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Abstract

For decades, chloride ions C1” have been considered a key factor in the electrochemical behavior of aluminum in chloride
electrolytes, including depassivation, pitting corrosion, and anodic dissolution. However, the influence of electrolyte
cations has been considered secondary or ignored in most classical studies. In this study, we investigated the influence
of electrolyte cations (MgClz, CaClz, SrClz, BaCl2) on the electrochemical behavior of aluminum under the influence of
an alternating symmetrical pulsed current with a density of 1 A.cm-2. The study found that in the presence of Ba2* and
Sr2+, aluminum is oxidized to form dispersed two-phase products AIOOH and Al(OH)s, with an average particle size of
1.9 and 2.2 nm for the AIOOH phase and 20.4 and 13.9 nm for the Al(OH)s phase. In Mg?* and Ca2?* chlorides,
passivating films of Mg(OH)z or Ca(OH)z are formed, as well as layered double hydroxides — MgsAlo(OH)16Cl2-4H20
(Mg-Al LDH) or Ca2A1(OH)sC1-2H20 (Ca-Al LDH), respectively, which inhibit aluminum corrosion under pulse
electrolysis conditions, even in the presence of activating Cl- ions.
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1. Introduction

Recent comprehensive studies in the
electrochemistry of aqueous solutions have been
motivated by practical concerns, such as hydrogen
production [1,2] and the utilization of aqueous
electrolytes in electrochemical energy storage
systems that have conventionally employed non-
aqueous electrolytes [3,4], as well as fundamental
challenges, including the elucidation of structural
properties. The  production of insoluble
compounds on the electrode surface may block the
target electrochemical process and prolong the
effective range of electrolyte voltage stability
beyond the thermodynamic limit [5-7].

An intriguing research domain is the
behaviour of the electrode-electrolyte interface
under pulsed electric fields in aqueous

* Corresponding Authors.
Email: katariayash1603@gmail.com (Y.V. Kataria)

electrolytes, characterized by frequent reversals
of electrode polarity, resulting in a continual
alteration of the electrical double layer's
structure. This study examined the behavior of
aluminium in aqueous solutions of alkaline earth
metal chlorides under symmetrical pulsed
alternating current (PAC). The interest in
aluminium arises from the formation of a thin
layer of Al2Os on its surface upon exposure to air,
especially in aqueous solutions, leading to
markedly different electrochemical behavior at
the metal oxide-H20 interface compared to the
metal-Hz20 interface.

The utilization of pulsed electric fields in an
electrochemical system arises from the potential
to produce a range of beneficial dispersion
products [8-12]. The passivity of aluminium in
aqueous electrolytes can be mitigated by
employing Cl~ anion-containing electrolytes, as
demonstrated by numerous researchers [13].
Additionally, the application of pulsed electrolysis
to aluminium in these electrolytes, including
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those based on monovalent cations, facilitates the
production of dispersed AI(OH)3/AIOOH products
[14], which can be used as catalyst carriers [15].
But what about other divalent alkaline earth
cations? Divalent alkaline earth cations Mg2+,
Caz*, Sr2* and Ba2* exhibit superior mobility
compared to Nat* [16], resulting in enhanced
electrical conductivity of the electrolyte solution.
This phenomenon theoretically facilitates the
kinetics of dispersed Al-based product formation
under pulsed electrolysis conditions and may
influence their composition and microstructure,
as demonstrated in the case of zinc [16].

This study proved the substantial impact of
divalent electrolyte cations (Mg2+, Ca2*, Sr2+ and
Ba2t) on the electrochemical behavior of
aluminium under the application of alternating
pulsed current in the electrochemical system. The
data acquired could in turn establish a
foundational comprehension of the
electrochemistry of valve metals influenced by
pulsed electric fields.

