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Abstract

The possibility of the electrochemical promotion of different solid-to-solid
transformations including the performance of successive cation and anion insertion
processes has been tested using malachite green, a triphenylmethane dye, in contact
with aqueous NaCl electrolyte. Electrochemical data using the voltammetry of
microparticles methodology reveal significant differences with the solution phase
electrochemistry of the dye. Voltammetric data, combined with atomic force
microscopy, focusing ion beam-field emission scanning electron microscope, and high-
resolution field emission scanning electron microscopy permits characterizing the
oxidative dissolution, oxidation with anion insertion, reduction with cation insertion and
reduction with anion issue processes whose thermochemical aspects, involving separate

ion and electron transport contributions, are discussed.
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Introduction

Electropreparative procedures have received attention for their capability to produce
‘clean’ and highly selective syntheses with high yields." Although, in general, the
reagents and products are in solution, there are examples of electrosynthesis yielding
polymeric films®* and solids.>” The scope of solid electrosynthesis was enhanced by
the development of the voltammetry of immobilized particles (VIMP), a solid-state
technique, by Scholz et al.2° based on the abrasive attachment of solid nonconducting
particles to an inert electrode, typically graphite, in contact with a suitable electrolyte.
Successive reviews'™* have described the stages in expanding of this technique, with

particular emphasis on its analytical capabilities.’

Using the VIMP methodology, Inzelt'® studied the oxidative dimerizations and
polymerizations of solid diphenylamine attached to platinum and gold electrodes while
Bond et al. studied solid-to-solid transformations in 7,7,8,8-tetracyanoquinodimethane
(TCNQ) under different conditions.’” More recently, Marken et al. expanded these
methodologies using electrocatalytic strategies incorporating redox mediators in the

18-21

solution phase, and revised the perspectives of three-phase junctions in

electrochemistry and photoelectrochemistry.?

The most significant fraction of VIMP processes dealing with electrosynthesis is those
consisting of the solid-to-solid transformations where an ion-permeable solid attached
to an inert electrode is electrochemically reduced or oxidized to a second solid. For
reasons of charge conservation, these processes involve the coupled transfer of charge-
balancing cations or anions from/to the electrolyte and electrons from/to the base
electrode. A typical example is Prussian blue and other hexacyanometallates, where
different cations can occupy interstitial positions within the solid phase.??* In the
electrochemistry of organic solids in contact with aqueous electrolytes, protons act as a
charge-balancing species so that reduction/oxidation processes can produce significant

modifications in the covalent bonding and/or intermolecular hydrogen bonding.?%%’

Recently, Scholz et al.?®® studied the difference between the voltammetric and
potentiometric responses of a tungsten bronze electrode, concluding that while in

voltammetry, ion insertion/release phenomena under potentiometric ion transfer



conditions parallels that occurring in glass electrodes.”®* As a result, a separation
between the electronic and ionic contributions to the Gibbs energy can be
achieved,?®3132 prompting the experimental determination of thermochemical properties
for single-ion solvation using membrane-modified  liquid-liquid interfaces,®
micro/nanoholes,* and triple-phase boundary measurements at microdroplets immobilized

on electrode surfaces,* among other procedures.

There are, however, relatively few studies in which the structural changes occurring in
these processes are studied at the nanoscopic scale, and the production mode of the solid
product appears to be determined by different factors so that the new solid can segregate

37,38

forming inclusions in the parent solid phase,® yield bilayered structures or form

new solids, clearly differing in the morphology and crystal size.***

The purpose of the current work is to study both the thermochemical and structural
aspects involved in the solid state electrochemistry of malachite green (MG). This is a
member of the triphenylmethane dyes and is widely used as a dye in

photoelectrochemical applications*™*

whose low solubility in water suggests the
possibility of a flexible promotion of different solid-to-solid transformations and, in
particular, testing the possibility of successive cation and anion insertion processes
within the same series of electrochemical turnovers. Accordingly, voltammetry and
open circuit potential measurements, coupled with controlled potential electrolysis of
MG in contact with aqueous NaCl solutions, were monitored by atomic force
microscopy (AFM) coupled to VIMP, focusing ion beam-field emission scanning
electron microscope (FIB-FESEM), high-resolution field emission scanning electron
microscopy (HRFESM-EDX), and attenuated total reflectance-Fourier transform

infrared spectroscopy (ATR-FTIR).

