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ABSTRACT

The ionic liquid, made of urea and AICIs, known as deep eutectic solvent (DESSs) has already shown
to be low-cost electrolyte suitable for aluminum electrodeposition. By applying appropriate
potentiostatic or galvanostatic electrolysis regime, aluminium is successfully electrodeposited from
the deep eutectic solvent onto aluminium substrate at nearly room temperatures. Morphologies of the
produced deposits were characterized by scanning electron microscopy (SEM) and chemical
composition by energy-dispersive X-ray (EDX) analysis. The electrodeposited aluminium displayed
different morphology depending on the deposition conditions applied.

INTRODUCTION

Because of outstanding thermal properties, electric conductivity, light weight, and good corrosion
resistance aluminium and its alloys are very significant [1,2,3]. It is now common knowledge that
aluminium cannot be electrodeposited from aqueous electrolyte because its standard potential is much
more negative than standard potential of hydrogen evolution (—1.662 V vs NHE). Therefore, the
majority of the electrolytes investigated for possible Al electrodeposition are inorganic molten salts
at elevated temperatures, mostly composed from AICIlz and NaCl, KCI and LiCl [4,5]. Research
efforts have also been directed towards finding even more suitable non aqueous electrolytes
applicable for Al deposition close to room temperatures. It was found that novel electrolytes, called
ionic liquids (ILs), might be suitable for the electrodeposition of reactive metals including Al and Al
alloys [2,6]. One of those appeared to be the mixture of aluminium chloride and 1-ethyl-3-
methylimidazolium chloride ([EMIm]CI) [2]. Although able to operate at near room temperatures the
ionic liquids are expensive and very hygroscopic, and thus unsuitable for industrial electrolysis.

A new class of low cost ionic liquids with increased stability in air called deep eutectic solvents
(DESs) was reported not long ago [7]. DESs are systems produced from an eutectic mixture of Lewis
or Bregnsted acids and bases, consisting of a different anionic and/or cationic species [7]. DESs have
proven to possess several advantages over traditional ILs such as low vapor pressure, high solubility
for metal salts, easy preparation. Research done so far showed that DES is very promising electrolyte
for electrodeposition and dissolution of a number of metals and alloys including aluminium [7].

Our previous study has shown that aluminium can be successfully electrodeposited from deep
eutectic system, based on AlIClz+urea, onto glassy carbon and aluminium at near room temperatures
[8]. This paper focuses on the conditions leading to different aluminium morphology electrodeposited
onto aluminium substrate. This is very important having in mind possibility that this system is
considered suitable for electrochemical renewable energy source [9].

EXPERIMENTALS

Electrochemical measurements and electrodeposition processes were conducted in three-electrode
electrochemical cell made of Pyrex glass, under dry argon atmosphere. High purity aluminium (Al,
99.999%, Alfa Products, Thiokol/Ventron division, USA) was used as electrodes material.
Aluminium wire 3 mm in diameter served as the reference electrode, a rectangular shovel of
aluminium was used as the counter electrode and 0.5 cm? plate of aluminium was employed as the
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working electrode. Previous to each experiment aluminium electrodes were mechanically polished
with sand paper and etched as reported earlier [8].

Deep eutectic solvent (DES) used as the electrolyte was made from anhydrous aluminium chloride
(used as received, >99%, Aldrich Chemical Company, Inc.) and urea (used as received, p.a. Carlo
Erba, France) with molar ratio of 1.6:1. The process of the electrolyte preparation was specified in
our previous work [8].

