD pattern shown in Error! Reference source not found.d,
which can be also associated with the same surface terminations, namely -O, -F and -OH groups [18].
The most dominant peaks — located at fairly low diffraction angles — can be assigned to hydroxyl (-OH)
terminations, followed by less pronounced -F and -O contributions. The occurrence of these terminations
verified by Raman spectroscopy and XRD can be traced back to the aluminum etching process using
concentrated HF. A complete characterization of the as-synthesized MXenes can be found in previous
work [20].

3.2. Characterization of the MXenes-SnO: electrodes

3.2.1. SEM and EDX analysis

Error! Reference source not found. shows SEM micrographs of the surfaces of the MXenes-
SnO: electrodes. As can be seen in Error! Reference source not found.a, (pure) MXenes/Ti electrodes
present a rather rough surface with no clear sign of MXenes on it. In contrast, Error! Reference source
not found.b shows that (pure) SnO2/Ti electrodes exhibit delamination of the SnO- layers, which may
be connected to the high number of coated layers on the Ti plate (40 layers). As can be seen in Error!
Reference source not found.c, the addition of MXenes to the SnO. coating (MXenes-SnO>/Ti
electrodes) has a significant impact on the electrodes surface topography, since an irregular and fine
“mud-cracks” morphology can be observed. This “mud-cracks” morphology is characteristic of
thermally prepared coatings on titanium substrates — due to different thermal expansion coefficients of
the film and titanium [21] — and favours the electrodes catalytic activity, increases their electroactive
area and enhances their corrosion resistance [21,22]. The elemental mapping obtained showed a uniform
distribution of all the elements on the substrate surfaces (Error! Reference source not found.d).

Figure 2 SEM micrographs of (a) MXenes/Ti, (b) SnO2/Ti, (c) MXenes-SnO2/Ti and (d) EDX elemental
mapping of MXenes-SnO,/Ti electrodes

The chemical composition of each electrode surface, determined by EDX, is summarized in
Error! Reference source not found.. Regarding the Ti content, it decreases consistently for SnO»/Ti
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and MXenes-SnO>/Ti, which can be associated with the more regular surface morphology observed in
the SEM micrographs for MXenes-SnO>/Ti electrodes. This also could explain the slight differences in

the contents of carbon and tin in the samples.
Table 1. Chemical composition of MXenes/Ti, SnO2/Ti and MXenes-SnO»/Ti electrodes determined by

EDX analysis.
EDX value / wt.%
Electrode Ti 0 C sn
MXenes/Ti 68.60 29.12 2.28 -
SnOyTi 15.15 13.18 2.04 63.63
MXenes-SnOy/Ti 2.19 11.06 2.30 84.45

* the elemental mapping of the electrodes surface showed a uniform elemental distribution on it

3.2.2. Raman spectroscopy

Since MXenes-SnO; electrodes are thermally treated at 400 °C at the final fabrication stage under
ambient atmospheric conditions, it can be expected that MXenes are partially or completely oxidised to
TiOz rutile nano-crystals [8,9]. This decomposition was confirmed by thermogravimetric analysis of the
synthesized MXenes in air (between 25 and 500°C using a NETZSCH TG 209 F1 Libra apparatus) and
Raman spectroscopy analysis of the MXenes-SnO electrodes. Error! Reference source not found.
summarizes the Raman spectra obtained for MXenes/Ti, SnO2/Ti and MXenes-SnO>/Ti electrodes. For
the MXenes/Ti electrodes, the assignment of the Raman bands can be ascribed to a TiO> rutile phase,
formed on the surface of the Ti substrate during the thermal treatment, with peaks at 447 and 612 cm™,
which correspond to the Eqg and A1 vibration modes of TiOz, respectively [23].
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Figure 3. Summary of the measured Raman spectra of MXenes/Ti, SnO2/Ti and MXenes-SnO/Ti
electrodes

