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Abstract: The electrochemical deposition of zinc/gold dendrite-free alloys was achieved from deep eutectic solvents
based on a mixture of choline chloride and ethylene glycol, without using any additives. Potentiostatic electrodeposition
was carried out at relatively low Zn electrodeposition overpotential at different Zn(II) concentrations. Insight into
the electrochemical mechanism of the Zn electrodeposition was revealed by cyclic voltammetry (CV) and chrono-
amperometry (CA). The morphology and structure of the obtained electrodeposits were characterized by scanning
electron microscopy (SEM) and X-ray diffraction (XRD), while the elemental analysis was determined by energy
dispersive spectroscopy (EDS) technique. The CV results showed that Zn electrodeposition commences with zinc
underpotential deposition (UPD) and proceeds through the zinc overpotential deposition (OPD) region. The deposition
potential of the Zn/Zn(II) couple shifts towards more positive value with increased Zn(II) concentration. CA analysis
demonstrated that in the zinc OPD region, 3D progressive nucleation starts, followed by 3D growth of depositing zinc.
Morphological analysis revealed that electrodeposition commences with the formation of compact Zn islands and
proceeds through dendrite-free zinc/gold alloys formed. A formation of several intermetallics, namely cubic AuZnsz and
AuZn along with metallic zinc were identified by XRD analysis.
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been recognized as candidates to replace the
conventional electrolytes for possible zinc dendrite-
free electrodeposition [1,2,5]. Electrodeposition of

1 Introduction

There is an ongoing focus on the improvement
of electric energy storage devices, such as zinc/air
or zinc/mickel batteries [1-3]. The key limiting
factor in power density deterioration and longevity
of these devices is the structure of the zinc deposit
and possible dendrite formation during recharging.
One of the strategies to prevent zinc dendrite
formation is to incorporate changes in either the
electrodes or the electrolyte [4]. lonic liquids have

zinc and Au/Zn alloys onto polycrystalline gold and
single crystal Au(100) and Au(111) from ionic
liquids, has gained significant attention in aerospace,
energy storage devices and automotive industry
[2,5—8]. It was also found application in producing
sensors which are playing leading role in detecting
the biomarkers, contaminants etc. in medicine,
environmental protection, and food safety [7,9].
To enhance sensors performance, most commonly
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nanoporous gold (NPG) deposits are used. One of
the methods for fabricating NPG is electrochemical
alloying/dealloying procedure [7]. In this electro-
chemical approach, the selective dissolution of less
noble metals (e.g., Zn, Cu, Ag) from the alloys
formed with gold leads to a higher level of control
of the NPG pore dimensions and uniformity [7].

Several studies on Zn electrodeposition from
room temperature ionic liquids (RTILs) have been
reported. These media when prepared for Zn
electrodeposition are usually composed of the
metal’s chloride salt, organic cation, imidazolium or
pyrrolidinium cation and different anions [10—12].
BORISSOV et al [6] investigated underpotential
(UPD) and overpotential (OPD) deposition of
Au/Zn alloys from 1-butyl-3-methylimidazolium
chloride (BMIC) ionic liquid containing dissolved
ZnCl,. Using the Au(111) single crystal substrate as
the working electrode, they demonstrated that the
zinc coating is not a mono-phase, and that it
contains a mixture of zinc and several intermetallic
phases, namely AuZn, AuZns;, and Aui,Zngs [6].
LIU et al [10] reported electrodeposition of Zn
onto Au(111) from zinc triflate (Zn(TfO),) in 1-
ethyl-3-methylimidazolium trifluoromethylsulfonate
([EMIm]TfO) ionic liquid. The same researchers
later investigated the influence of 1,2-dimethyl-3-
(trifluoromethyl)-1H-pyrazol-2-ium trifluoromethyl-
sulfonate additive on the electrodeposition of zinc
onto gold cathode from zinc triflate Zn(TfO), in
the 1-ethyl-3-methylimidazolium trifluoromethyl-
sulfonate ([EMIm]TfO) ionic liquid [1]. XU et al [4]
showed that dendrite-free Zn can be electro-
deposited from electrolyte 9 mol/L. KOH + 5 wt.%
ZnO, containing 0.5 wt.% of RTILs 1-ethyl-3-methyl-
midazolium dicyanamide [4]. DOGEL et al [13]
studied the underpotential (UPD) and over-
potential deposition (OPD) of Zn onto Au(111)
from AICl;-1-methyl-3-butylimidazolium electrolyte
containing 1 mmol Zn(II).

