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Herein we report the characterization of localized corrosion of AZ31B magnesium alloy electrochemically coated with poly(3,4-
ethylenedioxythiophene) (PEDOT) from ionic liquid electrolyte. Several scanning probe techniques including high resolution
electron microscopy, SVET, SECM amperometric detection of H, fluxes, potentiometric SECM detection of local pH and localized
potentiodyanmic measurements were used to evaluate the microstructure of the coating and its corrosion protectiveness. In order to
examine long-term durability of corrosion protection due to the PEDOT coating, these measurements were performed after different
immersion times. It was observed that PEDOT coating appears to lose its protective ability after localized coverage of corrosion
products. The results of this study provide important information considering the interest in this coating for use in biomedical

implants and prior indications of beneficial passivation.
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Replacement of heavy alloy components with light-weight materi-
als is of prime concern for automotive and aerospace manufacturers in
order to reduce the fuel consumption and hence polluting CO, emis-
sions. Magnesium alloys are one of the potential candidates owing
to their excellent physical and mechanical properties such as lower
density, a higher strength-to-mass ratio and a higher vibrational damp-
ing capacity compared to steel and aluminum alloys.! However, the
high corrosion susceptibility is the major drawback preventing more
widespread use of such Mg-based alloys.

The addition of alloying elements, alternate processing technolo-
gies and surface coatings are effective in improving the corrosion
performance of Mg-based alloys.>* Dip coating is particularly attrac-
tive to the automotive industry because of its simplicity, low costs and
great coverage ability.*> Coating processes vary from the widely used
chromate/manganese dip treatment to anodic treatments in fluoride-
containing baths,*’ and are generally considered hazardous to human
health and to the environment.>3 More environmentally sustainable
surface modification processes were identified in conductive polymers
but remain challenging to implement with light metal alloys.’

Conducting polymer films are readily formed by direct electrode-
position onto Pt and Au.'” They have been used for corrosion pro-
tection of structural metal like steel and aluminum with success but
comprehensive investigations for magnesium materials is lacking. The
deposition of conductive polymers onto Mg-based electrodes from
aqueous solutions is generally not feasible because the positive po-
tentials required for electropolymerization concurrently form thick
surface oxide films and lead to copious hydrogen evolution!"!? that
prevent the formation of adherent and continuous conducting polymer
films. '

Room temperature ionic liquids (RTIL’s) are increasingly being
applied in electrochemistry'* and have recently been explored as
solvents for the electropolymerization of conducting polymers.!'3-!
Generally, conducting polymers prepared from ionic liquid solutions
have enhanced electrochemically stability'® compared to their coun-
terparts formed from aqueous solutions. Recently, the electrodepo-
sition of conducting polymer coatings (such as PEDOT) on Mg al-
loys from the RTIL electrolyte (such as 1-ethyl-3-methylimidazolium
bis(trifluoroethylsulfonyl)imide (EMITTFSI™)) has been studied for
use in biomedical implants.'® It has been reported that the TFSI~
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anion of the RTIL leads to the passivation of Mg alloys,'® while
PEDOT displays high chemical and mechanical stability compared
to other polymers.?>?! Although the PEDOT coating from RTIL has
been successfully deposited on a Mg alloy surface previously using
an electrochemical method,'® their corrosion performance is sparsely
reported.'®?? These previous studies reported that PEDOT coated Mg
samples exhibited slower degradation rates compared to that of un-
coated samples.

In the present study, we evaluate the corrosion protection of
PEDOT coating on AZ31B Mg alloy from RTIL electrolyte contain-
ing EDOT monomer and EMITTFSI™ electrolyte. To synthesize the
PEDOT coating on AZ31B, cyclic voltammetry is used based on an
established protocol producing uniform coatings on aluminum alloys
and steel.?** The microstructure of the PEDOT coating was examined
using analytical transmission electron microscopy (TEM) on samples
prepared via the focused ion beam (FIB) in-situ lift-out technique.
The corrosion behaviour of the coated versus uncoated AZ31B was
investigated using localized potentiodynamic polarization (PDP), cor-
rosion potential transients, the scanning vibrating electrode technique
(SVET),?>? and scanning electrochemical microscopy (SECM)?’28
in 0.01 M NaCl solution with variable immersion times.