Electrochemical techniques used for examination of aluminium deposition/dissolution processes
were cycling voltammetry (CV), potentiodynamic polarization curves, chronoamperometry and
chronopotentiometry with an electrochemical workstation (EG&G model PAR 273A) regulated by
Power Suite software (Princeton Applied Research, USA). Electrochemical study was carried out at
three different temperatures: 25 °C, 35 °C and 50 °C. The galvanostatic and potentiostatic
electrodepositions were done at 35 °C. The electrolyte was not stirred. After deposition working
electrode was washed with absolute ethanol (C.HsOH, Zorka-Pharma, Sabac, Serbia) to remove any
electrolyte residue and then dried before further deposit analysis. The morphological forms and
chemical composition of the deposits obtained were determined by scanning electron microscopy
assembled with energy dispersive X-ray spectroscopy (SEM, TESCAN Digital Microscope; model
VEGAZ3, Brno, Czech Republic and EDX-Oxford INCA 3.2, UK).

RESULTS AND DISCUSSION
Examples of cyclic voltammograms recorded on the Al cathode within the same potential range at
three different temperatures are presented in Figure 1. It appeared that working temperature
significantly influences aluminium electrodeposition process in the electrolyte used (made of 1.6:1
molar ratio AlCls:urea). The maximum peak current densities of both cathodic and anodic peaks
recorded increased several times when working temperature was enlarged by ten degrees Celsius.
The charge encompassed by the recorded cathodic and anodic currents was also increased
considerably as the result of said temperature change. The cathodic charge (reflecting aluminium
deposition) was more or less equal to anodic charge (reflecting dissolution of the deposited
aluminium) showing reasonable reversibility of the two opposite processes (Al(II) « Al) under
applied conditions and the DES chosen. The voltammograms suggest aluminium deposition potential
close to — 50 mV vs. Al irrespective of working temperature. From the point of possible use of the
system in batteries this can be considered as positive. However, the deposition and dissolution current
densities recorded by voltammograms were rather low, less than 100 pA cm™. This should not be
surprising, because low conductivity of the electrolyte used at applied temperatures is known.
Scanning electron micrographs and chemical composition of the aluminium electrodeposited onto
aluminium by applying constant deposition potential of — 250 mV vs. Al at 35 °C are presented in
Figure 2. The deposits of very high specific surface area were obtained showing pure aluminium with
complex three-dimensional morphology. It was the deposit made of the flake-like dendrites randomly
oriented predominantly formed as the upper layer, and positioned over lower layer of densely grown
much smaller needle-like crystallites. This implies that, immediately after nucleation, the deposit
proceeds to grow under 3D diffusion control. These crystallites could be a problem for some future
renewable power source.
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Figure 1. CV recorded on Al working electrode at different temperatures; potential range: EinitaL=
000 mV— EcatHopic= - 400 mV— Eanopic= 600 mV —Ernac= 000 mV vs. Al; sweep rate= 10
mVs=.
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Figure 2. a) and b) SEM images (magnification:1500x and 6000x) and c) EDX analysis of
aluminium deposits obtained at 35 °C on Al after potentiostatic regime at — 250 mV vs. Al, during
30 min.
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Figure 3. a) and b) SEM images (magnification:5000x and 10000x) and c) EDX analysis of the
aluminium deposits onto Al substrate obtained at a current density of — 2 mA cm for 30 min at

T=35 °C.

SEM micrographs and chemical compositions of the aluminium electrodeposited onto aluminium
substrate from the chosen electrolyte at 35 °C under constant current density of — 2 mA cm2 are
presented in Figure 3. The obtained aluminium deposit was tree-dimensional consisting of grains in
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different sizes and crystal shapes. Apparently, crystal grains as the most dominant form were grouped
randomly into more or less separate agglomerates. The shape of the grains seems to be changing from
the form of crystalline boulders and nodular grains to a very complex and irregular morphology
almost from the beginning of the deposition. The dendrites were formed on the boulders and grains
as highly branched crystallites of various shapes that grew oriented towards the bulk of the electrolyte.
These highly developed 3D crystallite forms are expected result of the diffusion controlled deposition
of the aluminium under applied condition. Applied deposition current density of — 2 mA cm™
provoked cathodic overpotential in the range of — 1000 mV vs. Al at 35 °C. It was again apparent that
a uniform Al deposit layer could not be put down onto the Al substrate under the experimental
conditions described.