Experimental

MG (Fluka) was used. Voltammetric and open circuit potential experiments were
performed at 298+1 K in a three-electrode cell using a CH 720c potentiostat (Cambria
Scientific, LIwynhendy, Llanelli UK) with an MG-modified graphite working electrode,
a platinum wire auxiliary electrode and an Ag/AgCIl (3M NaCl) reference electrode in



contact with NaCl aqueous solutions in concentrations between 0.01 and 1.0 M.
Electrode modification was carried out by lightly pressing 2 mm diameter graphite bars
(Faber-Castell, HS pencil leads) over a thin layer of MG powdered on the plane surface
of an agate mortar. After applying of different potential inputs, the working electrode
was separated from the electrolyte, rinsed repeatedly but smoothly with water and dried
in air. Then, the remaining dye particles were mechanically separated with the help of a

scalpel.

The energy dispersive X-ray microanalysis was performed in trenches with a high
resolution field emission scanning electron microscope (HRFESM-EDX) Zeiss (Orsay
Physics Kleindiek Oxford Instruments) model GeminiSEM 500 with an Oxford-
Instrument X-ray microanalysis, which was controlled using the Aztec software. A
voltage of 5 kV and a working distance of 6-7 mm were applied. The ZAF method was
followed to correct the inter-elemental effects in the semiquantitative microanalysis. A
100 s counting time was used. Secondary electron images and X-ray spectra were

obtained in cross-sections. The latter were acquired in the spot mode.

The surface analysis runs to characterize the micromorphology and variations in the
elemental composition on the surface and sub-surface of the MG particles were carried
out by performing trenches using a field emission scanning electron microscope coupled
to a focused ion beam Zeiss (Orsay Physics Kleindiek Oxford Instruments), model
Auriga compact equipment. The operating conditions were 30 kV voltage and current
intensities 500 YA and 20 nA in the FIB to generate the focused beam of Ga ions. The
Ga beam impacts perpendicularly on the plane of the vertical wall of the trench by
tilting the stage 54° from where the MG grain was placed. A voltage of 2 kV was used
in FESEM to acquire electron images. For protecting the surface of the gold object
during application of the Ga beam, the area where the trench was performed was first

coated with 300 nm Pt layer in an 8x10 pum area.

In situ AFM-monitored electrochemical experiments were performed using a multimode
AFM (Digital Instruments VEECO Methodology Group, USA) with a NanoScope llla
controller and a J-type scanner (max. scan size of 150x150x6 um). MG particles were

transferred to a carbon plate by pressing the plate (1x1x0.2 cm) over a thin layer of MG



particles (ca. 100 mg) extended over an agate mortar (see also*). The topography of the
samples was studied in contact mode. An Olympus oxide-sharpened silicon nitride probe
(VEECO Methodology Group, model NP-S) was used with a V-shaped cantilever

configuration. The spring constant is 0.06 N/m and the tip radius of curvature is 5-40 nm.

ATR-FTIR spectra of samples and reference materials were obtained using a Vertex 70
Fourier transform infrared spectrometer with an FR-DTGS (fast recovery deuterated
triglycine sulphate) temperature-stabilized coated detector. The number of co-added scans
was 32. The resolution was 4 cm™. In coupled VIMP and ATR-FTIR experiments,
different constant potential inputs were applied to MG deposits on a 5 mm diameter
graphite electrode in contact with 0.10 M NaCl for 10 min. After this, the electrode was
repeatedly rinsed with water and dried in air. Then, a set of microcrystals were

separated with a microscalpel and transferred to the ATR window.

