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Strong Negative Difference Effect (NDE) is present on Mg alloys in [mPEG,MPyr]ClO4-H,0 and [BMPyr]AcO-
H,0 but not in [MPEG,MPyr]AcO-H,0 mixtures. The role of [mPEG,MPyr] " and its synergy with AcO™ in water-
ionic liquids mixtures were characterized combining surface analysis by ToF-SIMS, surface and solution analysis
by vibration spectroscopies and molecular dynamics simulations. The NDE was explained by the “free” water
phase formation when Mg?*-ions expel water initially H-bonded with AcO". Oxygen atoms of [mPEG,MPyr]* can
bond the released water, inhibiting the NDE. Water transport can be reduced by a condensed film, formed by

[mPEG,MPyr]* and AcO™ coordinated with Mg?* and AI**.

1. Introduction

The control of Mg reactivity is essential for multiple applications
(engineering, biomedicine, energy storage, etc...) [1-3], because its
poor corrosion resistance and high electrochemical reactivity define the
life time of the devices. In aqueous electrolytes, corrosion of Mg is
usually described as occurring via at least three parallel processes:
anodic dissolution (reaction 1), cathodic hydrogen evolution reaction
(HER) (reaction 2) and precipitation of corrosion products (reaction 3)
[4].

anodic dissolution : Mg = Mg*t + 2e~ (€))
cathodic water reduction : 2H,O +2e~ = H,1 +20H" 2)
corrosion products precipitation : Mg*" +20H~ = Mg(OH),| etc. 3

While following the theory of electrochemical kinetics, i.e. the
Butler-Volmer equation, the rate of cathodic reactions is expected to
decrease exponentially with the increase of the applied anodic potential
[5], Mg alloys in aqueous media exhibit the opposite behavior: HER is
higher under anodic polarization if compared with spontaneous HER at
open circuit potential, E,. [6]. This phenomenon is referenced as
“Negative Difference Effect” (NDE) or “anomalous” Hydrogen Evolution
(HE). The uncontrolled corrosion processes under anodic polarization
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could be particularly harmful for operating of Mg-based energy storage
systems. Formed corrosion products passivate the metallic surface and
increase the anode’s volume. Hydrogen reduction leads to a mass loss,
which is significantly higher than what is calculated by Faraday’s law
for a 2-electron transfer process and, therefore, to the decrease of the
utilization efficiency (UE) of Mg anodes [7].

Numerous models have been proposed to elucidate the NDE in
aqueous electrolytes (see for instance a recent review [8]), however
there is no generally accepted universal theory describing its mecha-
nism. The existing NDE theories include: partially protective surface film
[9], uni-positive MgJr ion [10,11], Mg hydride formation by a chemical
reaction (MgH,) [12,13], particle undermining [14], incomplete film
containing univalent Mg" ion [15], self-corrosion [16], or cathodic
hydrogen evolution catalyzed by noble impurities, for instance segre-
gated iron at grain boundaries, [17-21] or adsorbed surface species
(Mg*H or Mg*OH) [22].

While the literature is abundant about the NDE in aqueous electro-
lytes, this effect is not discussed in organic electrolytes, such as ionic
liquids (ILs). Usually, ILs consist of organic cations and organic or
inorganic anions and are considered as green solvents with large elec-
trochemical window, high flash point and low vapor pressure [23-25].
ILs seem therefore to be interesting electrolytes for Mg-based energy
storage systems [26]. Corrosion rate of Mg anodes in non-aqueous
electrolytes is usually significantly lower than in aqueous electrolytes
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[27,28], while the electrolyte properties for ILs can be tuned by
combining different cation and anion pairs. In the absence of water both
HE on the anode and its passivation by Mg oxides and hydroxydes are
not expected. Anhydrous electrolytes based on ILs, especially ILs con-
taining etheric groups, were reported to support the most important
reaction of secondary batteries, Mg stripping, with high columbic effi-
ciency [29,30].

Practical employment of anhydrous ILs is however limited due to
their high viscosity and low conductivity (generally, few mS/cm or even
less). Moreover, some ILs are unstable in humid atmospheres. At the
same time, previous studies demonstrated that dilution of several sus-
tainable ILs by small amounts of water can improve viscosity and con-
ductivity without a significant decrease of the electrochemical potential
stability window [31-35], which is expected to increase Mg reactivity.
At the same time, the presence of water can lead to the negative effects
discussed for aqueous electrolytes, such as the NDE. Indeed, extensive
hydrogen evolution on Mg has been reported in some HyO diluted ILs
[36]. The effect however has never been studied in detail. In particular,
the roles of the anion and the cation of the IL as well as the water content
at which HE occurs remain unclear.

In our previous work [37], we have shown that, depending on the
alloy and the IL’s cation, the HE on Mg alloys can be very different for
the water-IL mixtures with relatively high water content (10 wt%). In
the mixture of aliphatically (butyl, -C4Hg) substituted N-methyl-
pyrrolidinium acetate ([BMPyr]AcO) with 10 wt% of H,O, commer-
cially pure Mg (CP Mg) and AZ61 revealed anomalous HE similar to that
observed in aqueous electrolytes. However, the HE under anodic po-
larization decreased on CP Mg and was completely blocked on AZ61 in
poly-etheric ((-O-CHz-CHp-),) substituted N-methylpyrrolidinium ace-
tate ([mPEG,Pyr]AcO) with 10 wt% H20. In both electrolytes Mg(OH)»
was detected after the experiment on CP Mg but not on AZ61 alloy.
Several hypotheses were formulated in this work in order to explain the
particular role of the cation and anion in these electrolytes and the role
of Al alloying for the observed differences in the HE behavior. These
hypotheses, which are verified in the present work, are detailed below.