2. Materials and Methods

The behaviour of aluminium in response to
PAC was examined in 1 mol. ! chloride
electrolyte solutions (Mg2+, Ca2+, Sr2+, Ba2+*). Pulse
electrolysis was carried out in a four-electrode
electrochemical cell with a pulsed alternating
current source with a frequency of 50 Hz, as
detailed in [14]. Aluminium plates (99.5%) of
identical area were utilized as working electrodes.
A symmetrical pulsed current with an average
anodic to cathodic average current density ratio of
Jak= 1:1 A.cm2 was applied to the electrodes.
Electrolysis was carried out with constant stirring
(300 rpm) and a temperature of 60+2 °C.

The rate of electrolysis products formation
(W) was determined by the formula:

W — AmAl (1)

where Ama; — difference between the mass of
aluminium  electrodes before and after
electrolysis, Sa; — geometric area of aluminium
electrodes, T — duration of electrolysis.

Polarization experiments, (cyclic
voltammetry and chronopotentiometry) were
conducted in a three-electrode electrochemical cell
at a temperature of 20+10 °C with an Elins P-45X
potentiostat. A platinum electrode functioned as
the counter electrode, while a saturated Ag/AgCl
electrode acted as the reference electrode.
Electrochemical impedance spectroscopy was
conducted in potentiostatic mode using an
alternating current signal sweep amplitude of 10
mV throughout a frequency range of 10-1-105 Hz.
The impedance measurement data were
estimated with ZView software.

X-ray diffraction (XRD) studies were
conducted utilizing an ARL XTRA X-ray
diffractometer (Thermo Fisher Scientific Inc.,
USA) employing Cu-Ka radiation (A = 1.5406 A).
XRD patterns were obtained in continuous-
scanning mode with a 20 range of 15° to 130°, at
an interval of 0.02 s and a speed of 3° min-!. The
resolution function of the diffractometer was
established utilizing NIST powder LaBs
(NISTSRM660a).

3. Results and Discussion

A white precipitate developed in the
electrolyte upon the application of an alternating
pulse current with a profile presented in Figure 1a
to the aluminium electrodes. The cationic
composition and concentration of the electrolyte
influenced the accumulation rate of this
precipitate (Table 1). In electrolytes containing

Table 1. Electrochemical parameters of Al-based electrochemical system in dependence on electrolyte

cation.
Parameter Cation
Mg2+ Ca2+ Sr2+ Ba2+
Rate of aluminium electrode dispersion under PAC, - - 150 148
mg.cm2h-!
pH electrolyte under PAC 3.8 4.3 9.8 10.0
Potential pause after cathodic -1.52 - -1.70 -1.50
pulse, V anodic -0.96 - -1.18 -1.18
Time of relaxation, sec 80 53 5 5
Chronoamperometry Egn, Vatj=+10 mA.cm? -0.75 -0.74 -0.75 -0.74
E 4, Vatj=-10 mA.cm?2 -1.9 -1.6 -1.5 -1.4
bgn, mV.dec?! 57 55 45 47
beas, mV.dect -57 -45 -35 -42
Tafel plot 10Gj orrs Acm? 5.9 5.8 -5.8 -5.7
Ecorr V -1.30 -1.34 -1.12 -1.07
RI 0.5365 10.42 0.2232 0.7498
EIS R2 4.8:10° 3.09-10° 4.9-10°9 6.69-10°
CPE 1.95-105 3.73-10° 5.007-106 1.618:10°%
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Sr2+ and Ba2?* an accumulation rate of dispersed
products was about 150 mg cm2.h- (Table 1). In
solutions of calcium and magnesium chloride, no
precipitates are generated; rather, aluminium
electrodes get coated with a white film that is
dense in the presence of Ca2* and loose in the
presence of Mg2+ [17,18]. Previous studies [14]
have demonstrated that in aqueous electrolytes,
Al oxidation occurs during an anodic pulse:

Al® - APBY + 3e” E, =-1.67V (SHE) 2)
In an aqueous electrolyte with a pH > 3, the Al3*
ion is going through a rapid hydrolysis process:

AIB* +3H,0 - AI(OH)s + 3H* (3)
or
AIB* + 2H,0 — AIOOH + 3H* (4)

During the cathode pulse, only the hydrogen
evolution reaction (5) occurs, as the standard
reduction potential of the redox pair Al3+/Al
(equation 2) is markedly lower than the potential
of the hydrogen evolution reaction (HER).