Results and discussion

Voltammetric pattern

Figure 1 compares the CV responses of a ca. 0.30 mM solution of malachite green in
1.0 M NaCl aqueous solution and a microparticulate deposit of the dye on a graphite bar
in contact with 1.0 M NaCl. In positive-going potential voltammograms, the MG
solution (Figure 1a) displays successive anodic signals at 0.56 (A;) and 0.79 V (Ay). In
the subsequent cathodic scan, only one reduction peak at 0.16 V (C3) was recorded,
preceded by weak shoulders at ca. 0.70 (C,) and 0.50 V (C;). These signals were
followed in the second anodic scan by an oxidation peak at 0.28 V (A3), defining an

essentially reversible couple C3/Az at a 0.22 V equilibrium potential.

The voltammogram of the solid deposit in contact with 1.0 M NaCl solution is depicted
in Figure 1b. Here, oxidation peaks at 0.65 (A;) and 0.88 V (A) appear in the initial
anodic scan voltammogram accompanied, in the subsequent cathodic scan, by a main
cathodic signal at 0.28 V (C,4) coupled with a main oxidation signal at 0.35 V (Ay), thus
defining a voltammetric pattern differing from that recorded for MG in solution. Three
replicate measurements were performed for solid-state voltammetry using renewed
microparticulate deposits of MG in each. Since the amount of solid cannot be accurately
controlled, the variation in peak currents ranges between 10% and 20% while the

dispersion of peak potentials reached values between 5 and 30 mV.



The differences between the voltammetric responses in solution and solid-state
increased in repetitive voltammetry on restricting the potential range between 0.60 and
—0.20 V vs. Ag/AgCl where, as shown in Figure 2a, only one reversible couple Cs/As3
was recorded in solution in contrast with the three couples at equilibrium potentials of
0.35 (C4/As), 0.22 (C3/A3), and 0.07 V (Cs/As) at with MG-modified electrodes (Figure
2b). This voltammetry differed in the position and relative height of the peaks on
varying the concentration of NaCl, a feature characterizing the solid-state

electrochemistry of ion-insertion solids.**™*°

The solution-phase electrochemistry of MG can be interpreted, following the

literature, ***

in terms of multistep oxidation resulting in the formation of a
hydroxylated form through Process A;. This species is reversibly reduced to the
hydroxylated leuco form via the C3/As couple but can also be irreversibly oxidized via

the Process A, to a dihydroxylated species, as shown in Figure 3.

The significant differences between the solution-phase and solid-state voltammetry of
MG suggest that genuine solid-state processes occur (although accompanied, to some
extent, by solution-phase processes due to the small fraction of MG that is dissolved in
the time scale of the voltammetric experiment). To interpret voltammetric data, it is
pertinent to note that in solids permeable to both cations and anions, the reduction
processes can consist of the ingress of electrons coupled to the entrance of electrolyte
cations or the issue of anions from the solid to the electrolyte. Similarly, the oxidation
processes can involve the release of electrons and the issue of cations or the ingress of
anions to/from the electrolyte. The crucial point for the purposes of this work is to
elucidate the effective occurrence of potential-driven ion insertion processes. This

requires the use of nanoscopic techniques coupled with electrochemical measurements.

Nanoscopic features

To test the occurrence of these processes in MG electrochemistry, a series of
experiments was performed, applying a sequence of constant potential steps to
microparticulate MG deposits on graphite electrodes and recovering the solid particles
remaining at the electrode. The optical microscopy images of an MG deposit on a

graphite electrode in contact with 0.10 M NaCl obtained during the application of a



sequence of potentials mimicking the voltammograms in Figure 1 is provided as
Supplementary Information, Figure S.1. The initial deposit looks like irregular light
blue crystals. After application of a 0.50 V potential for 5 min, the deposit appears as
aggregates of smaller and irregular greenish crystals. The colour change suggests that
the parent MG experienced solid-to-solid transformation as a result of the redox process
while the apparent decrease in crystal size would be consistent with the appearance of
some oxidative dissolution, as discussed in detail below (vide infra). The subsequent
application of a -0.25 V potential step for 5 min changes the morphology and colour of
the grains, now appearing as dark grey irregular crystals without an apparent size
change. This situation can be ascribed to a ‘pure’ solid-to-solid transformation. Finally,
further application of a 0.25 V potential for 5 min yields several black irregularly
rounded features superimposed to dark grey irregular aggregates of crystals, thus
suggesting the formation of segregated structures growing in the vicinity of the original
grains. These features suggest troubled crystalline transformation that can be interpreted

(vide infra) as a result of multilayer solid-to-solid generation.