1. Surface film hypothesis. The most intuitive idea, which could
explain the NDE inhibition inherited from aqueous corrosion, is related
to the modification of the metallic surface via formation of adsorbed
films and/or dissolution of noble impurities or corrosion products. For
example, for molecules containing carboxylate anions, a high inhibiting
efficiency was assigned to the blocking of microgalvanic coupling due to
the dissolution of metallic and oxide heterogeneities by the formation of
soluble Mg and Fe complexes [38]. Their formation was confirmed by in
situ vibration spectroscopy [39]. Adsorption of organic molecules on the
precipitated Mg(OH), crystals was proposed to be responsible for the
inhibited crystal growth, leading to monocrystalline compact films, thus
explaining the decrease of Mg corrosion by sodium salts of carboxylic
acids [39] and sodium dodecyl sulfate (SDS) [40]. In the presence of 2,
5-pyridine carboxylate (PDCA) inhibition was correlated with the for-
mation of a conjugated film coordinated by leached Mg?* ions [39].
Corrosion inhibition of Mg was attributed to the formation of thin
self-assembling adsorbed films in the presence of sodium dieth-
yldithiocarbamate and sodium acetate [41], 6-ring organic compounds
containing N-heteroatom [42], SDS [43] and sodium dodecylbenzene-
sulfate (SDBS) in ethylene glycol solutions [44]. These works considered
a chemisorption of the molecules by polar groups and a hydrophobic
barrier by the alkyl chains, limiting water diffusion to the surface.
Similar inhibition mechanisms were reported for other surfactants based
on carboxylic acids (R-COO’), phosphonic acids (R-PO%’), sulfonic
(R-SO3) anions [45,46]. For Al-containing alloys, which surface can be
enriched by Al and its oxides [47], specific interactions of organic
molecules with Al could play an important role. Stable Al complexes
with carboxylates were reported for pure Al [48], explaining high
passivating effect of carboxylic acids on Al corrosion [49]. In alkaline
solutions the inhibition efficiency increases with the number of car-
boxylic groups in the molecule [50] and with the carbon chain length
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[51]. Inhibition action of quaternary amines on Al is also known [52].
Considering the above cited literature, one can expect that the sur-
face films formed in water-IL mixtures can significantly differ from the
surface films formed in aqueous solutions. Their composition and
structure can be very complex and its composition and structure is
difficult to predict. It can be adsorbed monolayers [44], surface com-
plexes [34], thick low adherent condensed films, coordinated by leached
cations [39], or even precipitated Mg(OH), film modified by organic
molecules [39,53]. A detailed surface analysis is therefore necessary to
define the nature of the surface film and to verify the role of organic
cations and anions in its inhibiting action. In the previous work [37] we
have used Raman spectroscopy to access Mg(OH), distribution and to
prove the presence of both, anions and cations of IL in the humid surface
film. The detailed analysis of the film composition provided by vibration
spectroscopy needs however to be completed, in particular because its
in-depth resolution is insufficient to verify the in-depth evolution of its
chemical composition. Surface analytical techniques such as
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) can be
successfully applied to characterize the nature and structure of the
surface films formed during corrosion and degradation of metallic ma-
terials and to understand the inhibition mechanisms, especially for
Mg-alloys [54-57]. This technique is therefore selected to complete the
surface characterizations of corroded materials in the present work.

2. Water "deactivation" by molecular interactions with organic
species. Another hypothesis, explaining the NDE blocking in water — IL
mixtures, can be more specific for organic solutions, in which water
electrochemical reactivity can be affected by strong interaction between
water and ILs moieties. For instance, hydrogen bonds, can alter the re-
action of cathodic water reduction (2). Usually, water molecules interact
predominantly with anions of ILs [58]. Among different anions studied
in [58], the strongest hydrogen bonding (H-bonding) with water was
found for trifluoroacetate (CF3CO3). H-bonding between acetic anions
and water [59,60] is well known, however, some evidences of weak
interactions between water and aliphatic cation were also reported [61].
Insertion of etheric groups in the structure of organic cations can also be
followed by the formation of hydrogen bonds between the oxygen of
etheric groups and the water molecules [62]. In our previous work [63]
we have demonstrated by ATR-FTIR and Raman spectroscopies, con-
ductivity measurement and Molecular Dynamic (MD) simulations, that
in mixtures with the studied ILs the water molecules can be involved in
H-bonding with acetate anions and etheric groups of the cation. Mo-
lecular interactions between water and IL in the electrolyte used for an
active anode could be complicated by the presence of leached by anodic
dissolution metallic cations. For example, the carboxylate anion could
form soluble complexes with leached Mg [38] which can affect the
interactions of carboxylates with water. Similarly, the dual function
should be considered for the etheric substituted chain in the cation:
water binding through intermolecular hydrogen bonds and complexa-
tion of released by anodic dissolution cations (Mg2+, AIPY etc.).

Therefore, the roles of the IL cation and anion in the above discussed
mechanisms (surface film formation, water bonding and complexation
of metallic leached cations) need experimental and theoretical
verification.

To sum up, the main objective of the present work is to understand
the differences in the behavior of AZ61 and CP Mg in aliphatic and
etheric substituted N-methylpyrrolidinium acetate based ILs and the role
of the cation and the anion in the NDE and its inhibition. To reach this,
the above formulated hypotheses of the mechanism of the NDE sup-
pression via (i) formation of a surface film and (ii) the electrolyte
modification were verified. In particular,

1) roles of etheric substituted cation and acetic anion in IL on HE re-
action on Mg and their synergistic effect were verified by additional
experiments in the mixture of water with etheric substituted cation
and perchlorate anion [MPEG,MPyr]ClO4 - 10 wt% H3O;
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2) surface films formed on different alloys after polarization in
[mMPEG,MPyr]AcO - 10 wt% HpO were characterized in detail with
ToF-SIMS;

3) molecular interactions in [mMPEG,MPyr]AcO - H,O electrolyte in the
presence of released Mg?* were described with MD simulations and
the results were corroborated with ATR-FTIR in order to discuss
availability of “free water” for HE reaction.

2. Materials and methods
2.1. Materials choice

General procedure of the ILs synthesis is published in our previous
work [63] and elsewhere [64,65]. Used chemicals are listed in supple-
mentary information. The present work considers the mixtures of 10 wt
% water (Milli-Q water 18.2 Q-cm) with three different ionic liquids
presented in Table 1.

In order to clarify if the NDE inhibition reported in [37] is governed
only by the etheric substituted cation or a synergic effect of anion and
cation is important, additionally to the previously discussed [BMPyr]
AcO and [mPEG,MPyr]AcO, similar to the reported in [37] experiments
were conducted in the mixture of [MPEG,MPyr]ClO4-H50. Perchlorate
anion was selected as an inorganic anion with low donor number and
forming weak hydrogen bonds with water [58,66]. Its bonding with
Mg-ions as well as H-bonding with HoO molecules are supposed to be
negligible.

The compositions of the alloys are presented in Table 2. Commercial
purity (CP) Al and Mg foils supplied by GoodFellow were used to verify
the effect of alloying elements on the reactivity. Prior to electrochemical
experiments the foils with the surface area of 1 x 1 cm? were grinded by
800, 1200, 2400, 4000 grits SiC polishing paper using absolute ethanol
as a lubricant, rinsed with ethanol and dried.

Table 1
Graphical structures of used ILs.

Tonic liquid / short Tested effect

name

Graphical formula

1-N-butyl, 1-methyl- Acetate (@]
pyrrolidinium anion
acetate / H,C
[BMPyr]AcO

1-poly(ethylene- Etheric
glycol)— 1-methyl- cation
pyrrolidinium
perchlorate /
[mPEG,MPyr]ClO4 N*

(@]
n

1-poly(ethylene- Synergy of (0]

glycol)— 1-methyl- acetate anion

pyrrolidinium and etheric HsC

acetate / cation

[mPEG,MPyr]AcO NE o

O
n

*n — means variable numbers of etheric groups found by MALDI-TOF, 4 <n < 16
with an average value <n > = 7.
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Table 2
Chemical composition of metallic materials.
Sample Al Zn or Cu Mn Si Fe Ca Mg
name ppm ppm ppm ppm  ppm ppm  wt%
CP Mg 70 (Zn) 170 50 280 - Balance
<20
AZ61 62.000 (Zn) 2.300 40 40 1.3 Balance
7.400
CP Al Balance  (Cu) 0.3 - 0.8 03 - 1.2

2.2. Electrochemical experiments

Electrochemical experiments and setup design are described in [37].
A three-electrodes home-made electrochemical cell with aqueous
AgCl/Ag (in saturated KCl) reference electrode and platinum rounded
wire (S~1.23 cm?) counter electrode. The tested materials were used as
working electrodes, the exposed area of 0.196 cm? was delimited by a
PortHoles electrochemical mask. The working electrode chamber was
filled by the IL electrolyte containing 10 wt% of water. The counter
electrode chamber was filled with an aqueous solution containing
0.5 mol-17! salts of Mg with the same anion as the anion of the tested IL
(acetate or perchlorate). The working electrode and counter electrode
compartments were separated by glass frits. The junction potential for
perchlorate containing electrolyte [mPEG,MPyr]ClO4 - H;O // 0.5 M
Mg(ClO4)2-H20) was measured as 86 mV. The junction potentials for
acetate containing electrolytes were reported in [37].