Relatively recently, a new class of ILs, namely
the deep eutectic solvents (DESs) have been widely
employed as an alternative medium for a range of
metals and metal alloys electrodepositions [8]. This
relatively new class of ILs became preferable not
only because of their role in minimizing the impact
of ambient moisture but also due to their desirable
physicochemical properties [2,11,12]. In electrode-
position of metals, such as Zn, Co, Ni, Pd, Ag, Cu,

Sn, or Ru, considerable attention has been
dedicated to the development of
electrolytic processes which should replace current
technologies that use aqueous electrolytes, with
DES electrolytes based on choline chloride and
hydrogen bond donors (such as ethylene glycol,
urea, and renewable carboxylic acids) [14,15]. It
has been shown that DES not only combines the
advantages of the system’s wide electrochemical
window in low temperature operation but also can
provide metals and alloys that are otherwise usually
electrodeposited from high temperature molten
salts [15]. Electrodeposition of Zn from deep
eutectic systems is mainly carried out from an
electrolyte mixture composed of choline chloride
(ChCl):ethylene glycol (EG) or ChCl:Urea
containing ZnCl, [8,12,15,16]. ABBOT et al [16]
studied the electrodeposition of Zn from ChCL:EG
and ChCl:Urea DESs onto a platinum disc working
electrode. They found that different chloride
activities in the electrolytes changed the
concentration of Zn in the electrochemical double
layer, which influenced the altering morphology of
the electrodeposited Zn. WHITEHEAD et al [17]
investigated the Zn electrodeposition process by
cyclic voltammetry and potential step techniques
from ChCLEG containing ZnCl, using static and
rotating glassy carbon (GC) disc cathodes at 30 °C.
The conductivity of the ChCLEG (1:2) system at
40 °C is 11 mS/cm, which proved to be much
higher compared to the room temperature ionic
liquids system [14,17]. For the study of the
voltammetric behavior of the 0.3 mol/L ZnCl; in
ChCLEG, VIEIRA et al [18] employed glassy
carbon, stainless steel, Au, Pt, Cu, and Zn working
electrodes. They showed that the electrodeposition
of Zn occurs through the formation of an
intermediate zinc species and its subsequent
reduction to Zn [18]. ISMAIL [12] reported the
influence of the additive methyl nicotinate (MN) on
the electrodeposition process of zinc on a copper
substrate from a ChCL:EG and in a more recent
study CHEN et al [19] investigated the corrosion
resistance of zinc coatings deposited on mild
steel from ChCL:EG [19]. Also, in the literature,
there are number of reports showing that highly
homogeneous and flat zinc deposits can be obtained
under the influence of additives to the electrolytes
used [5,11,12,20].

effective
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Previous investigations have mainly addressed
the electrodeposition of Zn in zinc—chloride ILs
or from Lewis acid melt systems, on different
substrates in the underpotential (UPD) and
overpotential deposition (OPD) regions. The study
of the electrochemical deposition and nucleation
mechanism of Zn metal on polycrystalline gold
from an ionic liquid comprising ChCI+EG+ZnCl,
have not been reported yet. This is the first study on
the Zn electrodeposition onto polycrystalline gold
electrode from 1:2 ChCLEG electrolyte at 60 °C.
One of tasks to be fulfilled is answer to the
possibility of achieving a dendrite-free Zn
deposition without using additives. Furthermore,
the phase composition of the Au/Zn alloys formed
by electrochemical deposition of zinc onto gold
from a ChCL:EG at 60 °C should be defined and
the influence of the deposition potential on the
morphology of deposited Zn will be highlighted.

2 Experimental

A mixture consisting of choline chloride
(>98%, HOC,H4sN(CHs3);Cl, ChCl) and ethylene
glycol (99.8%, ethane-1,2-diol, EG) was prepared
by mixing ChCl and EG at a 1:2 molar ratio. The
mixture was then placed onto a hot plate for 2.5 h at
40 °C, and slowly mixed under argon atmosphere
until a homogeneous colorless liquid was formed.
The electrolytes containing ZnCl, (0.01 mol/L,
0.1 mol/L and 0.5 mol/L) were made by adding zinc
chloride (99.999% ZnCl,), to the prepared mixture.
The electrolyte was stirred again under the argon
atmosphere until all the salt was dissolved.
Finally, the electrolyte was transferred to a three-
electrode electrochemical cell supplied with argon
atmosphere and subsequent experiments were done
without rigorous control of the moisture. All
chemicals were purchased from Sigma Aldrich,
(Burlington, MA, US), and used without additional
purification. The electrochemical cell used for the
experiments was made of Pyrex glass to enable
visual insight into the system. All experiments were
performed at 60 °C. Gold (Au, 99.999%) wires
and plates were used as the working electrodes
for electrochemical measurements and deposition
processes. To maintain constant Zn concentration in
the bulk electrolyte, a zinc plate (active surface area
in the electrolyte 7.5 cm?, Zn 99.99%) was used as
a counter electrode. As a reference electrode, a Zn

rod (Zn, d=3 mm, 99.99%) was used. The electrode
materials were purchased from Alfa Aesar
(Haverhill, MA, USA). Before the experiments,
gold electrodes were etched in aqua regia (1:3
HNO;+HCI), rinsed with deionized water and
absolute ethyl alcohol and dried before use. Zn
electrodes were etched in a solution made of
HNO;+HO, (volume ratio 1:10), rinsed with
deionized water and absolute ethyl alcohol and
dried before use.