Experimental

Materials and sample preparation.— The samples for this study
were prepared from commercial AZ31B magnesium alloy sheet
product received from General Motors in the as-cast condition
and machined into 1 cm x 1 ecm x 0.7 cm samples. 3.,4-
ethylenedioxythiophene (EDOT) and 1-ethyl-3-methylimidazolium
bis(trifluoro-methylsulfonyl) imide (EMI*TFSI™, room temperature
ionic liquid, electrochemical grade, 99.5% purity) were purchased
from Sigma-Aldrich. The chemical structures of electrolyte, EDOT
and PEDOT were given in Supporting Information, Figure SI-1. An
aqueous NaCl (ACP, Montreal, QC) solution was made with analyt-
ical grade reagent and deionized water (Millipore MiliQ water 18.2
MS). Micropipette probes were fabricated from a borosilicate glass
capillary with an outer to inner diameter ratio of 1.5 mm to 0.7 mm
and was pulled to a tip with a diameter of ~1 pm, using a P-2000 CO,
laser puller (Sutter Instrument). The Pt microelectrodes (Pt ME) were
prepared by heat sealing a 12.5 wm radius Pt wire in a borosilicate
glass capillary under vacuum followed by further processing to pro-
duce the SECM tips, as described previously.”’ The aqueous solution
for the fabrication of the iridium oxide-coated Pt ME (Pt/IrO,) sensor
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comprised a mixture of 75 mg of IrCly, 0.5 mL aliquot of aqueous 30%
H,0,, 250 mg of hydrated oxalic acid (C,;H,04-2H,0) and K,CO;3
(Sigma-Aldrich). The pH microprobes were fabricated following the
method described previously.® Briefly, a constant current density of
1.5 mA/cm? was applied for 3 minutes in galvanostatic mode. Im-
mediately after deposition, the Pt/IrOy ME was rinsed with distilled
water and dried under a stream of nitrogen, and then placed in a pH 7
universal buffer for 24 hours, a practice which proved to be necessary
in order to reduce potential drifts.>* The response time of the probe
was measured to be 1 second.’! The details of the method are provided
in the supplemental information, Figure SI-2.

Instrumentations and procedures.— Electrochemical deposition
of PEDOT onto one half of the AZ31B alloy surface (while masking
the other half of the surface with tape) was performed using cyclic
voltammetry (CV) in a three-electrode setup with the AZ31B alloy
acting as the working electrode, a coiled platinum wire (0.5 mm di-
ameter) as the counter electrode and a chloridized silver wire (1.0
mm diameter) as the quasi-reference electrode (Ag/AgCl-QRE). The
electrochemical cell was made from polytetrafluoroethylene (PTFE)
with an opening at the center into which the epoxy-mounted AZ31B
alloy working electrode was tightly fitted.*> The working electrode
was polished and cleaned prior to the electrodeposition experiment
according to a previously established procedure.’>* The electrolyte
bath for the electrochemical deposition was prepared by mixing EDOT
and EMI*TTFSI™ to give a 0.1 M EDOT concentration. The electro-
deposition by the CV method involved cycling the potential between
—2.0 and +2 V vs Ag/AgCl-QRE for 30 cycles with a scan rate of
100 mV/s to achieve compact and adherent PEDOT films on the sub-
strate. The potential scan was stopped at —2.0 V such that the PEDOT
film was in its reduced, low conductivity state. PEDOT film formation
using CV produced more uniform films than potentiostatic PEDOT
deposition. The incomplete reduction of PEDOT inherent in potentio-
static deposition could lead to the accumulation of residual oxidized
PEDOT species in the film, which could cause the degradation of the
polymer film.

In order to characterize the surface microstructure after the depo-
sition of the PEDOT layer, we performed analytical TEM on samples
prepared via the FIB in-situ lift-out technique. Two locations were
selected for FIB sample preparation, one entirely within the coated
region and the other at the boundary between coated and uncoated
areas. A Zeiss NVision 40 dual beam (SEM/FIB) system was used for
FIB preparation. TEM analysis was performed on an FEI Titan 80—
300 (S)TEM equipped with an X-ray energy dispersive spectrometer
(XEDS- Oxford, Inca, Si(Li) detector). All TEM measurements were
performed while the sample temperature was maintained at 95 K to
minimize electron beam induced damage.

For micropipettete-based PDP measurements, a small microcapil-
lary probe with a tip diameter of about 1 wm was filled with a 0.01 M
NaCl electrolyte solution. The liquid meniscus of the electrolyte solu-
tion protruding from the end of the pipet was brought into gentle con-
tact with the substrate, where it was held by surface tension. The filled
capillary was connected to a Ag/AgCl-QRE wire reference-counter
electrode, while the wetted area of the substrate defined the working
electrode, thereby forming a conventional two electrode electrochem-
ical cell, and, consequently, a series of PDP curves were measured. To
allow easy positioning of the probe on the sample, the micropipettete
was attached to the SECM positioning stage.

SVET measurements were performed using a Princeton Applied
Research Model 370 Scanning Electrochemical Workstation. The
SVET involves the vibration of a Pt electrode tip (in a direction nor-
mal to the electrode surface) whilst measuring the voltage difference
between the two extremes of the tip’s position. The voltages of the
Pt tip (diameter between 5-50 pwm as specified by the manufacturer)
were measured against a graphite auxiliary electrode. Current density
values were extracted from the voltage difference measurements us-
ing a calibration equation empirically derived from vibrating electrode
measurements of a series of known current densities applied to a gold
electrode (following a similar procedure outlined by Williams et al.>*)

The Pt tip was positioned approximately 100 pm above the AZ31B
surface of interest and scanned across a 6 mm x 6 mm area such
that the interface between the PEDOT-coated half and uncoated half
ran across the centre of the scan area. SVET scans were completed
once every 30 min throughout a 24 hour immersion period in 0.01 M
NaCl. The probe outputs were measured using a series of sweeping
line scans across the scan area with a speed of 200 p.m/s and one data
point collected every 150 wm. The probe was vibrated in the vertical
direction with an amplitude of 30 wm and a frequency of 80 Hz. The
gain of the electrometer was set to 10%, and the full scale sensitivity of
the lock-in amplifier was set to 160 wV. A schematic representation
of the SVET electrode setup is presented in Supporting Information
Figure SI-3.