For Mg alloys the electrochemical test was the same as in our pre-
vious work [37]. For CP Al the open circuit potential (Eoc) was signifi-
cantly higher and the applied potential was E = +400 mV vs. E.. Three
polarization cycles were applied after one hour of the E,. measurement.
One cycle consisted of 20 min of anodic polarization followed by 15 min
of the E,. measurement.

All the electrochemical experiments were conducted using Gamry
3000 potentiostat at room temperature and ambient atmosphere for at
least 3 times. HE at open circuit and under anodic polarization was
surveyed in situ by time lapse microscopy (TLM). HD USB camera with 2
MP CMOS detector and a 4000 K white LED enlightenment was coupled
with the electrochemical cell. Images were automatically taken every
30s

2.3. Chemical characterization by Raman spectroscopy

Raman spectra were collected with a Renishaw Confocal Raman
Microscope InVia using red laser (HeNe, 633 nm, 17 mW power) and
WIiRE 4.2 software. Illumination and observation of the surface were
performed through a microscope objective Leica of x 50 magnification
and numerical aperture of 0.75. For the analysis of liquids, a droplet
(approximately 15 pl) was placed on a Si-plate support and covered by a
transparent glass. Laser beam was focused on the liquid phase. The
exposure time was 10 s and 25 spectra were recorded for each sample.
For each combination of the material and the electrolyte the charac-
terizations were made at least on 3 different samples. The results were
reproducible and for simplicity only one spectrum for each combination
is shown in the next sections.

2.4. ToF-SIMS

The measurements were provided using a ToF-SIMS V spectrometer
(ION-TOF GmbH, Muenster, Germany). The operating pressure in the
chamber was around 10~° mbar (ultra-high vacuum, UHV). Ion mass
spectra (MS) and depth profiles were recorded. A Bi" pulsed primary
ions gun with a 45° angle to the surface was used for analysis. The
surface sputtering was done using a Cs* gun, also oriented with a 45°
angle to the surface. Atomic and molecular ions (secondary ions),
characteristic of the surface composition, were emitted and analyzed
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using their mass to charge (m/z) ratio, measured by their time of flight
to reach the detector.

Three types of analysis were carried out: positive and negative ions
MS on the top surface and negative ions depth profile. Negative and
positive MS were obtained by scanning a 500 x 500 um? area using a
20 keV Bi' ion beam delivering 1.2 pA current. Negative ions depth
profiles were conducted using the spectrometer in dual beam mode,
meaning that Bi analyzing gun and Cs sputtering gun scan successively
the surface. Thus, a 300 x 300 um? crater was drilled by sputtering the
surface with a 2 keV Cs™ ion beam delivering 100 nA. After each 1s
sputtering step, the analysis of the chemical composition was realized
inside the crater by sputtering a 100 x 100 ym? area using a 20 keV Bi*
ion beam delivering 1.2 pA current. The spectra were calibrated using at
least five well identified peaks in the MS. Data treatment and post
processing were carried out using the Ion-Spec software (version 6.9).
The depth profiles represent the intensities of different components
plotted versus sputtering time.

2.5. Modeling methodology

MD simulations were carried out with the Large-Scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) package [67] of con-
figurations prepared with the PACKMOL package [68]. The force field
used is the plane GAFF distributed with Antechamber module [69,70]
and Restrained Electrostatic Potential (RESP) charges were assigned
following the prescribed rules [71]. This means that an optimization
with Gaussianl6 [72] at Hartree Fock level of theory and the standard
6-31 * basis was performed.

Each simulation box contained one hundred of ions pairs and various
number of water molecules and Mg?" ions in order to replicate the
experimental concentrations (see Table 1S in supplementary informa-
tion). The electroneutrality of the systems was guaranteed by adding
OH’ anions in a molar ratio n(OH) / n(Mg“) = 2:1. Addition of OH
anions in such a ratio chosen because during Mg reactivity in aqueous
electrolytes 2 OH’ anions are formed by the HE reaction (reaction 2)
when 1 Mg?* cation is formed by anodic Mg dissolution (reaction 1).

Each system was equilibrated for at least 1 ns long or even more.
Simulations considered ambient conditions (T = 298.15 K, pressure
1 atm) in a canonical ensemble (NVT) with volume mimicking the
experimental densities. The production runs followed the micro-
canonical (NVE) evolution for at least 1 ns, during which the total en-
ergy drift AE / Eyr was checked to be always less than 107% in the
worst case.

The structural characterization of all the systems was achieved
observing the Radial Distribution Function (RDF) G(r) of selected cou-
ples of species. Its definition is the following:

1 Ne, Np
Gop(r) = 1\/,,-N,;< > 5(rij—r)> 4

i

where o and § stands for two species, the (...) indicates the usual
ensemble average, and 5(x) is the Dirac delta function, rj; is the distance
between the i and j atoms whereas N; indicates the number of i-species in
the sample box.

3. Results

3.1. Typical NDE and not NDE behavior of Mg alloys in water -IL
mixtures

To introduce the effect, we would like to illustrate two very different
behaviors of Mg alloys in water / RTIL mixtures. Cathodic hydrogen
production by reaction 2 in [mPEG,Pyr]AcO with 10 wt% of H0O
electrolyte (Fig. 1) seems to follow “normal” behavior expected from
classical electrochemical theories for both alloys. During the whole
sequence (open circuits potential (OCP) measurement —

Corrosion Science 209 (2022) 110723

-0.6 -

- 10°
-0.8 4
107
g -1.0 ) o
< 1.2 102 g
=2 <
< £
@ 1.4 =
2 F10° o
> 1.6 o
ui
-1.8 4 , / =10
\ -4—/
-2.0
T T T T T T —10°
0 500 1000 1500 2000 2500 3000
F10°
— 10
S 3
< , £
> 1072 2
< E
» =
A F10° o
> k)
m
=10
10

1500 2000 2500 3000
ts

500 1000

o

Fig. 1. Example of “normal” hydrogen evolution on AZ61 and CP Mg in
[mPEG,MPyr]AcO -H;O mixture: gas formation decreases under anodic
polarization.

potentiodynamic anodic polarization — OCP measurement) the tendency
is: higher the anodic polarization level lower the cathodic gas formation.
Moreover, it seems that anodic polarization is beneficial for cathodic
inhibition (gas evolution at OCP is lower after polarization than on the
initial surface). The tendency of the hydrogen gas evolution is opposite
in [BMPyr]AcO with 10 wt% of HyO electrolyte (Fig. 2). Only several
bubbles form during initial immersion at OCP, much more intensive
bubbling is visible under anodic polarization and gas formation reduces
once polarization is stopped. Such a behavior (higher anodic polariza-
tion higher cathodic reactivity) is usual for Mg alloys in aqueous elec-
trolytes and is typical for the NDE. It is also consistent with the
hypothesis that anodic polarization in [BMPyr]AcO - water electrolyte
activates cathodic reactivity of water on Mg alloys.