For all electrochemical measurements: cyclic
voltammetry (CV, using various scan rates in
the range of 2-20mV/s), chronoamperometry
(CA), potentiodynamic and open-circuit potential
measurements, at working temperature of 60 °C,
a potentiostat/galvanostat Interface 1010 E (Gamry
Instruments, Warminster, PA, US) was used.
Electrodeposition of Zn was performed by applying
constant potentials at the Au cathode in the
electrolytes containing different Zn?" concentrations.
All working electrode potentials were measured
with respect to the potential of the zinc reference
electrode, the Zn/Zn* couple.

The morphology and composition of Zn
deposits electrodeposited at 0.100 V and —0.100 V
vs Zn were explored using a scanning electron
microscope (SEM, JOEL JSM—-IT300LV), equipped
with an energy-dispersive X-ray spectroscopy (EDS)
Oxford Instruments X-MAXYN and AZtec version
3.1 software. The specifications of SEM and EDS
analysis were: acceleration voltage 20 keV, spot
size 60, probe current 2 nA, WD 10 mm, in high
vacuum mode using back scattered electron and
secondary detector. The crystalline structure of
the deposits was analyzed by X-ray diffraction
employing a SmartLab® X-ray diffractometer
(Rigaku Co., Tokyo, Japan), with Cu K, radiation at
a continuous scanning mode (40 kV, 30 mA, and
J=1.542 A) and scanning rate of 0.5 (°)/min. Phases
formed during deposition were identified by a
comparison to the standard reference X-ray powder
diffraction patterns for phase identification, Joint
Committee on Powder Diffraction Standards
(JCPDS) database.

3 Results and discussion
3.1 Electrochemical measurements

Figure 1 presents typical CVs for the
deposition and dissolution of Zn recorded on a
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polycrystalline Au electrode immersed in ChCL:EG
with different ZnCl, concentrations at 60 °C. The
working temperature of the system (60 °C) was
based on the previous studies on the electro-
depositions of Zn from ILs at working temperatures
up to 80 °C [12].
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Fig. 1 Cyclic voltammograms of Au cathodes in choline
chloride:ethylene glycol (1:2 molar ratio) electrolyte
containing different concentrations of ZnCl,: (a) 0.01 mol/L
ZnCl, (scan rate: 10mV/s); (b) 0.1 mol/L ZnCly;
(c) 0.5 mol/L ZnCl, (All CVs were recorded at 60 °C)

Within the potential range explored, the CV
started from the initial potential, slightly negative to
the working electrode open circuit potential (OCP),
towards a final chosen cathodic potential and then
back to the initial potential in the reverse scan.
Scanning was done using different scan rates.
During the cathodic scan in the Zn underpotential
region (UPD) region, one reduction (C;) and one
oxidation (A;) current waves were observed, as
shown in Figs. I(a—c). Peak potential of C,
appeared at about 0.170 V vs Zn, and that of its
anodic counterpart at about 0.420 V vs Zn. This
pair of current waves should be attributed to the
underpotential deposition and dissolution of Zn,
most likely accompanied by the formation of Au/Zn
alloys. There are recent reports on a deposition
from similar electrolyte done onto Au(111) and
Au(100) single crystal surfaces and the current peak
at about 0.200 V vs Zn was also attributed to Zn
UPD and Au/Zn surface alloy formation [21].