SECM measurements were performed using an EIProScan 3 sys-
tem (bipotentiostat model PG340, HEKA Electronics, Germany). The
SECM apparatus and procedures were described previously.?®? In
amperometric substrate generation/tip collection (SG/TC) mode of
the SECM, the Pt ME is positioned 10 pm above the surface of the
Mg alloy electrode, while the ME potential is held at —0.05 V vs
Ag/AgCI-QRE such that H, evolved from the Mg electrode was ox-
idized at its tip. The ME current is a measure of the rate of local H,
evolution, and by scanning the ME at the interface between uncoated
and PEDOT-coated AZ31B electrode, an SECM map of H, evolu-
tion activity can be generated. For pH imaging, the variations in the
open circuit potential of Pt/IrO microprobe was measured using a
constant-height SECM in the potentiometric mode. The Pt/IrO, mi-
croprobes were calibrated before and after each SECM experiment
by the sequence of buffer solutions (pH: 1.02, 1.98, 3.51, 5.76, 7.21,
8.03, 10.30 and 12.10). The calibration curve was used to convert the
open circuit potential values to pH. In all experiments, an electrolyte
concentration of 0.01 M NaCl aqueous solution was used. SVET
and SECM measurements were carried out on a coated alloy, while
potentiodynamic studies were performed on individual alloys.

Results

Electrodeposition of PEDOT onto AZ31B.— The electrochemical
behaviour of Mg alloy AZ31B during successive potential scan be-
tween —2 V to +2 V vs Ag/AgCl-QRE, at a scan rate of 100 mV/s in
0.01 M EMI*TFESI™ solution without EDOT monomer was examined
(Figure 1a). The voltammograms presented an anodic wave (4+0.45 V
vs Ag/AgCI-QRE), assigned to the oxidation of the alloy.

During the electrodeposition of PEDOT from 0.1 M EDOT in 0.01
M EMI*TFSI™ solution at the AZ31B electrode, an onset for the ox-
idation of the EDOT monomer is apparent at +0.25 V with a peak
current at +0.45 V during the forward scan of 1** CV in Figure 1b. The
crossover observed in the 1% CV is characteristic of electrode surface
modification related herein to PEDOT polymer formation through a
nucleation and growth mechanism.’ In subsequent cycles, the an-
odic wave observed in Figure la without EDOT remained present
but the magnitude of the peak current is increased by a 100 fold,
consistent with polymer film growth. Continuous CV scans of PE-
DOT electrodeposition on AZ31B surface for 30 cycles was found
to be optimal to obtain a visibly smooth, dark-green PEDOT film.
In contrast with electrodeposition from aqueous solutions onto noble
metal electrodes,'® where the current typically increases with deposi-
tion cycle, the CVs obtained during electrodeposition in EMI* TFSI~
decreased. This could be due to several factors, such as slower EDOT
diffusion to the electrode surface in the viscous ionic liquid, a higher
resistance between the substrate and the surface or in the polymer
due to interphase layers or differences in the polymer structure and
composition.

The mechanism of EDOT electropolymerization (Figure 1c) is
expected to be similar to the electropolymerization process of other
conducting polymers on electrode surfaces.***” The initiation step in-
volves the anodic oxidation of EDOT monomers to radical cations in
the vicinity of the AZ31B electrode. The radical cations form a dimer
that undergoes deprotonation prior to its reoxidation and subsequent
reaction with another radical cation. The process continues until the
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Figure 1. (a) Cyclic voltammetric behavior of AZ31B Mg alloy electrode in an ionic liquid solution of 0.01 M EMITTFSI~. (b) Current-potential curves during
the cyclic voltammetric deposition of PEDOT from 0.1 M EDOT in 0.01 M EMI*TFSI~ solution at a 0.5 cm®> AZ31B electrode. The potential sweep was from
—2Vto+2V vs Ag/AgCI-QRE at a scan rate of 100 mV/s and was initiated at 0 V vs Ag/AgCI-QRE. (c¢) Electropolymerization mechanism of EDOT. (d) Possible

layering of PEDOT on on AZ31B Mg alloy surface.

chain length of the oligomers exceeds the solubility limit of the solvent
and precipitates onto the AZ31B electrode (Figure 1d). The film con-
tinues to grow as more polymer is formed by the continued transport
of electrons from the conductive-polymer electrolyte surface.

Surface characterization of the PEDOT-coated AZ31B.— PEDOT
polymer film deposition was confirmed using IR (Figure SI-4). Con-
sistent with previous report®® the peaks near 830 and 933 cm~! corre-
spond to the vibrations of S-C bonds in polymerized PEDOT chains.
The strong peak at 1722 cm™! is usually associated with the doped
state of PEDOT.