Regarding the SnO2/Ti electrodes, it is important to point out that SnO> crystallizes with a rutile
structure, which belongs to the centrosymmetric group D;; . Therefore, this solid is expected to present
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three main vibration modes (A1g, B2g and Eg) in the Raman spectra with frequencies for solid single
crystals located at 634, 776 and 475 cm'?, respectively [24,25]. As mentioned before, the main bands of
TiO; are located at 447 and 612 cm™*, which implies that the SnO; rutile peaks are positioned at similar
frequencies. The presence of SnO; on the surface of SnO2/Ti electrodes as a separated phase could be
perceived as a shift in frequency of the peaks associated with Aig and Eqg modes of TiO> rutile. Moreover,
it is worth to mention that this frequency shift can also result from suboxidic mixtures or an increase of
disorder due to Sn ions doping the TiO. structure [26,27]. A detailed inspection of the spectrum obtained
for the SnO/Ti electrodes reveals the appearance of a considerably broad peak centred at 502 cm™,
which can be ascribed to the A2, mode of SnO> [25]. Together with the presence of bands corresponding
to the B2y and Eu2 modes of SnO; present at 760 and 688 cm™, respectively, this result suggests that SnO
appears as a separate crystalline phase instead of metal ions doped into the TiO> lattice. This supports
the premise of the bands assigned to SnO2 being overlapped with the crystalline plane of TiO> [28].
Additional peaks can be observed at low frequencies, which could be attributed to vibrational modes of
oxygen vacancy-related defects [29].

Concerning the effect of the incorporation of MXenes into the structure of SnO2/Ti electrodes, it
can be seen that TizC2Tx nano-sheets exert an effect on the frequencies of the fundamental vibrations in
the MXenes-SnO>/Ti electrode (Error! Reference source not found.). A general shift of the vibrational
modes to higher frequencies and a decrease of the intensity of the Eq mode of SnO: (translational) peak
can be observed. The frequencies shift associated with the vibration modes can be related to the
formation of TiO- rutile nano-crystals [8,9], thus generating an increase of the disordered structures and
boundaries in the film. Additionally, the decrease in the intensity of Eq mode of SnO2 may be associated
with the incorporation of Ti cations into the lattice of SnO,. Since Ti** ions (with a radius of 0.68 A) are
slightly smaller than Sn** ions (0.71 A), the bonds of the Ti** ion that replaces Sn** in the lattice of SnO-
are slightly longer than the original bonds thus generating a change in the vibrational mode.

3.2.3. XRD analysis

The XRD analysis of the MXenes-SnO2/Ti electrodes is presented in Error! Reference source
not found.. The diffractogram of MXenes-SnO>/Ti electrodes confirms the presence of the tetragonal
rutile structure of SnO; as a separated phase from TiO, (PDF# 01-072-1147), which presents peaks at
26.75, 33.89, 38.40, 52.04, 54.63, 58,14, 62,08 and 62.96°, corresponding to the (110), (101), (200),
(211), (220), (002), (310) and (221) reflection planes, respectively. Particularly, the peak located at
26.75° associated with the (110) plane is the most intense peak, which suggests the preferred
crystallographic orientation. Additionally, the peaks associated with the rutile TiO> phase (PDF# 01-
087-0710) with strong interference of the Ti metallic substrate can be seen in Error! Reference source
not found. (PDF# 01-089-3725).

In summary, the results of surface characterization of the fabricated electrodes indicate the
formation of a SnO-TiO> film on the surface of the Ti plates with a rough morphology. Furthermore,
the addition of MXenes leads to the formation of TiO: rutile nano-crystals in the films structure and the
incorporation of Ti** ions into the lattice of SnO2 crystals.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210517

Intensity / a. u.

O Sn0,
uTiO,
*Ti

T

..»/ R\JF ll‘@f ¥

Q
il
| =

Ne &
) REAAN

T
30

T T T
50 o0 70

2Theta / Degree

20 40

80

Figure 4 XRD patterns of the MXenes-SnO./Ti electrodes

3.3. Electrochemical performance of the MXenes-SnO, electrodes

3.3.1. Electrocatalytic activity for the oxygen evolution reaction

Electrode materials with a low activity for the oxygen evolution reaction (OER) are greatly
desirable for electrochemical advanced oxidation applications, since the current density efficiency for
water pollutant oxidation processes on the anode surface is reduced by its simultaneous occurrence on it

[30].
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Figure 5 Voltammograms obtained for SnO2/Ti and MXenes-SnO/Ti anodes immersed in 0.1 M
sodium sulfate and MXenes-SnO2/Ti anodes immersed in 0.1 M sodium sulfate along with 10

mg L of methyl red.