At Zn overpotentials negative to about
—0.050 V vs Zn, classical nucleation and electro-
crystallization current loops indicating the
deposition of the Zn bulk metal were recorded.
These nucleation and electro-crystallization loops
have been often reported for Zn deposited on a
foreign substrate from ionic liquid electrolyte
media [11]. The monomeric tetrachlorozincate
[ZnCls)* complexes are the main Zn containing
species in the used electrolyte and the electro-
deposition of zinc takes place from these species.
These complex species appear to affect both, the
trend in deposition potential of the Zn/Zn(II) couple
shifting its potential, and the kinetics of the
deposition/stripping process. With increasing Zn?*
concentration in the electrolyte, the beginning of
the current loops was shifted to less negative
electrode potentials. In the 0.01 mol/L ZnCl,
electrolyte, the start of the nucleation loop was
observed at potential of about —0.150 V (Fig. 1(a)),
in 0.1 mol/L ZnCl, at about —0.100 V (Fig. 1(b)),
and in 0.5mol/L ZnCl, at potentials around
—0.060V vs Zn (Fig. 1(c)). No voltammogram
recorded for the cathodic end potential values being
less negative than about —0.175 V vs Zn has shown
diffusion-controlled Zn deposition. The diffusion-
controlled Zn bulk deposition in the voltammo-
grams becomes obvious only at the cathodic end
potentials applied above —0.200 V vs Zn, even in
the least concentrated 0.01 mol/L electrolyte. In the
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reverse scan, the deposited Zn bulk metal is
anodically dissolved, which is designated by the
clearly defined anodic current peak Asz. Dissolution
of the zinc from Au/Zn alloys formed during
deposition is reflected by the A, peak. The anodic
peak A; in Fig. 1 should be associated with the
dissolution of Zn from underpotentially deposited
Zn and from Au/Zn alloys synthetized during Zn
UPD. It appears that there was more than one
intermetallic formed in the Zn OPD and UPD
region, being reflected by stripping peaks Arand A,
which would explain two intermetallics having
different dissolution potentials [22—24]. Similar
voltametric results have previously been recorded
in the investigation of Zn UPD and OPD deposition
on gold Au(111) substrate from ZnCl,L—BMIC ionic
liquid [6]. Careful observation of the reverse scan
of the voltammogram obtained with a scan rate of
5 mV/s in Fig. 1(¢)), revealed that there is a small
shoulder at the potential of about 0.100 V vs Zn.
This small shoulder was observed only once in this
study. The appearance of this shoulder is often seen
on the CVs recording Zn electrodeposition and
dissolution on a working substrate in different
ionic liquids. In most of the cases, the so-called
peak is not addressed [10,21]. However, when
the appearance of this peak is addressed, it is
attributed to dissolution of electrodeposited Zn
metal [11,19].

Figures 2(a, b) display the CVs performed on
the Au polycrystalline surface with varying
cathodic end scan limits for two electrolytes of
different ZnCl, concentrations, 0.01 mol/L (Fig. 2(a))
and 0.1 mol/L (Fig. 2(b)), respectively. When the
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CV obtained with the cathodic end potential of 0 V
was compared to the CV with the cathodic end
potential of —0.150 V. vs Zn under the same
conditions, the stripping current peak (A;) in both
examples was clearly defined and located at about
0.350 V vs Zn. It is apparent that the stripping
current peak A; reflects the dissolution of Au/Zn
alloys, which in turn confirms that during the Zn
underpotential deposition, Au/Zn alloys are formed.
To get further insight into the Zn UPD, the system
was investigated by applying different holding
times at the cathodic end potentials (e.g., 0.100 V
vs Zn) slightly negative to cathodic current peak C;
potential, in the electrolytes having different ZnCl,
concentrations, 0.1 and 0.5 mol/L (Figs. 3(a, b)).
The results presented in Fig. 3 suggest that the
applied cathodic end potential of 0.100 V vs Zn
induces Zn UPD deposition from the electrolytes of
both Zn(Il) concentrations. This was supported by
the increase in cathodic and anodic currents,
including the charges encompassed by the cathodic
and anodic current waves, with increased deposition
time. Within anodic current waves, the increase in
charge with increased deposition time indicates
more zinc/gold being dissolved. However, there are
two characteristics that should be addressed. First,
under all other experimental conditions keeping the
same, the maximum deposition and dissolution
currents remained practically the same when the
deposition time was doubled. Second, the charge
limited by anodic currents, as well as that limited
by cathodic currents, remained practically the same
when the zinc concentration in the electrolyte was
increased five times.
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Fig. 2 Cyclic voltammograms on Au cathodes in choline chloride:ethylene glycol (1:2 molar ratio) electrolyte
containing different concentrations of ZnCl,: (a) 0.01 mol/L ZnCly; (b) 0.1 mol/L ZnCl, (Potential change started from
»i=0.900 V or 1.000 V towards different ¢. and back to ¢; with a scan rate of 10 mV/s; All CVs were recorded at 60 °C)
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Fig. 3 Voltammograms obtained from Au working electrode by holding at potential of 0.100 V vs Zn in choline

chloride:ethylene glycol (1:2 molar ratio) electrolyte containing different concentrations of ZnCl: (a) 0.1 mol/L;
(b) 0.5 mol/L (Working temperature: 60 °C; holding time: 5 and 10 min; scan rate: 10 mV/s)

Furthermore, under the same conditions, the
charge limited by anodic current waves was smaller
than that under its cathodic counterparts. This is an
indication that the alloy formation between the
UPD deposited Zn and the Au substrate, exhibit
some irreversibility of the deposition/dissolution
process [21]. It seems that all of the zinc engaging
into forming the surface Au/Zn alloys, does not
leave the intermetallic to be dissolved.