To characterize the surface microstructure of the PEDOT-coated
region, FIB specimens were prepared. In Figure 2, a representative
specimen a fully coated region (Sample #I), and a second representa-
tive specimen the interfacial region between the coated and uncoated
areas (Sample #2) are discussed. The frames in panels (a) and (b) in
Figure 2 show the locations where the two samples were extracted
from, with the final FIB samples imaged by TEM in panels (c) and
(d), respectively. The white layer on top of the two samples is the
protective W layer deposited during FIB preparation. The PEDOT
layer is a porous interlayer between the base AZ31B alloy and the
top protective W layer. It can immediately be observed that in Sample
#1 large Al-Mn particles, around 4 pm in diameter, (see Figure 2a
and supplementary Figure SI-5) protruded with respect to the coated
surface. The vertical distance between the top of the particle and the
underlying alloy surface was approximately 1.4 wm, Figure 2c. At
the interface area, Sample #2, the coated interface was situated lower
than the uncoated interface (referring to the provided guidelines),
which demonstrated that the PEDOT deposition process involved a
recession of the alloy surface, Figure 2d. In areas away from the bare
AZ31B/PEDOT-coated interface, the PEDOT thickness can vary be-
tween 400-600 nm. This divergence at the maximum point, toward
the extreme right side of Sample #2 in panel (d), was approximately

1.2 wm. The gradual shift in the level of recession in the vicinity of
the coated/non-coated interface is possibly due to the coating solution
having penetrated underneath the tape to an extent.

A closer view of the PEDOT coating, Figure 3, shows that this layer
is highly porous with striations present parallel to the alloy surface,
presumably due to the successive deposition of layers. Panel (a) shows
the TEM-Bright-Field (BF) micrograph of the PEDOT coating. Panel
(b) is a higher magnification TEM-BF image of the PEDOT layer,
with the electron diffraction pattern from the same area shown in
panel (c). The diffraction pattern is comprised of three highly diffused
diffraction rings, and an apparently random distribution of diffraction
spots. Experimental diffraction data on deposited PEDOT layers from
RTIL’s are sparse in the literature. Nevertheless, our observation does
not agree with a similarly grown PEDOT layer, reported by Ahmad
etal.,*® where they report deposition of crystalline nano-fibers. We did
not observe any beam-induced degradation, neither in the image nor in
diffraction (as mentioned in the Experimental section, the sample was
kept at 95 K), while examining the PEDOT layer using TEM in our
experimental cryogenic conditions. The circle in panel (c) shows the
location of the objective lens aperture (OLA) for the dark-field (DF)
micrograph shown in panel (d). The PEDOT is uniformly illuminated
in the DF (except for the pores) with small particles also appearing
bright. The composition corresponding to data point #1 in Figure SI-5
is the following: Al 73.89 at.% Mn 21.59 at.% F 4.52 at.%

We also acquired low-loss electron energy EEL spectra from a
similar region in Sample #1 (Figure 4). The frame in the canning
transmission electron microscopy (STEM)-high-angle annular dark-
field imaging (HAADF) image in panel (a) shows the region selected
for spectrum imaging. Panel (b) is the HAADF signal gathered si-
multaneously, and with the same pixel size, as the spectrum image.
The energy-filtered intensity maps from various portions of the EEL
spectra are presented in panels (c) through (f), with representative
spectra from marked locations in panel (g). There is a peak at 5.5 eV
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Figure 2. SEM micrographs of (a) an area of the AZ31B sample coated with PEDOT (Sample #1), and (b) the interface region of the coated and uncoated areas
(Sample #2). The areas marked in panels (a) and (b) show the locations selected for the preparation of the FIB samples. (c) and (d) Scanning transmission electron
microscopy (STEM)- high-angle annular dark-field imaging (HAADF) micrographs of the FIB samples corresponding to areas shown in (a) and (b), respectively.
The image are plan-view SEM micrographs. The orange lines in panels (c) and (d) are simple reference guides to the eye to mark the original surface or the alloy

surface following PEDOT deposition.

associated with the alloy/PEDOT interface. The origin of this peak
is currently unknown, but could be correlated to surface Zn enrich-
ment (detected by XEDS, Supplementary Figure SI-6, and previously
observed in similarly corroded alloy systems.***!) The intensity map
corresponding to ~17 eV, Figure 4e, highlights the Al-Mn particles
(this value for E, of AlsMns phase was previously reported®). It is
observed that these particles are scattered both within the alloy and
within the PEDOT coating, Figure 4e. The size distribution of these
particles observed here is comparable to the ones observed in the DF
micrograph in Figure 4b. XEDS confirmed that these particles are
indeed of Al-Mn type: the results of which are presented in the Sup-
plementary Figure SI-6. EEL spectra #4 (inside the PEDOT coating,
green curve in Figure 5g) shows a broad peak centered around 22
eV. XEDS data from the PEDOT layer (Supplementary Figure SI-6)
shows that this layer contains C, O, Mg, Al, Si, S, and CI. Of these
elements, C, O, and S belong to the chemical structure of PEDOT.
The Mg and Al signal confirms our earlier observation regarding the
receding alloy surface. The C signal intensity is surprisingly low given
that this layer is essentially a polymer.