Error! Reference source not found. shows the voltammograms obtained for SnO2/Ti and
MXenes-SnO,/Ti anodes immersed in 0.1 M sodium sulfate, which characterize the OER kinetics on
these electrodes. As can be seen, noticeable differences occur between the current densities associated
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with each electrode and a higher current density is observed for the SnO2/Ti electrodes. This result
suggests a lower activity for the OER on the MXenes-SnO>/Ti electrodes compared to that on SnO/Ti
electrodes, which would positively affect the current density efficiency of water pollutant oxidation
processes (see section 3.3.2 for further discussion). Additionally, the voltammogram obtained for
MXenes-SnO/Ti anodes immersed in 0.1 M sodium sulfate along with 10 mg L™ of methyl red shows
no additional peaks compared to the behaviour of the electrodes in the absence of the organic compound.
This indicates that direct electron transfer does not occur at the anode surface, as expected for non-active
electrodes (electrochemical oxidation mediated by hydroxyl radicals) such as SnO./Ti and MXenes-
SnO/Ti anodes [31].

3.3.2. Electrocatalytic activity for the oxidation of methyl red

EAOPs are based upon the generation of highly reactive oxidants, mostly hydroxyl radicals
(*OH) [32]. It is known that the redox reaction for the *OH formation has one of the highest standard
potentials among oxidants: to promote the generation of *OH from the oxidation of water molecules
(reaction (2)) at pH = 0, a potential above EY, Haq/H,0 = 2.59 V vs SHE must be applied [4]. Consequently,
the application of a constant potential of 2.5 V vs Ag/AgCl (3 M KCI) — equivalent to 2.71 V vs SHE —
ensures the formation of free *OH radicals in the electrochemical cell.

+H:

*OH (a0)

(w) e« H,0 (2)
Considering that free *OH radicals are the main responsible for organic degradation at the surface of
non-active electrodes, as it is the case for SnO.-based electrodes, this anodic potential value was
adequate for the purposes of this research work and in addition it is associated to a minimal energy
consumption due to its proximity to the standard potential for water oxidation [31].

The methyl red (MR) degradation curves obtained using the SnO2/Ti and MXenes-SnO/Ti
anodes are shown in Error! Reference source not found.. The fractions of dye degradation (Ci/Co)
measured after 5 hours of treatment (under potentiostatic conditions) are approximately 0.65 and 0.60
for the SnO2/Ti and MXenes-SnO./Ti anodes, respectively. The average current densities measured
during these processes were ca. 6.57 mA cm and 10.26 mA cm2 for the SnO2/Ti and MXenes-SnO/Ti
anodes, respectively. Additionally, the MR degradation kinetics at a constant potential were fitted using
the following pseudo-first-order model:

_m[AbSr): K 3)

Abs,

where Abso is the initial electrolyte absorbance (measured in a 10 mg L' MR aqueous solution
containing 1 M H>SO4 and 20 mM Na2SO4), Abs; is the electrolyte absorbance at time t, and K is the rate
constant for the degradation reaction.
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Figure 6. Methyl red degradation transients obtained using SnO2/Ti and MXenes-SnO2/Ti anodes
(applied potential: 2.5 V vs Ag/AgClI (3 M KCI), counter electrode: platinum wire, electrolyte:
Co=10 mg L of MR in an aqueous solution containing 1 M H2SO4 and 20 mM Na2SO4)

The calculated first-order constants for the MR degradation reaction are 0.085 h'* and 0.101 h*!
(both with a determination coefficient R? = 0.99) for the SnO2/Ti and MXenes-SnO,/Ti anodes,
respectively. The maximum rate constant for MR degradation corresponds to the system with the
MXenes-SnO2/Ti anode, which is 19% higher than the value obtained for the system with the SnO2/Ti
anode. As discussed previously, the incorporation of TizC2Tx nano-sheets to the SnO>/Ti electrode led
to the formation of a Ti-doped SnO; structure, with Ti cations occupying substitutional positions. This
doped structure allows for the generation of oxygen vacancies in the crystal lattice, which act as charge
carriers and increase the electrical conductivity of SnO, [33]. Therefore, it can be inferred that the
enhanced activity of the MXenes-SnO2/Ti electrode for the degradation of MR is related to the increase
in the concentration of charge carriers on the SnO; structure.