To conclude, simple observation of the surface during polarization
curve measurement allows us to confirm the conclusions of our previous
work [37] obtained from potentiostatic polarization experiments. Tak-
ing into account continuous surface evolution and possible effects of
polarization potential on the surface state, relatively long potentiostatic
polarization at fixed potential, rather than quick potentiodynamic po-
larization, seems to be more appropriate to form reproducible surface
states. Therefore, the following sections concern the experiments and
samples obtained using potentiostatic polarization procedures proposed
in [37].
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Fig. 2. Example of “anomalous” hydrogen evolution (NDE) on AZ61 and CP Mg
in [BMPyr]JAcO -H;O mixture: gas formation increases under anodic
polarization.

3.2. Magnesium alloys in [mMPEG,MPyr]ClO4H>0 mixture

3.2.1. Reactivity by electrochemical measurements and live imaging

In the [mMPEG,MPyr]ClO4-H20 mixtures, the E,. reaches a quasi-
steady state within 10 min at E,c = —1.81 V vs. Ag/AgCl for CP Mg
(Fig. 3a), and Eqc = —1.64 V vs. Ag/AgCl for AZ61 (Fig. 3b). Both values
are significantly higher than the values, previously observed in
[mMPEG,MPyr]AcO-H50 mixtures (Eo= - 2.0 V) for the same materials
[37].

Fig. 3 shows that the anodic current density stabilizes at 0.32
mAcm 2 and 0.37 mAcm ™2 for CP Mg and AZ61 respectively under
anodic polarization at applied potential E = +0.7 V vs E,. and even
higher at E = +1 V vs. Eoc (0.57 and 0.53 mAcm 2 for CP Mg and AZ61
respectively). However, the surface of AZ61 seems to be active after
anodic polarization, which was not the case in [mMPEG,MPyr]AcO-H,0
mixture [37]. The presence of acetic anion therefore significantly
modifies anodic reactivity.

All the images Fig. 3a and b, independently on the alloy and if they
are captured during the E,. measurement (images I, II, IV, V, VI, VIII)
taken under anodic polarization (images III and VII) display abundant
hydrogen evolution. The HE is better visible in the dynamic mode (see
videos in supplementary information available online) than on static
images, in particular for the CP Mg, on which the bubbles are very tiny.

The images and video show also that no dark film formed on AZ61 in
the [mMPEG,MPyr]ClO4-H,0 mixture. The behavior in this electrolyte
(HE under anodic polarization, no visible film on AZ61 alloy) is closer to
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the previously observed in [BMPyr]AcO-H20 and not in [mPEG,MPyr]
AcO-H;0 [37]. The modification of the anion is hence important.

3.2.2. Surface state after polarization by vibrational spectroscopy

Fig. 4 a represents Raman spectra recorded on the surface of CP Mg
and AZ61 within the range 500-1600 cm ™. Attribution of all the bands
is detailed in Table S2 in supplementary information.

It can be seen from the figure, that all the characteristic signals
associated with IL are present on the surfaces after the experiment.
However, a slight modification of the spectra is observed at
780-860 cm ! region, attributed to C-O-C stretching vibrations of PEG-
fragment of the cation [29,73]. On AZ61 this band is shifted to
794 cm™!. On CP Mg this signal narrows and centers at 824 cm ™. At the
same time, low intensive new bands at 1070 em™! and 1092 cm™!
appear on AZ61 and CP Mg, respectively. These bands are between
peaks 7 and 8 of the reference electrolyte (1049 and 1136 cm™!) which
are attributed to C-C, C-O and C-H bending vibrations of PEG (see
Table S2 in supplementary information). Such modifications indicate
interactions between the etheric groups and the surface (or the ions
released during anodic polarization). Similar evolution was visible on
both CP Mg and AZ61 in [mPEG,MPyr]AcO-H;O (new bands at
1099 cm ™! and 1109 cm™! on AZ61 and CP Mg respectively) [37].

There is however a difference with the bulk electrolyte. New peaks at
1381 cm ! and 1370 cm ™! are observed on AZ61 and CP Mg respec-
tively. Their positions are very close to the values reported in the liter-
ature for the carboxylic group vibration (1360 — 1410 cm™1). The
electrolyte does not contain however carboxylic anion (see also the bulk
electrolyte spectra in Fig. 4a). A hypothesis can be therefore proposed
about a possible degradation of the PEGy-substituted cation at Mg
electrode. Indeed, it has been previously reported that etheric group in
the presence of Mg?*-ions can undergo nucleophilic attack by OH" ions
and produce carboxyl, carbonyl or ester groups [74]. The fact that no
other specific band has been observed can be interpreted as the formed
compounds are probably present only as adsorbed species and other
vibrations become inactive because of the symmetry modifications (see
for instance [75]). The bands at 1381 cm ™! and 1370 cm ™! were how-
ever not observed on the surface of the same alloys after the electro-
chemical experiments in [mMPEG,MPyr]AcO-H2O [37]. Therefore,
considering the catalytic effect of leached Mg?" on the nucleophilic
attack of the [mPEG,MPyr]ClO4 by OH-ion, the absence of such an
attack in [mPEG,MPyr]AcO-H2O can be regarded as an indication of a
protective action of acetate anion for etheric groups. The latter can be
explained by a strong binding of Mngr in Mg(AcO)" and Mg(OA),
complexes, which were indeed detected in [mPEG,MPyr]AcO-H50 [37].

Similarly to acetate ILs [37], Fig. 4b evidences Mg(OH), formation
on the CP Mg and its absence on the AZ61 surfaces tested in water - IL
mixtures. The peak position at 3710 cm ™! indicates that Mg(OH) is
nanocrystalline [76]. These observations are also supported by
ATR-FTIR spectroscopy (see supplementary information Fig. S1,
Table S3).