Evaluating the corrosion properties of AZ31B-coated with
PEDOT.—PDP measurements.— Micropipettete-based PDP curves
of the uncoated and PEDOT-coated AZ31B alloy were measured after
30 minutes and 24 hours contact of the sample with 0.01 M NaCl
solution (contact area of 2.16 wm?). The schematic of micropipettete-
based PDP measurements is described in the Experimental section
and is shown in Figure 5a. The PDP curves were measured at least ten
times in a given area and the representative PDP curves are displayed
in Figure 5b.

Figure 5b reveals the responses of uncoated AZ31B (after 30 min-
utes (1) and 24 hours (2) of immersion) and PEDOT-coated AZ31B
(after 30 minutes (3) and 24 hours (4) of immersion). The 30 min-

utes and 24 hours immersion times herein correspond to the amount
of time the drop was in contact with the substrate. Overall, there
is a marked reduction in corrosion current density ., for PEDOT-
coated AZ31B (icor = (3.6 + 0.4) x 107° A/cm? after 30 minutes
and after 24 hours) compared to that of uncoated AZ31B (icorr = 0.8
+ 0.2 A/cm? after 30 minutes and (1.4 & 0.8) x 1072 A/cm? after 24
hours). The cathode reaction on the PEDOT-coated surface is under
mass transport control. Therefore, the i ., remained the same after 24
hours for the PEDOT-coated AZ31B implies that the limiting current
density has been attained. It can also be seen that a shift in corrosion
potential (E.o;) to more positive values for PEDOT-coated AZ31B
(Ecor = —0.9 £ 0.2 V after 30 minutes and —0.3 & 0.1 V after 24
hours immersion) compared to that of uncoated AZ31B (E o = —1.5
=+ 0.1 V after 30 minutes and —1.4 £ 0.2 V after 24 hours immersion).
By comparing curve 1 to curve 3, and curve 2 to curve 4, it seems
like the PEDOT coating drastically reduces the anodic and cathodic
reaction rates, relative to corrosion current. The decrease in anodic
and cathodic reaction rate for PEDOT coated sample may be due to
the PEDOT acting as a physical barrier impeding mass transport of
Mg*? ions, as discussed later.

On the other hand, the increase in cathodic reaction rate of PEDOT
coated sample after 24 hours immersion compared to 30 minutes
immersion may be attributed to: (i) the fact that the Mg alloy surface
naturally becomes more cathodically active during corrosion,*'*? (ii)
the increase in the pH which lead to precipitation of a more protective
Mg(OH), layer (see below), and (iii) the increased immersion time
allowed further penetration of the electrolyte through the pores in the
PEDOT coating, and thus increased the ability of Al-Mn particles to
sustain the H, evolution reaction. This could explain why the E,, shift
was much more dramatic for the PEDOT coating, since the uncoated
AZ31B has a much thinner surface film, and thus a smaller number
of Al-Mn particles embedded available in a given surface area.
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Figure 5. (a) Schematic illustration of the micropipettete based technique.
The capillary containing 0.01 M NaCl electrolyte solution and Ag/AgCI-QRE
quasi-reference/counter electrode has to be lifted from the surface and reposi-
tioned after each measurement. (b) Representative PDP curves for the uncoated
AZ31B (after 30 minutes (1), after 24 hours (2)) and PEDOT-coated AZ31B
(after 30 minutes (3), after 24 hours (4)).

It should be noted here that the cathodic and anodic reaction rates
measured on the PEDOT-coated surface may have only originated
from defects in the coating, as opposed to uniformly across the entire
meniscus contact area. Therefore the measured current densities may

not be an accurate representation of the bulk reaction rates on the
Figure 3. (a) Low magnification TEM-BF micrograph showing the PEDOT PEDOT-coated surface.
layer. (b) TEM-BF micrograph of the PEDOT layer at a higher magnification.
(c) Electron diffraction pattern from the area imaged in panel (b). (d) DF
micrograph corresponding to the OLA position marked in panel (c).

To determine at which point in time the surface passivity break-
down occurred on the PEDOT-coated AZ31B sample, we measured
the E,, transients of the isolated coated and uncoated surfaces (Fig-
ure SI-7). It has been reported that the Mg passivity breakdown can
be identified by local maximum in the E, transients.’*** The E;
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Figure 4. (a) STEM-HAADF image of the PEDOT layer in Sample #1. The area marked was used for low-loss EELS imaging. (b) HAADF signal with the pixel
size selected for SI-7. (c)-(f) energy-filtered intensity maps of various energy ranges of the low-loss EEL spectra. (g) Representative EEL spectra from marked
regions of the surface layer.
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Figure 6. SVET plots and scan area images of the AZ31B sample at various times after immersion in 0.01 M NaCl solution. In each of the plots and scan area
image, the PEDOT-coated side is located on the left half and the uncoated side is located on the right half.

transient for the uncoated AZ31B readily shows the onset of the film
breakdown (local maxima observed at about 2 hrs, Figure SI-7), but
the E.,, transient for the PEDOT-coated AZ31B does not show an
obvious breakdown point in 24 hour immersion experiments.