This type of behavior has been observed
previously in similar investigations of Zn UPD
deposition from different ionic liquids [10,13,21].
Based on these previous observations, under the
assumption of an UPD, the Zn coverage on both
Au(111) and Au(100) substrates was estimated to
be 0.41 monolayers (ML) [21]. These values were
calculated from charge density, which was
estimated by the integration of current density over
measurement time, and divided by 2 (number of
exchanged electrons per Zn atom deposited) [21].
Underpotentially deposited zinc monolayers are
sources for Au/Zn surface alloys formation. Some
earlier in-situ STM results suggested that complete
dissolution of formed alloys is kinetically hindered,
which explains the poor reversibility of the
system [21]. In addition, the zinc dissolution is
suppressed by the formation of Zn(Il) coordinated
species from dissolved Zn?>" ions at the electrode
surface vicinity in IL electrolytes [21].

3.2 Zn nucleation on Au cathode
The chronoamperometry technique was
applied to examining the nucleation mechanisms

for Zn deposition from ChCI:EG onto a
polycrystalline gold substrate. This technique was
performed by stepping the working potential from
0.700 V vs Zn, where no reduction occurred, to
different chosen cathodic end potentials that are
sufficiently negative to trigger the nucleation
process and Zn bulk deposit growth. The idea was
to find the zinc overpotential value high enough to
secure bulk zinc being deposited without diffusion
control, to obtain the bulk deposit without dendrites.
The current density—time responses to such probes
are presented in Fig. 4. The elecro-crystallization
process of bulk metal phases on the substrate
made of other metals very often starts as three-
dimensional (3D) nucleation and proceeds as 3D
growth [25,26]. In this case, the first part of every
J=A¢) response to the applied overpotential, after
short duration of capacitive charge, includes the
current density rise reflecting the increase of the
surface area of the newly born crystal and its
enlargement due to further growth of the crystal.
This relatively simple relationship ends at the
point in time when conditions in the electrolyte
(concentration of the depositing species, diffusion
coefficient of the deposition species, and intensity
of the possible forced diffusion, etc) reach the
limiting values, thus governing diffusion-controlled
deposition. These J=f{(f) functions have been a
subject of many successful investigations ending
with a selection of formulae describing every
individual case of nucleation and growth with and
without diffusion control [27-29]. The nucleation
processes at its very beginning (instantaneous and
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Fig. 4 Current density—time transients recorded on Au electrode at different cathodic overpotentials applied from
choline chloride:ethylene glycol (1:2 molar ratio) electrolyte containing 0.1 mol/L ZnCl, at 60 °C (a, b); J=A#) plots

obtained from J—¢ transients (c, d)

progressive) and consequent 3D-growth (without
diffusion control of the process), were described in
detail [25,26]. According to the criteria given by
RANGARAIJAN [30] and BUDEVSKI et al [25],
the initial rising segments of the J—¢ transients,
before they reach point in time where diffusion
control becomes of crucial influence to the
deposition process reflecting 3D progressive
nucleation, behave according to Eq. (1):

2 zF 3,3
Jooo =——n— JVt 1
free 37y ( )

m
where: Jie. represents the current density, z is a
number of electrons exchanged, F is the Faraday
constant, V'mis the molar volume, J(=dZ../df) is the
nucleation rate, v is the growth rate in the case of
hemispherical growth, and ¢ is time.

The initial deposition current density increases
recorded are presented in Figs. 4(a, b). Plotting the
values of the initial current density from the
experimental J=f{f) transients obtained, in the
form of the J=f(t?) relationship revealed linear

dependence in accordance with Eq. (1), as shown in
Figs. 4(c, d). This relationship indicates that the
zinc deposition onto the Au electrode from used
electrolyte starts with 3D Zn progressive nucleation
and proceeds as 3D growth. In a recent study, the
same conclusion was proposed by SMITH et al [31].
The authors have investigated initial nucleation
process of the Zn metal deposition onto a polished
gold-coated quartz crystal from ChCLEG. The
chronoamperometric measurements coupled with
real time in-situ monitoring of surface structure
(atomic force microscopy, AFM) and mass changes
(electrochemical acoustic impedance QCM) were
carried out and demonstrated that in the initial
phase of Zn deposition the nucleation initially
occurred as a 3D progressive nucleation [31].

3.3 Surface characterization
3.3.1 SEM and EDS analysis

The Zn electrodeposition processes were
characterized by SEM analysis of the deposits
obtained from 0.1 and 0.5 mol/L Zn(II) concentration
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in the electrolyte. For concentrations of Zn(II) ions
of 0.010 mol/L, Zn metal was not detected by EDS
technique.

Figure 5 shows surface morphologies obtained
by electrodeposition from 0.1 mol/L Zn(Il) at an
underpotential of 0.100 V (Figs. 5(a, b)), and at an
overpotential of —0.100 V vs Zn (Figs. 5(c, d)).