3.3.3. Electrochemical charge transfer resistance

The effect of MXenes on the electrochemical behaviour of SnO/Ti anodes during the electro-
oxidation of MR was further studied by electrochemical impedance spectroscopy (EIS) analysis. Fig. 7a
shows the EIS Nyquist plots obtained for SnO2/Ti and MXenes-SnO,/Ti anodes. The spectra were fitted
to the equivalent circuit model in Fig. 7b using the Gamry Echem Analyst software v6.23, applying the
Simplex method in the curve fitting toolbox. This equivalent circuit model has been reported elsewhere
for the electro-oxidation of organic compounds using SnO»-based anodes [34,35], where Rs represents
the solution resistance, Rt is the charge transfer resistance, and CPE is a constant phase element which
describes the double-layer capacitance of the solution-electrode interface (with parameters Y°and a).
The values of the fitted parameters associated with each circuit element are listed in Table 2. The Good
of Fit (GoF) of experimental and simulated data display a value of 7.75-107 and 4.63-10 for SnO,/Ti
and MXenes-SnO>/Ti anodes, respectively. These values suggest that the proposed circuit is suitable for
effective fitting of the experimental data.
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Figure 7. (a) EIS Nyquist plots obtained during the electrochemical degradation of methyl red using
SnO/Ti and MXenes-SnO,/Ti anodes (Co=10 mg L™ of MR in an aqueous solution containing
1 M H2SO4 and 20 mM Na>SOs) and (b) electrochemical equivalent circuit model proposed

Table 2. Fitted parameters for each equivalent circuit element associated with the electrochemical
performance of SnO2/Ti and MXenes-SnO/Ti anodes.

Electrode Rs/ Q Ret/ Q YO/ S-s? a GoF
SnO,/Ti 1.07 780.7 6.98-10° 0.96 7.75-10°8
Mxenes-SnO,/Ti 1.25 406.8 8.83-10 0.98 4.63-103

It is worth to note that EIS data were tested and validated using Kramers-Kronig transforms
(KKTs), obtaining a maximum residual error lower than 0.06% for all experiments. Detailed information
on the formulation of KKTs can be found elsewhere [36,37].

As can be seen in Table 2, the MXenes-SnO./Ti electrodes display a considerably lower (ca. -
50%) charge transfer resistance compared with SnO/Ti electrodes. In addition, the a-values obtained
for the CPE elements suggest an almost pure capacitive behaviour for both SnO2/Ti and MXenes-
SnO>/Ti electrodes, with calculated CPEs of 5.62 uF and 5.15 uF for the MXenes-SnO2/Ti and SnO2/Ti
anodes, respectively. This similarity between the CPE values of both electrodes suggests that they
present comparable specific reaction areas [35,38], which confirms that the incorporation of Ti into the
crystal lattice of SnO, affects primarily the charge transfer resistance (electrical conductivity) of the
SnO»-based anodes as discussed in Sections 3.3.1 and 3.3.2.

4. CONCLUSIONS

MXenes-SnO; electrodes were fabricated by spin-coating of a precursor solution on Ti substrates
and their surface composition and electrochemical behaviour were studied. The surface characterization
of these electrodes suggests the formation of SnO»-TiO; films with presence of TiO; rutile nano-crystals
and Ti*" ions incorporated into the lattice of SnO- crystals due to the thermal treatment of the electrodes
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at 400 °C under ambient atmospheric conditions in the final stages of their fabrication. MXenes-SnO./Ti
electrodes restrained the oxygen evolution reaction and showed enhanced kinetics for the electro-
oxidation of methyl red compared to the performance of (pure) SnO./Ti electrodes, probably due to the
presence of oxygen vacancies in the Ti-doped SnO: structure which decrease by nearly a 50% the
electrodes charge transfer resistance (determined by electrochemical impedance spectroscopy analysis).
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