AFM monitoring the application of the same sequence of potential inputs to a
microparticulate deposit of MG on a graphite plate revealed parallel morphological
changes. Figure 4 depicts the topographic images of a grain of malachite green in
contact with 0.10 M NacCl before (a) and after application of successive potential inputs
of b) 0.50, c¢) —0.25, d) 0.25 V vs. Ag/AgCI for 5 min each. In the initial oxidative step,
the size of the MG crystal becomes laterally narrowed (marked by the dotted arrow in
Fig. 4b) while the region in contact with the graphite is enlarged (continuous arrow in
Fig. 4b). These features suggest that the initial MG oxidation can follow a dual pathway
involving an oxidative dissolution simultaneous to solid-state, ion-assisted oxidation

(vide infra).

In contrast, the subsequent application of a cathodic input at —0.25 V vyields an
engrossment of the crystal. A new crystalline phase appears (marked by an arrow in Fig.
4c), suggesting that a solid-to-solid transformation with segregation of a new phase
takes place. This last phase disappears when an anodic input of 0.25 V is subsequently
applied. The gross base region maintains its volume (Fig. 4d), thus suggesting that the

previous process can be reversed.



Monitoring the sequence of oxidative and reductive potential inputs using FESEM/EDX
confirms the entrance of electrolyte charge-balancing ions during electrochemical runs.
The most relevant data correspond to the transition from the first oxidized form,
obtained by application of an oxidative step at 0.80 V, to its reduced form, obtained by
applying a subsequent reductive step at —0.25 V. As shown in Fig. 5, where a,b) show
EDX spectra and c,d) show FESEM images of the corresponding grains. The EDX
spectrum recorded after the first oxidative step shows a clearly marked Cl peak, thus
denoting that chloride ions have entered in the MG crystal. After the subsequent
cathodic step, the EDX spectrum shows the presence of Na, in agreement with the
expected insertion of Na* ions into the solid accompanying the solid-state reduction

process.

This is in agreement with the theoretical expectations derived from the model of Lovric,
Scholz, Oldham and co-workers on the electrochemistry of ion-insertion solids.*®>*
Here, the electrochemical reduction (oxidation) of a solid able to be permeated by
electrolyte ions has to be accompanied, for reasons of charge conservation, by the
ingress of cations (anions) from the electrolyte or, alternatively, by the issue of mobile
anions (cations) from the parent compound. Accordingly, EDX data in Fig. 5 denote
that Process A; maintains or increases the Cl content of the parent MG solid and that

Process C, involves the ingress of Na* cations from the electrolyte.

In turn, FIB-FESEM experiments to obtain the secondary electron images on MG grains
during different steps along the aforementioned sequence of potential steps after
performing a 10 x 10 um trench with a square cross-section and 10-15 pum depth, also
provided relevant information on the solid-state transformation during electrochemical
turnovers. Fig. 6a shows the FESEM images of an MG crystal after applying of the
initial oxidative step at 0.80 V. Here, one can see the appearance of ca. 100 nm long
crystal bars deposited over the rough surface of the crystal. The image of the trench in
Fig. 6b shows a uniform cross-section. In contrast, after application of a cathodic
potential step at —0.25 V (Fig. 6¢), the cross-section of the trench shows an upper layer
clearly differing from the uniform deeper region, thus suggesting that there is phase

segregation accompanying the reductive process. Remarkably, the subsequent



application of an oxidative step at 0.25 V results in a comparable two-phase featured
trench section now accompanied by voids in the inner layer, as can be seen in Fig. 6d.