2H,0 +2e~ —» H, T +20H" (5)

In Sr2+ and Ba2* solutions, an identical pause
potential of -1.18 V is attained after the pulses, as
seen in Table 1, which is more positive than the
standard potential of reaction (2). The electrode
potentials during the interval after the cathodic
pulse are -1.7 V and -1.5 V in the presence of Sr2*
and Ba2?*, respectively (Table 1). In Ca2* and Mg2+
solutions, substantial potentials are generated
during both anodic and cathodic pulses, which
gradually decrease upon current end (Figure 1b),
indicating the exceptionally high resistance of the
developing passivation film on the aluminium
surface, particularly in the presence of Ca2* ions.

The chronopotentiograms of the aluminium
electrode in the studied electrolytes demonstrated
the development of a highly resistant passivating
layer in Mg2+ and Ca2?* solutions, both under
pulsed electrolysis and direct current conditions
(Figure 1c). Upon the application of an anodic
current density of 10 mA cm-2 to the aluminium
electrode, a potential of -0.75 V was observed in all
examined electrolytes. Upon transitioning from
anodic to cathodic current, a transient period
occurs, the length of which is determined by the
cationic composition of the electrolyte. Lower
potentials are observed in Mg2+ and Ca2+ solutions
(-1.9V;-1.6 V) compared to Sr2+ and Ba2* solutions
(-1.5V; -1.4 V). The transition time for both groups
of cations also differs: in the presence of activating
ions Sr2+ and Ba2+ it is 5 s and more than 50 s in
the presence of passivating ions Mg2* and Ca2+
(Table 1).

The cyclic voltammograms of the aluminum
electrode (Figure 2a) exhibit a distinct passivity
region within the potential range of -1.2 V to -0.8
V in all investigated electrolytes. A considerable
alteration in current values is observed at
potentials above -0.8 V and falling below -1.2 V,
indicating the occurrence of anodic oxidation of
aluminium (1-3) and cathodic evolution of
hydrogen (4). The electrical current values, and
thus the rate of hydrogen evolution as per reaction
(4), in Mg2* and Ca?2* cation solutions are roughly
an order of magnitude greater than those in Sr2+
and Ba2* based electrolytes (Figure 2b). The
application of an alternating pulsed current to the
electrochemical system under investigation also
influences the varying pH of the electrolyte (Table
1). The process of active hydrogen evolution
reaction facilitates the alkalization of the
electrolyte solution, achieving a pH of 10 in
solutions containing Sr2+ and Ba2+ ions.

a) +10 mA cm'zm c)

pause
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Figure 1. Current (a) and potential (b) profiles of aluminium electrode under pulse electrolysis conditions,
and chronopotentiograms (c) of aluminium electrode in 1 mol.Li-! metal chloride solutions.
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The Evans polarization corrosion diagrams
plotted according to the Tafel equation distinctly
illustrate that the passivity region of aluminium
in Mg2+ and Ca2* solutions is approximately 1.5
times broader than in Sr2* and Ba2* solutions
(Figure 2b). The slope coefficients of the cathodic
beat and anodic ban linear sections that
characterize the polarization resistances of the
anodic and cathodic processes in the vicinity of the
corrosion potential are near the theoretical values
of 58 mV.dec! (as per the Nernst equation) in Mg2+
and Ca2?*+ solutions, while they are slightly lower
in Sr2* and Ba2* solutions (Table 1). The corrosion
potential Ecorr of aluminium in Sr2* and Ba2*
solutions is approximately -1.1 V. The presence of

0.8 Fo03
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-1.6 -1.2 -0.8 -0.4
E, V (Ag/AgCl)
08
o
sCD —— Ca(l,
> —o—SrCl,
S, -12F
>
uj
-1.6F
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Figure 2. CVs at scan rate 5 mV.s! (a), Evans
diagram at scan rate 5 mV.s! (b) and Impedance
hodograph (c¢) of aluminium electrode in Cl™
containing electrolytes with a concentration of 1
mol.L-1,

Mg2t and Ca2+ results in a notable decrease,
approximately -1.3 V (Table 1).