SVET measurements.—Representative SVET plots recorded during
immersion of the AZ31B sample in 0.01 M NaCl solution are pre-
sented in Figure 6. Corresponding images of the scan area are also
provided alongside the SVET plots. In each of the plots and scan
area images, the PEDOT-coated side is located on the left half and
the uncoated side is located on the right half. In the first SVET scan
(completed after 30 minutes of immersion), cathodic currents were
predominantly observed on the PEDOT-coated half while anodic cur-
rents were predominantly observed on the uncoated half (Figure 6a).
This resultis expected based on the PDP curves presented in Figure 5b,
since the E, difference between the uncoated and PEDOT-coated.
The cathodic current densities were uniform across the entire PEDOT-
coated half with an average value of —0.1 A/m?. On the uncoated half
of the alloy, the detected anodic currents became larger as the probe
moved further away from the interface between the PEDOT-coated
and uncoated sides. The maximum anodic current density was 0.3
A/m?. A relatively intense local cathode with a peak current density
of —0.5 A/m? was also observed on the uncoated half of the speci-
men, which may have corresponded to a large Al-Mn or Al-Mn-Zn
particle.!!

Localized corrosion was initiated after approximately 2 hours of
immersion (Figure 6b). While the first corrosion locations initiated

on the uncoated half, it propagated such that corrosion regions were
soon observed on both the PEDOT-coated and uncoated sides (Fig-
ures 6b,6¢). Intense local anodes with peak current densities of up
to 2 A/m? were detected (Figures 6b—6f), which is consistent with
previous observations.*? After 12 hours, moderate cathodic currents
(average current density of —0.1 A/m?) were observed in the wake
of the corrosion regions on the uncoated half (Figure 6d, top right
corner). This is also consistent with previous observations, and has
been proposed to occur as a result of Al-Mn particles left behind in the
corroded regions due to preferential dissolution of the a-Mg phase.*?
After 18 hours, moderate cathodic currents (average current density of
—0.2 A/m?) were also observed in the wake of the corrosion locations
on the PEDOT-coated half (Figure 6e, top left corner). The cathodic
current densities detected above these regions were greater in magni-
tude than those initially observed on the PEDOT-coated half (Figure
6a), demonstrating that the corrosion regions on the PEDOT-coated
half also became cathodically activated. After 24 hours, significantly
reduced cathodic currents (average current density of —0.08 A/m?)
were observed above the aged corrosion regions, which is again con-
sistent with previous observations.*> Upon further examination of
Figures 6e,6f, the initially observed electrochemical differences be-
tween the PEDOT-coated and uncoated sides of the specimen (Fig-
ure 6a) appeared to be eliminated after significant coverage of both
sides by the corrosion products. The SEM characterization of the
PEDOT-coated AZ31B surface after 22 hours of immersion in 0.01 M
NaCl solution shows breakdown of the PEDOT layer and formation
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Figure 7. (a) Schematic side view of an amperometric SECM set-up. The maps of SECM tip currents for detection of Hy evolved at the interface between
uncoated and PEDOT-coated AZ31B (b) after 30 minutes and (c) after 24 hours immersion in 0.01 M NaCl aqueous solution. The Pt ME was biased at —0.05 V
vs Ag/AgCI-QRE and placed 10 pm from the surface using shear force distance control. The image acquisition required 30 minutes. (d) Calibration curve
correlating the open circuit potential of Pt/IrOx microprobe to the pH of buffer solutions. The pH maps measured with Pt/IrOx microprobe operated in constant
height potentiometric mode of SECM: (e) after 30 minutes and (f) after 24 hours immersion in 0.01 M NaCl.

corrosion products underneath any remaining PEDOT film on the
surface (Supporting Information, Figure SI-8c,d).