3.3. Reactivity of aluminum in [mPEG,MPyr]AcO-H»0 and
[MPEG,MPyr]ClO4H20 mixtures

Our previous work [37] and the results, presented in Section 3.1.
demonstrated significant differences in the behavior of CP Mg and AZ61
in [MPEG,MPyr]AcO-H;0. Although in both cases the NDE was not
present, hydrogen evolution was not completely suppressed at the open
circuit potential (OCP) on the CP Mg while it was on the AZ61 alloy.
Additionally, a black film formed under polarization of the latter alloy.
In order to understand the role of Al alloying in the inhibition of the HE,
similar electrochemical experiments were repeated with CP Al in
[mMPEG,MPyr]AcO-H50 and [mPEG,MPyr]ClO4-H>0. Fig. 5 displays the
examples of the electrochemical response of the CP Al in [mPEG,MPyr]
AcO-H50 and [mPEG,MPyr]ClO4-H0 mixtures and live images taken
during the experiments (IX-XIV). As it can be seen from the figure, the
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Fig. 4. Typical Raman spectra recorded on the surfaces of CP Mg and AZ61 (as indicated) after polarization in [mPEG,MPyr]ClO4 — H20. The spectrum of
[mPEG,MPyr]ClO4 — H,O mixture is shown for comparison, peaks 1-12 are detailed in supplementary information.

reactivity of the CP Al surface is completely blocked both under E,.
conditions and under anodic polarization at E = +0.4 V (vs. Ey) in
[mPEG,MPyr]AcO-H,0 (Fig. 5a).

In contrast, the CP Al surface remains reactive in [mPEG,MPyr]ClO4-
H,0 (Fig. 5b). Abundant hydrogen evolution under anodic polarization
is also visible. These differences could be tentatively explained by the
formation of stable Al-acetate complexes [49] adsorbed on the surface.
This hypothesis is also supported by the Raman spectra recorded after
the electrochemical experiment in [mMPEG,MPyr]AcO-H20 shown in

supplementary information. Raman shifts characteristic for acetic group
vibrations (nearby 650 cm™!, 917 cm™! and 1407 cm™?) are slightly
shifted on the surface if compared to the electrolyte, indicating a
possible chemisorption (see supplementary information Fig. S2).
Comparing the behavior of different materials in the [mPEG,MPyr]
AcO-H50 and [mPEG,MPyr]ClO4-H0 mixtures (Sections 3.1-3.3 and
publication [37]), it is clear that for all materials the HE in the water — IL
mixtures is controlled not only by the etheric substitution in the IL
cation, but also by a synergistic effect of the etheric substituted cation



D. Kurchavov et al.

(a) 291

- -
o o
1 1

E, V (vs. Ag/AgCl)
o
¢

Corrosion Science 209 (2022) 110723

41072
L 0.8 pAcm?

0.0
0.5
1.0
15 r r . T
0.0 2.0k 4.0k 6.0k 8.0k
t,s
2.0 - 10°
(b) 1.’ 0.16 mAcm??
154 / ( 11071
5 11072
% 1.0 o
E’ o 5 | b 10 §
@ X1 110 €
> 0.0- ‘ e
> XV 110° 2
w -0.5- -
9 ‘ 4110
-1.0 4 N 10-7
15 : ' : . — 1078 0.25 cm
0.0 2.0k 4.0k 6.0k 8.0k  10.0k :
t,s

Fig. 5. Electrochemical response of CP Al in (a) [mPEG,MPyr]AcO-H,0 and (b) [mPEG,MPyr]ClO4-H,O mixtures and typical TLM images of the surface. The
moments at which the selected images were taken are indicated on the potential evolution curve.

and acetate anions.

3.4. ToF-SIMS analysis of the surface films formed in [MPEG,MPyr]AcO-
H>O after potentiostatic polarization experiment

Positive and negative ion mass spectra of the surfaces after the
electrochemical experiments in [mMPEG,MPyr]AcO-H0 are presented in
supplementary information in Figs. S3, S4. The positions of the peaks in
the positive ion MS mainly reflected the presence of [mMPEG,MPyr]™"
cation. The interpretation of the negative ion MS was more complex. The
proposed structures and the corresponding masses are detailed in the
supplementary information (Tables S4, S5). Briefly, the presence of
carboxylate and etheric complexes was confirmed on the top surface,
which is consistent with the results of Raman spectroscopy.

In depth organization of the film was studied from the negative ions
depth profiles of selected ions shown in Figs. 6 and 7.

Specifically, the signals of MgO™ (m/z = 39.97), AlO™ (m/z = 42.97),
MgO(OH) (m/z = 57) and OH (m/z = 17) can be used to detect oxides
and hydroxides, the signal of CN™ (m/z = 26) is a marker of N hetero-
atom in the cation. Etheric groups are revealed by the C,O  (m/
z = 39.99) fragment and specific complexes can be also verified by the
fragments MgAcO™ (Mg(CH3COO), m/z=83) and CoH4MgO (m/
z=68), Mg(AcO)2 (Mg(CH3CO0);, m/z =141), Al(AcO)3 (Al
(CH3CO0)3, m/z = 204) and several specific fragments shown in Fig. 6
(these fragments have numbers 2 and 5 in Table S4 in supplementary
information, which details the MS peaks attribution).
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Fig. 6. Typical ToF-SIMS negative ions depth profile obtained after electro-
chemical experiments in [mPEG,MPyr]AcO-H,O electrolyte on AZ61. Tentative
positions of the interfaces are shown by vertical lines.
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Fig. 6 represents negative ions profile of the AZ61 sample after the
electrochemical test. Two principal layers are distinguishable on the
alloy: the organic species containing film and the oxide. The oxide layer
contains Al and Mg oxides, marked by AlIO” and MgO" fragments. The
surface film can be divided into three sublayers. The inner sublayer
closest to the oxide is characterized by the maxima of Al03, CoH4MgO',
C20" and OH signals. The intensity of the OH signal on AZ61 is lower
than that observed on CP Mg, Fig. 7a (the peak maximum is about two
times lower). Taking into account the absence of Mg(OH); — signal in the
Raman and FTIR spectra and high sensitivity of ToF SIMS, it is impos-
sible to exclude the presence of very small quantities of hydroxyl at the
oxide-organic film interface. These species could however be present on
the oxide surface before the experiment or could be formed after the
electrochemical experiment inside the humid film. Considering the
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difference in the peak maximum positions for CN” and C,0’, the cation of
the ILs seems to be oriented toward the surface by etheric groups. The
outer part of the film corresponds to the maxima of the signals of CN",
AcO’ (m/z = 59) and CoH4MgO', indicating the presence of the cation in
a complex with Mg. The maximum of the CN” signal is reached after a
relatively long sputtering time (about 25 s). For comparison, on the CP
Mg and the CP Al (Fig. 7) the maximum of the CN" signal is reached after
5-10 s of sputtering. Longer erosion on the AZ61 indicates the presence
of a thicker external layer on AZ61. This layer is marked with the signals
of the fragments of Al complexes with acetate and etheric fragments (Al
(AcO)3, MgAcO', and other fragments shown near the profiles and also
reported in Table S4 in supplementary information. Such a chemistry of
the fragments suggests a condensed film which structure is ensured by
coordinated metal-organic complexes. This film can be associated with
the dark barrier film reported in [37], visible under anodic polarization
on AZ61 in [mPEG,MPyr]AcO-H0. This condensed film is expected to
block water diffusion to the metal and hence the HE reaction.