The corrosion current of aluminium,
independently of the solution's composition, is
logjcorr = -5.8£0.1 mA.cm-2. This is likely
attributable to the impact of Cl~ anions. Chlorine
anions, adsorbed on the passive oxide surface,
provide an activating influence, facilitating its
dissolution [13]. The aluminium electrode
potential during anodic polarization at 0.75 V
corroborates this, remaining unaffected by the
cationic composition of the electrolyte (Figure 1b).

The results of electrode 1impedance
measurements in  comparable electrolyte
solutions (Figure 2c¢) were converted into
equivalent electrical circuits using the ZView
equivalent circuit program (version 3.51). The
constant phase element (CPE), linked to the
double-layer capacitance, resistance R1, is rather
uniform over all electrolyte solutions at elevated
frequencies, whereas R2 represents the charge
transfer resistance within the oxide layer (Table
1). This parameter greatly differs between the
two groups of cations. The R2 values for Mg2*+ and
Ca2* demonstrate a significant barrier to charge
transfer at the film surface. In Sr2+ and Ba2*
based electrolytes the barrier layer is absent,
resulting in minimal charge transfer resistance.

XRD analyses of aluminium oxidation
products under PAC conditions (Figure 3)
revealed highly dispersed product formation in
Srz+ and Ba2* solutions consist of a mixture of
monoclinic aluminium oxyhydroxide phase
(space group P2;/a, JCPDS #21-1307) and
aluminium hydroxide (space group Cmcm,
JCPDS #01-072-0359) (Table 2). The AIOOH
and Al(OH)3 phases exhibited markedly different
average particle sizes (Dav), with AIOOH being
significantly smaller (1.9 and 2.2 nm) than
Al(OH)s (20.4 and 13.9 nm) for Sr2* and Ba2*
contenting electrolytes respectively.

In the presence of Mg2+ and Ca2* cations,
passivating films are formed on the aluminium
surface, comprising two oxide phases: the

¢ Mg-LDH
 Mg(OH),
@ Ca-LDH
* Ca(OH),
é 5 AI{OH),

5 * 1 *AIOCH
+ Al

Intensity (a.u.)

10 20 30 40 50 60 70
26, degree

Figure 3. XRD patterns of the aluminium
oxidation products formed under PAC conditions.
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electrolyte metal hydroxides Ca(OH):
(portlandite, space group P3m 1, ICDD 04-0733) or
Mg(OH)2 (brucite, space group P3ml1, ICDD 07-
0239) and layered double hydroxides (LDHs) [19-
23] (see Table 3). The average crystallite sizes
(Dav) and concentration of monophase hydroxides
were 18 nm, 13 % and 25 nm, 33 % for Mg(OH):
and Ca(OH): respectively (Table 2). The
predominant phase in films formed on the
aluminium electrode surface in electrolytes with
Mg2+ or Ca2* is layered double hydroxides (LDH),
M2+ M3+(OH)o]**( Ar—)ynmH20 where M2+
represents any divalent metal cation, M3+ any
trivalent metal cation and A»—an anion (inorganic
or organic), and x ranges from 0.15 to 0.33 and are
known as anion-exchange clay materials. The
concentrations of these LDHs are 87% and 67% for
films formed using MgClz and CaCls electrolyte
solutions, respectively.

Under PAC on the aluminium surface are
formed Mg-Al LDH Chloride hydrotalcite
MgsAl2(OH)16Cl2:4H20 (space group P3m, ICDD
22-0700) or hydrocalumite Ca-Al LDH
Ca2AI(OH)6C1-2H20 (space group P3c, ICDD 42-
0065) in Mg2* and Ca2* solutions respectively.
The unit cell parameters of the trigonal and
rhombohedral of these LDHs are presented in
Table 2. The parameter a can be used to
indirectly estimate the ratio of metals in LDH. In
Mg-LLDH, a = 3.05 A, the ratio Mg:Al = 3:1. For
Ca-LDHs, the value is almost twice as large, a =
5.74, which is typical of the hydrocalumite
superstructure, where calcium ions occupy
specific positions. This value of the parameter a
indicates the ordering of cations in a ratio of
Ca:Al = 2:1 [24]. The average particle size of these
Mg-LDHs and Ca-LHDs are 18 and 25 nm,
respectively.