SECM imaging of local fluxes of H, evolution.—To characterize the
difference in H, evolution fluxes from uncoated and PEDOT-coated
AZ31B, the SECM SG/TC mode was employed, as schematically
illustrated in Figure 7a. Figure 7b and ¢ shows the SECM maps of H,
detection currents at Pt ME (25 wm diameter) for a scan area of 500
pm x 500 wm across the interface of uncoated and PEDOT-coated
AZ31B surface ((b) after 30 minutes and (c) after 24 hours immersion
of the sample in 0.01 M NaCl solution). Under these experimental
conditions, the maximum current of H, oxidation measured at Pt ME
over uncoated AZ31B surface was about 8 nA (after 30 minutes) and
100 nA (after 24 hours), while that of the PEDOT-coated AZ31B is
about 3 nA (after 30 minutes) and 20 nA (after 24 hours). Furthermore,
the H, evolution activities have also been probed by recording Pt ME
CVs and approach curves over the isolated uncoated versus PEDOT-
AZ31B surfaces (Supporting Information, Figure SI-9 and 10). All
these measurements suggested that H, being evolved not only from the
uncoated AZ31B, but also from the PEDOT-coated AZ31B surface.
After 30 minutes of immersion, higher ME currents for H, detec-
tion was observed over the uncoated AZ31B side (Figure 7a). This
result may seem to contradict with the result of the SVET measure-
ment after 30 minutes of immersion (Figure 6a); however, it should
be emphasized here that the local detection of H, evolution cannot be
directly correlated to local cathodic currents. This is because the rate
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of H, evolution on Mg-based alloys increases not only as a function
of cathodic polarization, but also as a function of anodic polarization
(known as the negative difference effect.!') Therefore, the larger ME
currents observed on the uncoated AZ31B side after 30 minutes likely
reflected the larger anodic currents that were detected with SVET.
From the SECM map in Figure 7b, it is possible to notice a hetero-
geneous ME current mainly on the uncoated side, which was likely
associated with the differences in the distribution of intermetallic par-
ticles where the H, evolution rate is locally different. After 24 hours of
immersion, localized regions of intense ME currents (Figure 7¢) were
detected, which we suspect were reflective of the NDE associated
with the intense anodic currents detected by SVET (Figures 6b-6f).
This can be explained based on the in situ scan area images recorded
during SVET measurements which show the formation of H, bubbles
from the propagating fronts of the corrosion regions.** Therefore,
after 24 hours immersion, the intense ME current observed do not
necessarily correspond to Al-Mn particles, but may correspond to an-
odic peaks that were similarly observed in the SVET measurements.
It should also be noted that the SECM measurements generally had
better spatial resolution than the SVET measurements, which could
explain the discrepancies between the sizes and spatial distribution
of the SECM-detected intense ME currents (Figure 7c) compared to
the SVET-detected intense anodic currents (Figures 6b—6f). Intense
H, activity related to active corrosion fronts, appears to be anodic
hydrogen.
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SECM imaging of local pH distribution.—The pH microprobe fabri-
cated in this work was calibrated using eight buffer solutions ranging
from pH 1.02 to 12.10, before and after SECM measurements. A typ-
ical open circuit potential versus pH calibration curve for the Pt/IrOy
microprobe is shown in Figure 7d. A slope of —63.4 mV/pH with
a correlation coefficient of 0.9886 was obtained for the as-prepared
pH microprobe. After performing a series of measurements, recali-
bration yielded a slope of —63.9 mV/pH with a correlation coefficient
of 0.9874. The stable slope of the calibration curve during the course
of the experiment allowed direct pH determination from the initial
calibration curve.

To map the pH change near the surface of PEDOT-coated
AZ31B/bare AZ31B couple during corrosion in 0.01 M NaCl solu-
tion, we implemented potentiometric mode of SECM. Prior to adding
electrolyte solution, the pH probe was positioned 10 pm above the
surface of the sample using shear force distance control mechanism.?
Then the solution was added and the open-circuit potential of the sen-
sor was monitored by laterally scanning the sensor in constant height
at a scan speed of 2 wm/s with a lateral resolution of 20 wm over an
area of 600 pm x 600 pm. Figures 7e and 7f show the SECM im-
ages of pH profiles near the surface at the interface between uncoated
and PEDOT-coated AZ31B after 30 minutes and 24 hours immersion
in 0.01 M NaCl solution, respectively. After 30 minutes immersion
(Figure 7e), pH measured near uncoated AZ31B were more alkaline
than that measured near PEDOT-coat AZ31B with maximum pH val-
ues of 9.3 and 8.7, respectively. For the sake of comparison, the pH
values in the bulk 0.01 M NaCl solution in the absence and presence
of AZ31B alloy substrate were also measured and found to be 6.7 and
8.0, respectively, indicating that average pH value of bulk solution in
the presence of AZ31B sample was more alkaline than that measured
without the AZ31B electrode. The increase in pH at the corroding
AZ31B surface appears to be due to the low solubility of Mg(OH),.

After 30 minutes immersion (Figure 7e), resolved cathodic ac-
tivity of individual intermetallic particles (light blue locations on
the pH map) can be observed at the interface on the PEDOT-
coated side, which is consistent with the Zn-enrichment found at the
uncoated/PEDOT-coated interface by the TEM analysis (see above).
On the uncoated AZ31B side, the pH values were relatively uniform
across the surface with an average value of 8.7. Resolving the local-
ized activity on the pH maps would depend on the size and distribution
of the intermetallic particles, as well as on the size of the pH micro-
probe. Therefore, the observation of relatively uniform pH (a sea of
green region) in the pH map of uncoated AZ31B side implies that the
particles were too fine and too closely congregated to be individually
resolved by the size of the pH microprobe used. However, there are
some locations with more cathodic behavior on the uncoated side (red
locations of Figure 7e), perhaps in these locations the intermetallic
particles are larger. After 24 hours immersion (Figure 7f), the overall
pH value near the uncoated/coated AZ31B interface increased and the
pH difference between the PEDOT-coated side and uncoated side is
reduced compared to 30 minutes immersion test.