Fig. 7a displays the profiles obtained on the CP Mg. Erosion of the
surface film is quicker, the maximum of the oxide layer (MgO) signal is
reached after 50 s of sputtering, which is about twice shorter than for the
AZ61. Similar to the AZ61 surface, two layers can be distinguished: a
layer enriched by organic compounds and a Mg oxide film close to the
metal. A closer look at the organic-rich region of the surface film shows
that it can be divided into several parts too. The closest to the oxide inner
layer can be defined by the maximum of MgHO> and C20" signals, which
are assumed to correspond to Mg(OH), and etheric group fragments,
respectively, also observed on Raman and ATR-FTIR spectra. This allows
us to suspect that the cations of the IL are adsorbed on the crystals of Mg
(OH),. The outer sublayer is characterized by the signals of OH’, CN" and
CoH4MgO'. Three last signals can be also attributed to the fragments of
the cation of the IL. The presence of CoH4MgO™ fragments evidences the
complexation of Mg-ions by etheric groups as it has been reported pre-
viously for dry PEG-containing ionic liquids [30]. As for the AZ61 sur-
face, the cations of the ILs seem to be oriented toward the surface by
etheric groups. The maximum of the CN” signal is reached after a short
erosion time, indicating that the external layer is very thin and could be
interpreted as an adsorbed layer predominantly composed of Mg acetate
(represented by the signals of C4HgMgO34, (Mg(AcO)3 and MgAcO and
AcQ"). Further detailed analysis of the external layer is provided by the
positive and negative MS in supporting information (see supplementary
information Figs. S3 and S4, Tables S4 and S5).

Fig. 7b displays negative ions depth profiles of the CP Al after the
electrochemical experiment in [MPEG,MPyr]AcO-H30, in which almost
no reactivity was observed. The analysis revealed that there are at least
two principal layers on the metal: a film, rich in organic fragments and
an oxide film. The oxide layer is represented by the peaks of AlO™ and
AlO53 signals. The organic film contains both C20™ and AcO™ (CH3COO")
which indicates the presence of IL. The maximum of the signals of Al
(AcO)3, CN™ and OH’ are close to the external top surface. The maximum
of the AcO’ signal is deeper in the profile than the maximum of the C30"
signal which is a fragment of the etheric group. This order is opposite to
the order observed on the CP Mg and AZ61 samples, indicating that
acetate complexes with the CP Al surface is probably formed the first. It
can be however seen from the positions of the maxima of signals of CN”
and C,O" that the orientation of the cation of the IL is the same on all the
substrates - etheric groups are oriented toward the metallic surface. The
complexes of Al detected on CP Al are similar to that observed on AZ61
(see supplementary information Fig. S3c, S4b, table S4, S5).

The comparison of the depth profiles of AZ61, CP Mg and CP Al
shows that both Mg and Al participate in the formation of the complexes
with anions and cations in the surface film, and that the thick condensed
film is formed only if the combination of both metallic cations is present.
This film also contains complexes with both the PEG-substituted cation
and the acetic anion.

Considering the results of ToF-SIMS depth profiles, Raman and ATR-
FTIR spectra, a tentative schematic representation of the surface film,
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Fig. 8. Tentative schematics of the sublayers and interfaces observed in Fig. 4.
The structures formed during anodic dissolution of (a) CP Mg and (b) AZ61with
[MPEG,MPyr]AcO-water mixture are shown.

formed on Mg substrates in [MPEG,MPyr]AcO-H,0 electrolyte can be
proposed (Fig. 8). This schematic representation underlines that the
surface of the CP Mg at some points is similar to that in aqueous elec-
trolytes: the metallic surface is covered by MgO which is followed by Mg
(OH)y [77]. Mg acetate and etheric groups are adsorbed on the hy-
droxide and the external cation head is responsible for the adsorption of
acetate counter ions.

Mg(OH), is detected only in trace quantities by ToF SIMS at the
oxide-organic film interface on AZ61, which can be related to the oxide
modification by Al [78,79]. In contrast, for the internal layer, in which
the IL cations are fixed to the oxide by etheric groups, a relatively thick
layer formed by Al- and Mg- complexes with cations and anions of the IL
is condensed on the top of the external heterocycle oriented surface in
place of adsorbed counter ions.
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3.5. Molecular state of water molecules by ATR-FTIR

Molecular state of water in HO - IL mixtures can be understood by
analyzing the evolution of the ATR-FTIR spectra in the region 3000 —
3700 cm™ L. Fig. 9 illustrates typical ATR-FTIR spectra of O-H vibration
regions on the wet surfaces of the CP Mg and AZ61 samples compared
with the spectra of pure water and the used electrolyte before and after
the electrochemical experiments. Significant differences could be seen
between the different electrolytes and the surfaces evolved in these
electrolytes.

In [MPEG,MPyr]ClO4-H>0 and [mPEG,MPyr]AcO-HO electrolytes
a clear shoulder is visible nearby 3520-3530 cm™! but it is absent in
[BMPyr]AcO-H20. In our previous work [63], the Raman peak at
3520 cm ™! was attributed to specific interactions occurring when water
molecules form H-bonds with etheric oxygen of the PEG-substituted
cation and acetate anion (AcO™---HOH:--Oetheric)- The hypothesis of
H-bonds with etheric oxygen can also be confirmed in the present work
by the spectrum of the [mPEG,MPyr]ClO4-H>O electrolyte (Fig. 9 ¢, blue
spectrum). The peak is even more pronounced however its position is
shifted (~3534 cm™!) if compared to the [BMPyr]AcO-H20. This could
be due to the fact that a weaker water and ClO} interaction, if compared
with the water-acetate interaction, can contribute to the O-H vibrations
of water, leading to a slight change of the peak center position [80].

On the metallic surfaces polarized in the [mMPEG,MPyr]AcO-H,0
electrolyte (Fig. 9 b), the shoulder at ~ 3520 cm ™ is present, indicating
the interaction between water and etheric groups on the surface. This
bonding of water can reduce its mobility and block its penetration to the
metallic surface. Interestingly, on the CP Mg this effect seems to be more
pronounced than on the AZ61 alloy. On the contrary, after the electro-
chemical experiments in [mPEG,MPyr]Cl0O4-H50, significant evolution
of the spectra in the O-H region is visible both on the metallic surfaces
and in the electrolyte (Fig. 9 ¢). Especially, on the CP Mg surface the
spectrum approaches the spectrum of pure water. Thus, it can be
assumed that after the reaction near the surface, the H-bonds between
H20 molecules and etheric oxygens in the cation are broken. Released
water molecules are expected hence to form “free water” clusters.
Another possible explanation is the decomposition of etheric groups
[74].