Table 2. Results of the X-ray diffraction patterns refinement.

Cation Phase Space group Lattice parameter, Do nm Concentration,
electrolyte A o %
MgsAl2(OH)16Cl2-4H20 R3m a =3.050 15 87
hydrotalcite c=23.025
Mg2+
Mg(OH)2 R3m1 a=3142 18 13
brucite c=4.766
Ca2A1(OH)6Cl1-2H20 P21 a=5.744 16 67
Caz+ hydrocalumite c=23.268
Ca(OH)2 P3m1 a = 3.585 25 33
portlandite c=4.892
AIOOH Cmem a=2.8191 1.9 80
boehmite b=12.5853
c=3.6799
Sr2+ AI(OH)s P2:/a a =5.0014 20.4 20
gibbsite b =8.6531
c=4.6844
£ =90.9656
AIOOH Cmem a =2.8093 2.2 86
boehmite b =12.5564
c=3.6727
Baz+ AI(OH)s P2:/a a=5.0764 13.9 14
gibbsite b=28.6014
c=4.6761
£ =90.9783
Table 3. Influence of reaction conditions on the electrochemical behavior of aluminum.
Noe Current Electrolyte Phase Dav, nm Reference

1 Pulsed alternating MgCl2 Mg-Al LDH films 15 This article
current CaCl: Ca-Al LDH films 16
SrCl2 AlIOOH/AI(OH)3 powder 1.9/20.4
BaCls AIOOH/AI(OH)s powder 2.2/13.9
2 direct current MgCl2 Mg-Al-LDH powder 4 [22]
Mg(NOs3)2 9
3 direct current NaCl Mg-Al-LDH powder 65 [23]
4 alternating current  NaCl AIOOH powder 5000 [26]
CuO powder
5 direct current NaCl AlOOH powder 50-200 [27]
Al(OH)s powder

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 715

It is established that the oxidation of metals
under both direct and alternating current
conditions typically results in the formation of
dispersed metal oxides or hydroxides [25-27]. Zinc
exhibits the formation of more complex structures
in solutions containing potassium or magnesium
cations [28]. The nature of electrolyte and current
source could have a significant influence on the
properties of the obtained products as shown in
Table 3. Our observations indicate that when
passivating metals like aluminium, the
application of alternating polarization and the
occurrence of cathodic processes result in the
formation of passive layers predominantly
composed of electrolyte cations, rather than
cations of the electrode metal.

4. Conclusions

Studies of the electrochemical properties of
aqueous electrolyte solutions of alkaline earth
metal cations and chloride anions under pulsed
electrolysis conditions revealed that
electrochemical behavior depends on the nature of
the electrolyte cation, which determines the
direction of process development when the
electrode polarity is periodically maintained. In
chloride electrolytes with a cationic composition of
Ba2+ or Sr2* at a concentration of 1 mol/L, the
application of a symmetrical alternating pulsed
current leads to dispersion of the aluminum
electrodes, resulting in the formation of a product
consisting of a mixture of AIOOH and Al(OH)s
phases. In Mg2* and Ca2* chloride solutions, the
products of pulsed electrolysis are dense films
consisting of magnesium hydroxides and
hydrochlorides, as well as layered double
hydroxides (LDHs) — hydrotalcite
MgeAl2(OH)16Clar4H20  (Mg-Al LDH) and
hydrocalumite Ca2A1(OH)sCl-2H20 (Ca-Al LDH).
A combination of cyclic voltammetry, impedance
spectroscopy, and chronopotentiometry showed
that, despite the presence of Cl™ ions, Mg?* and
Ca?* cations form passivating layers that inhibit
generator formation processes even under pulsed
electrolysis conditions. These results may
represent a step forward in our fundamental
understanding of the electrochemistry of valve
metals under the influence of pulsed electric fields
and open new approaches to the controlled
formation of protective interphase boundaries.
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