The EDS spectra for these electrodeposits
(taken from the place in orange color on SEM
micrographs) are shown in Fig. 6. The presence of
Au, Zn and O was detected in them, and their
contents are summarized in Table 1. The values in
Table 1 are given as average values of minimum
three measurements.

In the electrodeposit obtained under the
underpotential conditions (Figs. 5(a, b)), Zn was
only detected in traces (about 1.275 wt.%). EDS
analysis showed the presence of Zn only on edges
of pretty regular rhomboids (Fig. 5(b)). In the
electrodeposit obtained under the overpotential
conditions (Figs. 5(c, d)), the content of electro-
deposited Zn was considerably larger (about
8.97 wt.%) than that obtained at the under-
potential deposition. This deposit is characterized
by irregular compact islands, around which a
relatively non-uniform deposit was formed.

The morphology of the deposit obtained by
electrodeposition from 0.5 mol/L Zn is shown in
Figs. 7(a, b). The compact and uniform dendrite-
free electrodeposit was formed under these
electrodeposition conditions.

The EDS spectrum of the electrodeposit
obtained from this electrolyte is shown in Fig. 8,
while results of elemental analysis are added to
Table 1. In this electrodeposit, Zn is detected
in noticeable quantity (about 1/3 overall mass
fraction). Formation of the compact and uniform
surface area which is accompanied by the high
content of Zn is clear proof that compact parts of
the surface area of the electrodeposits can be
attributed to Zn deposition and probably Au/Zn
alloys formation.

Regarding the fact that the compact dendrite-
free deposit is characterized by the high content of
Zn (Fig. 7), and the fact that the deposit obtained
under underpotential conditions has negligible
content of Zn (Figs. 5(a, b)), it is clear that compact
islands obtained from 0.1 mol/L Zn(II) at —0.100 V
vs Zn (Fig. 5(d))) can be attributed to dominant Zn
deposition and probably Au/Zn alloys formation.

It is necessary to point out that the cathodic
potential of —0.100 V vs Zn did not belong to the

Fig. 5 SEM micrographs of deposits obtained by electrodeposition from 0.1 mol/L Zn(I): (a, b) In underpotential

B £
b P

region (0.100 V vs Zn); (c, d) In overpotential region (—0.100 V vs Zn) (In both cases, electrodeposition time was

10 min)
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Fig. 6 SEM micrographs and EDS spectra of electrodeposits obtained from 0.1 mol/L Zn(II): (a, b) In underpotential
region (0.100 V vs Zn); (c, d) In overpotential region (—0.100 V vs Zn)

Table 1 Elemental contents of electrodeposits obtained
under various electrodeposition conditions (wt.%)

Electrodeposition

condition Au Zn 0)
O?i(l)gn ‘% I;Zn 97.425+0.40 1.275+0.80 1.30+0.010
_8 '110‘;12}/3; 7y 83.56£2.0 8.97£0.80 7.47+0.90
_8 'fo‘gli’}/VL; s 6322550 3272460 4.06+1.0

diffusion control for all used Zn electrolyte
concentrations (Figs. 1(a—c)). The use of higher
concentration of Zn(II) (0.5 mol/L) in the electrolyte
enabled us to obtain compact and uniform deposit,
while relatively non-uniform deposit with compact
islands was obtained from the electrolyte containing
0.1 mol/L Zn(II). As already mentioned, elemental
analysis of the electrodeposits obtained under
various electrodeposition conditions indicated the
formation of Au/Zn alloys, and for that reason, the
further characterization of these electrodeposits by
the XRD technique was done.

Fig. 7 SEM micrographs of deposits obtained by electro-
deposition from 0.5 mol/L Zn(II) at overpotential of
—0.100 V vs Zn (The electrodeposition time: 3 min)
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Spectrum 14

E/keV

Fig. 8 SEM micrograph and EDS spectrum of electro-
deposit obtained from 0.5 mol/L Zn(II) at overpotential
of —0.100 V vs Zn

3.3.2 XRD analysis

X-ray diffraction analysis in this study
revealed that with the metallic bulk Zn deposited
from 0.1 and 0.5 mol/L ZnCl, electrolyte, several
distinct intermetallics, AuZn and AuZn; phases,
were formed by Zn potentiostatic deposition onto
the Au polycrystalline substrate in the Zn OPD
region at —0.100 V vs Zn. The results of XRD
analysis of the samples formed by electrodeposition
of Zn onto Au cathode in a potentiostatic mode
from choline chloride:ethylene glycol (1:2 molar
ratio) electrolyte containing different concentrations
of ZnCl, are presented in Fig. 9.