The evolution of the bands describing H-bonds in water-water in-
teractions allows also to verify the hypothesis that the “free water” phase
formation in place of the initially H-bonded with acetate water mole-
cules, which could be a consequence of stronger interactions between
acetate anions and Mg2+ cations, leached by anodic reaction (1), than
between acetate anions and water [63]. In the literature, the OH-bond
oscillator strength is often correlated with the number of established
H-bonds and hence the Gaussian components can be assigned to
different populations of water molecules with different type-
s/coordination [81]. The lowest frequency component of water spectra
can be assigned to the water molecules participating in the percolating
H-bonded water cluster or “free water” phase, as it is proposed in the
literature [63,81]. It is clear from Fig. 9 that the contribution of “free”
water does not increase on the surfaces polarized in the [mPEG,MPyr]
AcO-H0 electrolyte (Fig. 9 b). The intensity of the lowest frequency
shoulder, if compared to the bulk electrolyte, is significantly increased
on the surfaces polarized in the [mMPEG,MPyr]ClO4-H20 (Fig. 9 ¢) or
[BMPyr]AcO-H,0 (Fig. 9 a). There is hence a mechanism, by which the
fraction of free water available for the electrochemical reactivity in-
creases at the interface in these two electrolytes. This can be one of the
reasons why anomalous hydrogen evolution is not suppressed in these
electrolytes.

3.6. Molecular state of water molecules from MD simulations
ATR-FTIR spectroscopy demonstrated that for all the studied systems

the fraction of free water at the interface is higher than in the bulk
electrolyte. In order to further understand this phenomenon, MD
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Fig. 9. Superposition of OH-vibration regions of ATR-FTIR spectra recorded on wet surfaces of CP Mg and AZ61 after the experiment in (a) - [BMPyr]AcO-H,0; (b) -
[mMPEG,MPyr]AcO-HO electrolyte; (¢) — [mMPEG,MPyr]ClO4-H-0, as indicated. The spectra of pure water and of the electrolyte before and after the experiment are

shown for comparison.

simulations were performed.

Preliminary MD simulation demonstrated that acetic anions can form
strong intermolecular H-bonds with water, which is expected to prevent
formation of free water phase [63] and hence to reduce hydrogen evo-
lution in both [BMPyr]AcO-H20 and [mPEG,MPyr]AcO-H20. H-bonds
were also demonstrated with etheric groups of the PEG substituted
cation, but their probability for low water to IL molar ratios (n(H20) / n
(IL) < 3) was lower than for the acetate anion. The probability of
H-bonds between water molecules and acetate rapidly decreased with
dilution, which could explain the effect of the electrolyte dilution on the
NDE. However, the experiments in this work were made with a fixed
water to IL molar ratio n(H,O) / n(IL) < 3, at which water is bonded
with acetate anion and hence the NDE suppression could be expected in
both studied mixtures. This is however not the case in the electro-
chemical experiments. This can be regarded as an indication that “free”
water forms at the interface between Mg alloy and the [BMPyr]AcO-H;0
electrolyte. The most probable reason is that some species, formed in the
electrolyte because of Mg alloy degradation, could interact with both IL
and water and interfere with water-IL interactions. The most probable
species could be the Mg?" ions leached by anodic dissolution (reaction
1).

This hypothesis is verified by considering the effect of Mg?* on the
stability of H-bonds between water and IL cations and anions in MD
simulation. To this end, [BMPyr]AcO-H20 and [mPEG,MPyr]AcO-H,0
mixtures were simulated with and without Mg?" (in the form of Mg
(OH); to ensure electro-neutrality and consider the most realistic sys-
tem). In total 50 Mg?>" and OH" couples were added in simulation box
already containing100 ion pairs (“molecules”) of the IL. Then, 100 or
200 water molecules were added to mimic the experimental molar ratios
(n(H20)/n(IL)) of 1 and 2 respectively. Mg(OH), as the source of Mg2+

10

in the simulation was selected because it is a common corrosion prod-
ucts of Mg-alloys, which is often naturally present in the outer layer on
the metallic surface and was detected by Raman and IR spectroscopies
on the CP Mg tested in all studied electrolytes. A slightly lower HyO
content than the experimentally used in the bulk electrolyte (theoretical
molar ratio n(H20)/n(IL)= 2.9 for [NPEG,MPyr]AcO 10 wt% H30) was
selected assuming a possible consumption of H>O by the HE reaction
(reaction 2) in open circuit periods and a limited diffusion of water to
the interface.

n(H0) / n(IL) =2 (red) are presented. Solid and dashed curves
represent systems with and without addition of Mg ions respectively.

Examples of calculated radial distribution functions G(ryo.
H---Oacetate) aNd Gr(rHO-H..-O4etheric) are shown in Fig. 10. These functions
describe the probability to find a H-atom from water a distance r to a
specified oxygen which position is highlighted on the graphical formula
in the figure. At large distances there is no interaction, so molecules are
independent and G(r)~1. For very small distances G(r). is ~O0, reflecting
the Pauli repulsion between atoms. The existence of specific interactions
between atoms, e.g. hydrogen bonds between acetate anion, Opcetate, and
water hydrogen atom Hyy, is reflected by the presence of one or more
peaks. The position and the width of the peak identify the probability of
the interaction. The effect of the addition of Mg2+ on the G.(ryo.
H.--Oacetate) 1S depicted in Fig. 10 a for [BMPyr]AcO-H,0 and in Fig. 10 b
for [MPEG,MPyr]AcO-H20. In both cases G;(rgo.q...0acetate) iS charac-
terized by 2 peaks nearby 1.65 A and 2.97 A. In both electrolytes these
peaks decrease in intensity with dilution and after addition of Mg?",
which could be due to the formation of Mg-acetate complexes.

In Fig. 10 ¢, the RDF of the 4th oxygen in polymeric chain is shown as
an example of G(rgo.H...Oetheric)- It is clear from this plot, that in contrast
t0  G(THO-H..Oacetate), fOr Gr(HO-H..Octheric) the addition of Mg?*
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Fig. 10. Radial distribution functions G;(rpo-1...0acetate) (@, b) and Gy (rpo.n...04etheric) (¢) of the distances, r, between acetate oxygen or etheric oxygen 4 (shown in the
insets) and the closest water hydrogen, calculated for water — [BMPyr]AcO (a) and water - [nPEG,MPyr]AcO (b, ¢) mixtures without (solid lines) and with (dot lines)
Mngr ions in solution. Examples of the mixtures with molar ratios between water and IL n(H,0) / n(IL) = 1 (black) and.

increases the probability of H-bonding. Thus, it can be assumed that
water molecules, expelled by Mg?" from acetic anions, form hydrogen
bonds with oxygen atoms of etheric groups of IL cation.

To illustrate the effect of Mg on all the etheric oxygen atoms, the
difference of the RDF peak intensity with and without Mg-ions was
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calculated. Fig. 11 represents the histograms of AG(r) for O(etheric) and
H120) for two mixtures (with the atomic ratios n(H20)/n(IL)= 1 and 2).
Positive values of AGy(rgo.H..-0etheric) for near all etheric oxygen posi-
tions indicate growing H-bonding probability with Mg?*, however the
magnitude of the effect depends on the O position and dilution. Inter-
estingly, the effect of Mg?* on O1 seems to be not affected by dilution.