Discussion

Owing to the high reactivity of Mg alloys, a surface adsorbed
film can form upon immersion of Mg alloy in RTIL. For example,
recently Forsyth et al.'” reported the formation of up to 100 nm
thick surface film upon exposure of pure Mg to an ionic liquid based
on bis(trifluoroethylsulfonyl)imide TFSI™ anion. In the case of no-
ble metals, the formation of surface adsorbed EDOT layer was also
commonly observed (e.g. when Au is in contact with EDOT solu-
tion). Hence, prior to electrodeposition, one can expect the formation
of multilayered films composed of adsorbed TFSI~ anions, EDOT
molecules based on thiophene-sulfur interaction with the Mg alloy,
and the native oxide/hydroxide films.

During electrodeposition of PEDOT on AZ31B, performed by
successive oxidation of 0.1 M EDOT monomer using CV in 0.01
M EMITTFSI™ electrolyte solution, the TFSI™ anions are generally
acknowledged as dopants.* The electropolymerization occurs by way

of two mechanisms: polymer-adsorption and surface-propagation.*®
The former involves a solution process wherein the polymers and/or
oligomers formed in the solution precipitate on the electrode surface,*’
while the later involves propagation of the polymer on the electrode
surface.*® The electrpolymerization of conducting polymer on Mg
alloys electrode is generally thought to proceed through a polymer-
adsorption favored mechanism.'$3

The resulting PEDOT containing film is porous based on the SEM
results (Figure, SI-9 (a, b)). The elemental analysis from the PEDOT
layer shows C, O, F, and S. We also detected Mg and Al-Mn inter-
metallic particles within the deposited layer. The analysis of TEM-
Bright-Field (BF) micrograph in panel (a) of Figure 3, shows that
moving away from the base alloy, the size of the pores gradually de-
creases. This is consistent with the previous report, that postulated
the structure or morphology of the PEDOT film contains two types
of coexisting zones: a compact and an open structure.*® The film can
develop tensile stress as it grows, resulting in expansion of the lower
layers. The TEM analysis of the bulk of the coating layer further sug-
gests the formation composite film of MgO/Mg(OH), and PEDOT
(Figure 4).

To evaluate the corrosion protection conferred by the PEDOT elec-
trodeposited layer, we considered its ability to either anodically protect
the Mg alloy or its effective use as a physical barrier layer.** Unlike
anodic protection observed in conducting polymer coated stainless
steels,* which display a passivation zone upon anodic polarization,
PEDOT coated Mg alloys confer a limited corrosion protection due to
the barrier effect. Indeed, the PEDOT coating reduces the rate of the
anodic and cathodic reactions on AZ31B (shown by the localized PDP
curves). The cathodic reaction kinetics also seem to increase on the
PEDOT coating as a function of immersion time (shown by localized
PDP curves), which may be due to penetration of the electrolyte into
the pores of the PEDOT coating, reaching the Al-Mn particles. The
pH maps also reflect the level of cathodic activity on each surface,
since the cathodic reaction (2H,O + 2e~ — H, + 20H") causes an
increase of the local solution pH. Therefore, we can see from the pH
maps that the cathodic reaction rate increases on the PEDOT coating
as a function of immersion time, since the pH difference between the
PEDOT-coated side and uncoated side is reduced after 24 hours.

Although the PEDOT coating reduced the rate of uniform corrosion
(demonstrated by the reduction of i, from the PDP measurements),
it did not appear to suppress the propagation of localized corrosion
locations. In the SVET measurements, corrosion regions initiated on
the uncoated side and spread to the PEDOT-coated side. These results
were corroborated by the SECM experiments where the intense H,
evolution fluxes observed over the PEDOT-coated surface after 24
hours correspond likely to the heads of the propagating corrosion
filaments.

Conclusions

A conducting polymer PEDOT coating has been electrodeposited
on AZ31B magnesium alloy from ionic liquid by cyclic voltammetry.
As a result of ionic liquid as electrolyte, the alloy corrosion during
PEDOT electrodeposition is minimized and produces relatively uni-
form PEDOT coatings. Localized PDP studies of isolated uncoated
and coated samples showed the PEDOT coating reduces the rate of the
anodic and cathodic reactions on AZ31B. The SVET, amperometric
SECM and potentiometric SECM measurements revealed an initial
difference between the electrochemical behaviors of the uncoated and
PEDOT-coated AZ31B alloy. However, this difference appeared to
be nullified after significant coverage by localized corrosion regions.
This is because the diffusion of corrosive species (such as CI") can
cause a gradual damage of the passive layer on the AZ31B substrate
and subsequent initiation and propagation of localized corrosion will
result in the failure of the corrosion protection of the PEDOT coating.
This is a valuable study for the community considering the initial in-
terest in PEDOT coating of Mg alloy for use in biomedical implants
and potential claims of beneficial passivation.
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