The aforementioned sequence of solid-state electrochemical processes was also
monitored by ATR-FTIR, as described in the Experimental section. Representative
infrared spectra are depicted in Figure S.2 of Supplementary Information, corresponding
to a deposit of MG crystals a) before and after application of successive potential inputs
for 10 min at b) 1.0 V and ¢) —0.5 V in contact with 0.10 M NaCl aqueous solution. The
relevant features to underline are: i) the N=H band at ca. 1700 cm™* disappears after the
initial oxidative step and ii) only very weak O-H bands at ca. 3400 cm™ are recorded
and remain essentially unchanged after electrochemical runs. These features suggest
that the redox processes in solid-state do not follow the same pathway as those in

solution; in particular, it appears that there is no formation of hydroxylated leuco forms.

Electrochemical pathways

To rationalize these features, there is need to consider the possibility of at least two
types of electrochemical processes affecting microcrystalline deposits: i) reductive or
oxidative dissolutions in which a soluble product is formed and ii) solid-to-solid
transformations, often involving the segregation of different crystalline phases.

First, the initial oxidation of microparticulate MG deposits can be described in terms of
the competing superposition of two pathways. The first involves oxidative dissolution
with the formation of a hydroxylated oxidized form in solution with the subsequent

repetition of the solution-phase electrochemistry shown in Figure 3.

The second consists of solid-to-solid transformations due to the ingress/issue of
electrolyte counterions from/to the electrolyte coupled to electron transfer processes
through the particle-base electrode interface, following the general scheme theoretically
described by Lovric, Scholz, Oldham and co-workers.**>3 Since, according to ATR-
FTIR data, there is no formation of hydroxylated species, one can hypothesize that
solid-state redox transformations are initiated by a one-electron oxidation involving the
ingress of chloride ions, consistent with the SEM/EDX data in Figure 5. The subsequent

application of a cathodic input determines the appearance of Process C, that, as judged



by FESEM/EDX data in Figure 5, consists of the coupled entrance of Na* ions from the
electrolyte and electrons from the base electrode to form a solid, segregated as a new
solid phase, as seen in the AFM data in Figure 4 and FIB-FESEM data in Figure 6. This
process would compete with the solid-state reduction involving the release of chloride
ions from the solid, which can be assigned to the cathodic signal Cs. These pathways are

shown in Figure 7.

Detailed examination of electrochemical data, however, suggested the existence of a
more complicated scenario. First, experiments on repetitive voltammetry resulted in a
clear difference between the signals corresponding to the oxidation of solid MG and the
couple Cs/As. Figure 8a compares the variation of the peak current (ip) with the scan
number for the signals A, and Cs. This variation is monotonically decreasing for A, but
looks like at least two differently decreasing regions for Cs. This last situation parallels
that described by Kaluza et al.?* on studying the solid-solid EC’ TEMPO
electrocatalytic conversion of diphenylcarbinol to benzophenone where two successive
kinetic features appeared. Consistently, the peak potential for signal C; shifts negatively

in successive scans but does not show a uniform variation.

Thermochemical aspects
According to the reaction scheme depicted in Figure 7, the couples C4/A; and Cs/As

correspond, respectively, to the reversible electrochemical processes:

{MG?*2(CI)}soiig + Na'sq + €~ = {MG"(Na")2(Cl)}saia (1)
{MGZ+2(C|_)}so|id +te > {MG+(C|_)}so|id + Cl_aq (2)

Under conditions of electrochemical reversibility, the respective midpeak potentials,
Emp(C4/A4) and Emp(Cs/As) can be expressed as:

a‘ 2+ — a. +
Emp (C4/A4) = E°4E+%In {MG ™" 2(CIN)} "Na 3)
a{MG*(Na*)z(Cr)}
a' 2+ -
Em (Cs/A;) = E°5E+£InM (4)
F a a
{MG*(CI")} CI”
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In these equations, E%g and E°%g represent the formal electrode potentials of the
respective couples and a; the thermodynamic activity of the J-species. In these
processes, a layer of the corresponding reduced form is formed in the crystals of the
parent MG form so that, under conditions of open circuit potential (OCP) measurements,

interfacial equilibria:

{MG+2(C|7)}so|id+ Na*aq 4 {MG+(Na+)2(Cr)}solid (5)
{MG2(CN)}sotic — {MG"(C)}sotis +Clag  (6)

should occur. These equilibria can formally be represented as the combination of the

processes described by Egs. (1) and (2) and the electron transfer process:
{MG*2(CN}swia +€ > {MG2(CIN}oia  (7)

whose corresponding Nernst equations are:

a_. ...
E, = £9,+ X1 Jtve'zc) (®)

a{MG €y

with E° being the formal electrode potentials of the couple. Combining the above

equations, the OCP potentials will be:

a 2+ - a. +
EOCP(C4/A4)=E°4E_EOI+E|n ;MG 2(CI")} Na )

{MG* (Na*)2(CI" )}

a_
EOCP(CS/AS) = EOSE_EO|+EInM (10)

a{MG*(CI’)} cr

In solutions containing a large concentration of Na* or CI~, the activities of the MG-
based species in Egs. (9) and (10) can be taken as essentially constant and equal to one
so that the differences between the En, and Eocp potentials become independent of the

electrolyte jon: %332
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Emp (CA/AA) - EOCP (C4/A4) = E%—E® (11)

Emp (CslAs) - Eocp (Cs/As) = EOSE_EOI (12)

Notice that the measured OCP’s also contain the potential of the reference electrode, the
potential drops at the base electrode/{MG*2(CI")}sia and either the
{MG*2(CIN)}soiic {MG*(Na")2(CI)}sois and {MG*2(CI)}soiic/ {MG*(CI")}s0iia  inter
faces. All these potentials will remain constant during all measurements and, hence, can

be omitted here.

Experimental data for the variation of the open circuit potential (Eocp) with time are
depicted in Figure 8. After application of a constant 1.0 V potential input for 5 min, the
OCP reaches an initial value of ca. 0.7 V which decreases with time and tends toward a
limiting value of 0.40 V. The successive application of potential inputs at 1.0 and 0.35
V for 5 min each, results in an initial OCP of ca. 0.36 V tending to a limiting potential
of 0.24 V. If a —0.25 V potential step is applied, the OCP varies from ca. —0.10 V to a
limiting value of —0.01 V. Accordingly, both Eqnp(Ca/As) — Eocp(Ca/As) and Emp(Cs/As)
— Eocp(Cs/As) are equal to 80 mV, confirming the theoretically predicted difference
between mid-peak voltammetric potentials and open circuit potentials in ion
insertion/release electrochemical processes. The corresponding curves showing the rate
OCP variation with time, AEocp/At, are shown in Figure 8b, clearly showing the

common tendency to zero at times near 5 min.

The ion-insertion scenario
The solid-state electrochemistry of MG in contact with aqueous NaCl can be viewed
within the context of redox-driven solid state transformations. Cation insertion to form

I 39,40,54-56
"

M-TCNQs has been extensively studied by Bond et a while examples of anion

insertion on heteropolymetallic clusters bearing ferrocenyl groups® >

and bisferrocenyl-
functionalized pseudopeptides® have been reported. Finally, proton insertion/de-
insertion is involved in the solid-state electrochemistry of several organic compounds

such as azobenzene,” 2-mercaptobenzoxazole,® and dyes,?® among others.?’

The data reported here clearly suggests that the electrochemistry of MG in chloride

media presents, a peculiar case of oxidative dissolution and cation- and anion-assisted

12



processes. In particular, reduction with cation insertion is accompanied by the
competing reduction with anion issue. From a mechanistic view, the studied system
appears to differ from the electrochemical generation of M-TCNQs, where a first step of
nucleation at the triple-phase particle/base electrode/electrolyte is followed by fast

60,61

growth Kinetics, or the oxidation of 2-mercaptobenzoxazole where adsorption to

form supra-monolayer coverage appears to be involved.®

The initial oxidation of MG crystalline deposits via the partial oxidative dissolution and
solid-to-solid transformation with chloride insertion is shown in Figure 9a. The
coexistence of both processes is consistent with AFM and SEM images in Figures 4 and
5. The subsequent application of cathodic inputs to the remaining solid determines the
forms of a layer of reduced solid via Na' ion insertion which segregates from the
original crystal, as shown in Figure 9b. Interestingly, SEM images do not show the pore