4. Discussion: mechanisms of NDE and NDE-suppression on Mg
alloys in HpO-ILs mixtures

Whatever mechanism of the NDE is considered, it requires water
reduction reaction (reaction 2) which needs the presence of the mobile
free water phase which is not bonded with the IL. Comparing ATR-FTIR
and molecular dynamic simulations results, one can conclude that water
molecules in the bulk electrolytes can be strongly H-bonded by acetate
anions in both [BMPyr]AcO-H,0 and [mPEG,MPyr]AcO-H,0 mixtures
with water to IL ratios n(H,0)/n(IL) up to 3 [63]. The results of the
present work suggest that these HO-H:--Ogcetate bonds can be strongly
weakened at the metal / solution interface because of the accumulation
of Mg?" leached by the anodic dissolution. As a result, in [BMPyr]
AcO-H;0 mixture, a free water phase is present at the metal / solution
interface and it is available for the HE reaction and hence also for the
observed NDE. Moreover, the formed water phase is expected to be
highly conductive because of the presence of dissolved acetate anions.

In the [MPEG,MPyr]AcO-H>0 mixture, the water molecules, which
were expelled from their H-bonds with acetate anions by the Mg?" -ions
leached from the alloys, seem to be immediately coordinated by etheric
groups of the PEG-substituted cation. This H-bonding with the etheric
oxygen seems to be even more probable with Mg?* addition. Thus, water
binding by the PEG substituted cation can be considered as one of the
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mechanisms of the NDE inhibition, which is not expected to depend on
the alloy composition.

One should note that the NDE was observed in the [mPEG,MPyr]
ClO4-H20 electrolyte (Section 3.2), which indicates that the inhibition in
the [mMPEG,MPyr]AcO-H,0 is due to a synergic effect between the PEG-
substituted cation and the carboxylic anion. The surface characteriza-
tions demonstrated partial transformation of etheric oxygen into C=0
at the interface, probably also under the action of the electrochemically
formed Mg?" [74]. Strong bonding between Mg?" and acetate anion can
be the factor preventing PEG destabilization at the interface in
[mPEG,MPyr]AcO-H50 electrolyte.

Finally, on the basis of ToF-SIMS, Raman and ATR-FTIR surface
analysis, an additional NDE inhibition mechanism can be proposed
which considers the effect of the condensed surface film which decreases
mobility of water to the interface and hence the NDE. The formation of
the film also requires the presence of both acetic anion and etherically
substituted cation. The film composition and properties are therefore
affected by the presence of both, Al and Mg, in the alloy.

It seems therefore that the NDE inhibition in [mnPEG,MPyr]AcO-H;0
electrolyte cannot be attributed solely to an anion or cation effect but is a
result of a complex combination of synergic effects of both ions of the IL.

Fig. 12a and b illustrate schematically the proposed NDE mechanism
on CP Mg and AZ61 alloys in [BMPyr]AcO-HO electrolyte. Dissolved
Mg?" ions expel H,0 molecules from acetic anions and released “free”

~_~
=
-

electrolyte

Oxides

electrolyte

1 Oxides
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water molecules tend to form water-clusters involved in hydrogen
reduction reaction.

In contrast, in the mixture [mMPEG,MPyr]AcO-H,0 (Fig. 12 ¢, d), the
expelled HyO molecules form intermolecular H-bonds with etheric ox-
ygens of PEG-substituted cations, while leached Mg?* ions participate in
the formation of the surface film. This film composition is very different
with and without A1*>*, Formation of the condensed layer in the presence
of AI** impedes the penetration of HoO to the metallic surface. In
addition, this film can level the electrochemical potential distribution at
the interface thus preventing possible microgalvanic coupling caused by
the substrates chemical inhomogeneity.

The proposed synergic inhibition mechanisms are depicted sche-
matically in Fig. 12 and denoted by numbers 1 and 2. These mechanisms
are the following: (1) ejection of water molecules from the acetate-water
complexes by leached Mg?* with the following formation of free water
phase in the [BMPyr]AcO-H30 mixture but immediate H-bonding of the
formed water by [mPEG,MPyr]™ and; 2) the barrier effect of the
condensed film, in which [mPEGnMPyr]+ and AcO” moieties are initially
coordinated by leached Mg?" and A1** ions. Additional synergic effect is
that the oxidation of [mPEG,MPyr]™ by OH" in presence of Mg?" is
prevented by the formation of soluble complexes between Mg?" with
acetate.

(

=
~

electrolyte

1 o 6 o
AZ61— 2¢ (NDE)
2¢/

electrolyte

cor}densed
ayer

Oxides

AZ61
2/

Fig. 12. Schematic mechanisms of NDE in [BMPyr]AcO-H,O (a, b) and NDE inhibition in [mPEG,MPyr]AcO-H,0 on CP Mg (c) and AZ61 (d). Numbers 1 and 2
indicate synergic inhibition mechanisms: 1. bonding by [mPEG,MPyr]" of free water phase, ejected from acetate-water H-bonded complexes by leached Mg?*; 2.
barrier effect of the condensed film, in which [MPEG,MPyr]* and AcO™ moieties are coordinated by initially leached Mg and AI** ions.
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5. Conclusions

In this work the role of cations and anions of ionic liquids on the
negative difference effect and its inhibition in water-ionic liquid mix-
tures was studied in detail considering as a typical example Mg alloys in
[mPEG,MPyr]ClO4-Hy0, [BMPyr]AcO-HoO and [mPEG,MPyr]AcO-
H,0 mixtures. Combining the results of our previous work [37] and the
results obtained in this work, one can see the difference in the reactivity
of Mg alloys in these electrolytes: the NDE occurs on CP Mg and AZ61 in
the two first mixtures but does not on both alloys in [mPEG,MPyr]
AcO-H0, demonstrating a synergistic action of [mPEGnMPyr]Jr and
AcO'.

Surface analysis by ToF-SIMS, surface and solution analysis by vi-
bration spectroscopies combined with molecular dynamics simulations
allow us to propose complementary mechanisms explaining the
observed synergistic effect:

Effects in the electrolyte

Although water is H-bonded to the acetic anion in the bulk electro-
lyte, free water can be expelled from HO-H---AcO™ complexes by leached
Mg?t. Thanks to the H-bonds between the released water and etheric
oxygen atoms in [mPEG,MPyr]" its mobility and hence the electro-
chemical activity at the interface remains limited. The [mPEG,MPyr] " is
however unstable in [mPEG,MPyr]ClO4-H20 under anodic polarization
because of nucleophilic attack by OH™ in the presence of Mg?t. AcO”
anions can bond leached Mg?* forming strong acetate complexes, which
stabilizes m-PEG substituted cation near the electrode.

Effects in the surface film

On AZ61, a condensed film can be formed by [mPEGnMPyr]+ and
AcO" coordinated with Mg?* and A1*. This film is not very adherent but
reforms spontaneously and can contribute to the decrease of the water
transport to the surface.

To conclude, synergistic effect of acetic anions and ether-substituted
pyrrolidinium cations can prevent the NDE on Mg in water-IL mixture.
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