CONCLUSION
Aluminum was succsessfully electrodeposted on Al by applying constant potential or constant current
density, from deep eutectic solvent (AlCl3:urea = 1.6:1).

Although successfully electrodeposited onto aluminium at a temperature ranging from 25 °C to
50 °C it was apparent that a uniform Al deposit layer could not be put down onto the aluminium
substrate under the experimental conditions described. Instead, aluminium deposits consisting of
great number of crystallites of various shapes were obtained. These findings should arise caution in
the circles considering the used system as promising for rechargeable batteries.

The deposit obtained by applying constant deposition potential makes denser surface population
than the deposit made by applying constant deposition current density which consists of randomly
distributed groups of individual grains. However, in both cases no compact deposit covering whole
substrate is possible but individual flake-like, dendrites of different shapes, needles, boulders and
crystalline grains.

Acknowledgement

V.S.C. and N.M.V. acknowledge the financial support for the investigation received from the
Ministry of Education, Science and Technological Development of the Republic of Serbia (Grant No.
451-03-9/2021-14/200026).

REFERENCES

[1] M. Paunovic, M. Schlesinger, Fundamentals of Electrochemical Deposition, 2nd ed., John Wiley
& Sons, Inc., Hoboken, USA, 2006.

[2] K.K. Maniam, S. Paul, Coatings, 2021, 11, 80.

[3] H.M.A. Abood, N.L. Dawood, Int. J. Sci. Res., 2015, 4, 753-760.

[4] G.R. Stafford, C.L. Hussey, R.C. Alkire, D.M. Kolb (Eds.), Adv. Electrochem. Sci. Eng., Wiley-
VCH Verlag GmbH, New York, Weinheim, pp. 275-348, 2001.

[5] M. Ueda, J. Solid State Electrochem., 2017, 21, 641-647.

[6] T. Tsuda, G.R. Stafford, C.L. Hussey, J. Electrochem. Soc., 2017, 164, H5007—-H5017.

[7] E.L. Smith, A.P. Abbott, K.S. Ryder, Chem. Rev., 2014, 114, 11060-11082.

[8] V.S. Cvetkovié, N.M. Vukicevié, N. Jovicevic, J.S. Stevanovié, J.N. Jovicevié, Trans. Nonferrous
Met. Soc. China, 2020, 30, 823-834.

[9] M. Angell, C-J. Pan, Y. Rong, C. Yuan, M-C. Lin, B-J. Hwang, H. Dai, PNAS, 2017, 114, 834-
839.

282



CIP - Karanoruzanuja y myOnukanuju
Hapogna 6ubnmorexa Cpouje, beorpan

544(082)
621.35(082)
577.3(082)
543.42(082)

INTERNATIONAL Conference on Fundamental and Applied Aspects of Physical Chemistry
(15; 2021; Beograd)

Physical Chemistry 2021: proceedings: the Conference is dedicated to the 30th Anniversary of the
founding of the Society of Physical Chemists of Serbia and 100th Anniversary of Bray-Liebhafsky reaction.
Vol. 1/ 15th International Conference on Fundamental and Applied Aspects of Physical Chemistry,
September 20-24, 2021, Belgrade, Serbia; [organized by The Society of Physical Chemists of Serbia in co-
operation with Institute of Catalysis Bulgarian Academy of Sciences ... [et al.]]; [editors Zeljko Cupi¢ and
Slobodan Ani¢]. - Belgrade: Society of Physical Chemists of Serbia, 2021 (Belgrade: Jovan). - VI, 344 str.:
ilustr.; 30 cm

Tiraz 200. - Bibliografija uz svaki rad.

ISBN 978-86-82475-38-5
ISBN 978-86-82475-40-8 (niz)

a) Oum3nuka xemuja -- 300pHuIm 0) EnexTpoxemMujcko HHXEHEPCTBO -- 300pHUIM B) brodusnuka xemuja --
360pHuuly r) CrnekTpockonuja -- 300pHUIU

COBISS.SR-ID 53316617

343