The XRD results for the samples prepared by
zinc electrodeposition from the electrolyte with
0.1 mol/L and with 0.5 mol/L ZnCl, concentration
appeared to be very similar. The distinct diffraction
peaks at 260=22.5°, 25.20°, 27.65°, 32.03°, 41.17°,
42.83°, 45.94°, 47.44°, 53.11°, 54.47°, 63.39° and
71.66° with (200), (210), (211), (220), (320),
(321), (004), (014), (124), (233), (025) and (006)
reflections in the diffractograms recorded were

recognized as the characteristic peaks of cubic
AuZnsz phase [JCPDS No. 00-50-1336]. The peaks
identified at 26=28.40°, 40.59°, 50.28°, 58.76°,
66.53°, and 73.86° with (100), (110), (111), (200),
(210) and (211) were assigned to the reflections
corresponding to cubic AuZn [JCPDS No. 03-065-
0436].

(a) Au Au Au Au

* AuZn
¢ AuZn,
e 7Zn

TN .
* . *00* * %

20 30 40 50 60 70 80
20/(°)
(b) Au

* AuZn

¢ AuZn,

e /n *
k

. ‘I ’M .
20 30 40 50 60 70 80

20/(°)

Fig. 9 X-ray diffraction patterns of deposit obtained by
Zn electrodeposition in potentiostatic mode (deposition
potential of —0.100 V vs Zn) from choline chloride:
ethylene glycol (1:2 molar ratio) electrolyte containing
different concentrations of ZnCly: (a) 0.1 mol/L ZnCl,,
and deposition time 10 min; (b) 0.5 mol/L ZnCl,, and
deposition time 3 min (Working temperature: 60 °C)

Apart from the prominent peaks corresponding
to AuZn and AuZns alloys, the XRD data indicated
the peaks of metallic Zn, 26 peaks at 36.29° and
70.07 © with reflections (002) and (103) [JCPDS No.
01-087-0713], and the peaks of the Au substrate at
20=38.18°, 44.38°, 64.57° and 77.56° [JCPDF No.
03-065-2870].

Our XRD findings are in agreement with the
literature which names the cubic AuZns;and AuZn,
as well as the hexagonal Aui,Zngg as the main
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alloys of gold and zinc [21]. At 50 at.% zinc, the
p’-AuZn phase is formed whereas at 75 at.% of Zn,
y2-AuZns is found. These two phases retain cubic
structures. At zinc concentrations higher than
75 at.%, the Au/Zn alloys exhibit a transformation
to hexagonal closed packed (hcp) structure, and
accordingly the Au.Zngs phase has a hexagonal
structure [6]. The characteristics of XRD patterns of
Au/Zn alloys formed by Zn electrodeposition on
Au(111) from 1-butyl-3-methylimidazolium chloride
containing ZnCl, presented by BORISSOV et al [6],
and XRD data disclosed by SCHUETT et al [21]
regarding the electrochemical deposition of Zn
onto Au(100) and Au(111) from the ionic liquid
N-methyl-N-propylpiperidinium bis(trifluorometh-
anesulfonyl)imide were in accordance with our
results presented.

However, recently, it was suggested that the
transition in AuZn phase at low temperature can
be trigonal or rhombohedral with a very small
distortion [32]. According to the binary Au—Zn
phase diagram, an orthorhombic metastable phase
was found in an alloy with 37.8 at.% Zn when it
was rapidly cooled to room temperature after being
kept at 600 °C for several hours [33].

3.4 General discussion

The results obtained in this study suggest
Zn UPD and OPD deposition from the chosen
electrolyte (0.01 mol/L, 0.1 mol/L and 0.5 mol/L
ZnCly) and Au/Zn alloys formation made by solid
state interdiffusion. To identify Au/Zn alloys
formed in Zn UPD and OPD region onto gold from
used electrolyte, XRD analyses of the working
cathode surfaces after deposition were performed.
Voltammetric studies in the UPD region and SEM
analysis of the cathodes after zinc underpotential
deposition at 0.100 V vs Zn in the electrolytes
containing 0.1 mol/L and 0.5 mol/L ZnCl, confirm
that Zn was underpotentially deposited. SEM and
EDS analysis suggest presence of Zn only on the
edges of fairly regular rhomboids. XRD results
regarding the formation of the Au/Zn alloys by
zinc underpotential deposition, however, were not
convincing. Similar behavior was recorded in the
case of the Al UPD onto Zn substrate from
chloroaluminate melts in our earlier studies [22,34].
The characteristic peaks for Al/Zn alloys formation
by Al underpotential deposition on Zn substrate
from the chloroaluminate molten salts in XRD

diffractograms were not observed [22,34].

Analogues results and conclusions on the
subject can be found in the literature. By using
scanning tunneling microscopy (STM), DOGEL
and FREYLAND [13] found that in the Zn UPD
region, the electrodeposited zinc islands are formed
on Au(111) at potentials starting at about 0.250 V vs
Zn and completion of the Zn monolayer is at about
0.160 V vs Zn. By changing the potential closer to
the zinc Nernst potential value (0.100V for
example), formation of Au/Zn surface alloys was
induced. These values are in very good agreement
with the current peak potential C; in the CV
presented in our study (Fig. 1).