%859 or intercalation features'®?

formation observed in other systems. Repetitively
cycling the potential scan, as shown in Figure 2b, slowly modified the voltammetric
profile, thus suggesting the formation of successive differently Na*- and Cl -enriched
layers in the MG crystals, as illustrated in Figure 9. Conjointly considered, the reported
solid-state electrochemistry of MG provides a versatile scenario for cation- and anion-

insertion electrochemistry that opens possible new electro-synthetic routes.

Conclusions

The solid-state electrochemistry of malachite green (MG) in contact with NaCl aqueous
electrolytes was used to test the possible potential-driven promotion of different solid-
to-solid transformations in ion-insertion solids, including the performance of successive
cation and anion insertion processes. This electrochemistry clearly differs from the
electrochemistry of the dye in the solution phase. The occurrence of oxidation with
anion insertion, reduction with cation insertion and reduction with anion issue and the
formation of segregated phases were also monitored using coupled AFM-VIMP and
FIB-FESEM-VIMP experiments and were confirmed by HRFESM-EDX-VIMP
experiments at the nanoscopic scale. Voltammetric and open circuit potential data are
consistent with a theoretical thermochemical model describing such electrochemical

processes in terms of separate contributions of ion and electron transport.
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Figures

Figure 1. CVs of: a) ca. 0.30 mM solution of MG in 1.0 M NaCl aqueous solution and
b) a microparticulate deposit of the dye on a graphite bar in contact with 1.0 M NaCl.
Potential scan initiated at —0.20 V vs. Ag/AgCI in the positive direction; potential scan
rate 50 mV s .

Figure 2. 2" and subsequent potential scans recorded in CVs of: a) ca. 0.30 mM
solution of MG in 1.0 M NaCl aqueous solution and b) a microparticulate deposit of the
dye on a graphite bar in contact with 0.10 M NaCl. Potential scan initiated at —0.20 V vs.
Ag/AgCI in the positive direction; potential scan rate 50 mV s™'. Semi-derivative
convolution of data was applied to increase peak resolution.

Figure 3. Electrochemical pathway proposed to describe the solution-phase
voltammetry of MG in NaCl media.

Figure 4. Topographic AFM images of an MG grain on a graphite plate in contact with
0.10 M NaCl aqueous solution a) before and b-d) after application of successive
potential inputs of b) 0.50, c) —0.25, d) 0.25 V vs. Ag/AgClI for 5 min each.

Figure 5. a,b) EDX spectra and c,d) FESEM images of MG grains. a,c) after application
of an oxidative step at 0.80 V and (b,d) after the subsequent application of a reductive
stepat -0.25 V.

Figure 6. FESEM images of; a) a MG crystal after application of a 0.50 V potential for
5 min in contact with 0.10 M NaCl and b-d) the trenches performed by FIB on b) the
above crystal, ¢) an MG crystal submitted successively to 5 min potential steps at 0.50
and —0.25 V, d) an MG crystal submitted successively to 5 min potential steps at 0.50,
—0.25and 0.25 V.

Figure 7. Proposed electrochemical processes for the electrochemical oxidation of
microparticulate MG deposits in contact with aqueous chloride-containing electrolytes.

Figure 8. Time variation of: a) Eocp, and b) AEocp/At for microparticulate deposits of
MG on a graphite electrode in contact with 1.0 M NaCl after application of a 1.0 V
potential input for 5 min (black), and after application of successive constant potential
steps for 5 min each at 0.35 (olive green) and —0.25 V (green), and after application of
10 potential cycles between 0.35 and —0.25 V at 50 mV s™* (red).

Figure 9. Pictorial representation of the solid-state electrochemical processes for MG

crystals in contact with aqueous 0.10 M NaCl. a) Oxidative/reductive dissolution; b)
cation or anion assisted solid-to-solid transformation.
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