Studies of zinc electrodeposition onto gold
(111) and (100) substrates from several ionic liquids
have found that UPD of zinc leads to the formation
of Zn monolayers and subsequently to Au/Zn
alloys [6,10,13,21,35]. LIU et al [10] stated that at
the electrode potential of 0.100 V vs Zn, the island
continues to grow, but the process is very slow and
takes several hours to get the electrode surface
fully covered. This conclusion was evidenced
by in-situ STM results presented [10], and it is
most probably due to solid state self-diffusions
of Zn and Au and diffusion mobilities in solid
solutions [21,34].

It appears that the electrodeposition of zinc
in our experimental potential window starts as
zinc underpotential deposition (zinc UPD) of
monolayers which spread very slowly over the gold
polycrystalline surface. The mechanism of solid

state interdiffusion transitions causes those
monolayers to form surface alloys with the
substrate. These alloys are most probably

dominantly metastable and therefore cannot be
recognized by XRD. In these processes, zinc is
deposited in amounts larger than those participating
in alloy formation, and therefore remains partially
on the surface as metallic zinc. When the
dissolution starts, the metallic zinc from the
substrate dissolves into the electrolyte, but it is
moderated by the formation of zinc complexes with
the components of the melt, Peak A, in Figs. 1(a, b),
and Peak A, in Fig. 2(b)). The zinc from surface
alloys exits at more anodic potentials, but some
of it remains trapped in the surface alloys formed,
Peak A, in Figs. 1(a, b), and Peak A; in Fig. 2.

In the zinc overpotential deposition region
(zinc OPD), 3D progressive nucleation starts,
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followed by 3D growth fed by 3D diffusion with
depositing zinc. Thus, a layer of Zn deposit is built.
At the initial border between the gold substrate and
the deposited zinc, the bottom part of this layer
forms probably stable alloys, due to solid state
interdiffusion (Figs. 9(a, b)). The upper part of the
layer, advancing toward the bulk of the electrolyte
by accumulating new amounts of Zn, allows
formation of new quantities of Au/Zn alloys
probably made of metastable and less dense
crystals. Towards the electrolyte, the surface of
advancing layer is made probably only from zinc
crystallized in its usual crystal structures, partially
distorted by the underlying alloy structures. When
the zinc overpotential is high enough to induce and
support diffusion-controlled deposition, i.e. ruled by
diffusion limiting deposition current, these surface
irregularities are points of dendrite birth and
growth. Figures 5—8 present the surface being
without prominent surface point of elevation
or deformations and therefore it does not offer
precursors for dendrite generation and growth. This
is the situation governing zinc deposition processes
on each of the gold polycrystalline grains exposed
to the used IL zinc electrolyte. This is the result of
applying potentiostatic low zinc overpotential
deposition at potentials below —0.110 V vs Zn. In
the available literature reports, there is no similar
success in avoiding dendrites being formed in zinc
deposition without additives used in the electrolyte.
It should also be mentioned that zinc accumulates at
the gold substrate grain boundaries where its
nucleation energies are favorable.

4 Conclusions

(I) A new method was presented for zinc
dendrite-free electrodeposition on polycrystalline
Au cathode at 60 °C from a deep eutectic solvent
made of choline chloride and ethylene glycol (1:2)
containing Zn(Il) as a source of metal component
and without additives. The increase in the Zn(II)
concentration in this electrolyte shifted the onset of
Zn bulk electrodeposition potential towards more
positive value.

(2) The results of the electrochemical studies
have shown that Zn electrodeposition commences
in zinc underpotential deposition (UPD) and
proceeds through the zinc overpotential deposition
(OPD) region. It was found that in the zinc OPD

region, 3D progressive nucleation starts, followed
by 3D growth of depositing zinc.

(3) CVs results showed that at the cathodic
end potential values being less negative than
about —0.175 V vs Zn, no diffusion-controlled Zn
deposition was reached, and thus the electro-
chemical potential of Zn/Zn(II) redox couple
favored fabricating dendrite-free Zn/Au deposits.
The deposits were made potentiostatically at
different electrode potentials and different Zn(II)
concentrations in the electrolytic bath. Applying
relatively low Zn electrodeposition overpotential,
less negative than —0.110 V vs Zn, resulted in a
compact deposit comprising two distinct cubic
Au/Zn intermetallics, AuZn; and AuZn, and
metallic Zn.

(4) Zn was detected in traces in the
underpotential conditions of electrodeposition.
Formation of the deposit in the Zn OPD region
starts with compact Zn islands and proceeds to the
full coverage of Au electrode, by electrodeposited
dendrite-free Zn, AuZns and AuZn alloys.
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