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Abstract

Zinc electrodeposition from a deep eutectic mixture of ZnCl, and choline chloride/ethylene
glycol on titanium covered by an anodic titania film of different thicknesses was studied. It has
been shown that thin titanium dioxide layers work as insulator and the rate of zinc deposition
decreases with film thickness. Thicker titania layers (23 nm and higher) have opposite
properties and the zinc reduction rate starts gradually increasing with thickness. This happens
because at the higher voltage necessary to grow thicker anodic films they become more
crystalline and consequently more conductive.

There is also evidence that in DES no dense organic layer forms on the titanium/titania
electrodes. The application of an AC signal superimposed on a DC potential only marginally
increases the amount of zinc deposited and FTIR measurements did not reveal the formation of
any chemical bonds between the film and DES.

Zn deposition onto titanium/titania is characterised by instantaneous three-dimensional

nucleation mechanism, which is independent of titania thickness.
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Introduction

Electrochemical deposition is a conventional and cheap technique to form 1-D
nanostructures. In most of the cases, porous anodic templates on the valve metals are used.
Filling of the matrixes by other materials is applied to produce solid state solar cells,
photodetectors, magnetic sensors, metal-insulator-metal capacitors [1] etc. The major
drawback of the porous template systems is a barrier layer on the bottom, which usually acts as
a high resistive medium impairing the flow of current.

Direct investigation of deposition and nucleation processes in porous templates is
hindered because the interface is hidden. Electrodeposition on flat samples allows to avoid
these limitations and can serve as an appropriate model process for such study. However
extrapolation of results found on a bare metal electrode to the processes on the bottom of pores
is incorrect because of critical differences between metal/electrolyte and barrier
oxide/electrolyte interfaces. Consequently the use of a metallic electrode covered by the anodic
oxide layer is mandatory to study the bottom processes. In our previous work [2] zinc
electrodeposition from a solution of ZnCl in a choline chloride / ethylene glycol eutectic
mixture on dense alumina layers of different thicknesses was studied. It was shown that the
potentiostatic deposition of zinc on an alumina barrier layer at -1.6V and room temperature is
impossible even if the layer thickness does not exceed ~2 nm (a native alumina film). As a
comparison, zinc is easily deposited at -1.4 V from the same solution on a FTO glass electrode.
The formation of a dense organic layer due to interaction between OH groups of the organic
species with the alumina film was demonstrated. Moreover deposition has been shown to be
possible by superimposing an alternating sinusoidal voltage on DC potential (-1.6V) or
alternatively increasing the solution temperature [2].

The current paper is devoted to studying of electrodeposition of zinc from choline based
eutectic on anodic titanium oxide film. Bulk anodic titania has been investigated for more than
50 years. Several properties such as growths factor [3-8], crystallinity [1, 9-12], conductivity,
influence of anodization solution and regime [13] were widely studied by different authors.
Despite all these studies deposition over anodic titania is still hardly understood. Only works
about deposition of copper on titanium oxide films from water solution were described in
literature [14, 15]. Electrodeposition of metals from DES on titania covered electrodes has not
yet been analysed.

Titanium dioxide films both in pure state and after electrochemical modification have
distinguished properties in which concerns certain properties, for instance, catalytic and
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photocatalytic [16, 17], self-cleaning and wetting [18], use as solar cell [19] and optical devices
[20]. Furthermore, anodic titania is a promising porous matrix to be filled by different
materials. Some works have been already done in this area [21-23].

Zinc was chosen as a material to be deposited due to its capability to transform
afterwards into semiconductor materials such as zinc oxide and zinc sulphide [24] and for
comparison of the results with previous work [2] on deposition of zinc on aluminium/alumina.

Deep eutectic solvent (DES) based on choline chloride was selected as electrolyte for
deposition due to its properties, such as negligible vapour pressure, wide electrochemical
window and high thermal stability [25]. Choline eutectic is often described in literature as
quasi ionic liquid because of the properties similarity. However, in contrast to conventional
ionic liquids, DESs are very cheap, not-toxic and have good potential for industrial usage [26].
Abbott et al. have widely studied properties of DESs based on choline chloride, namely
viscosity and conductivity [27, 28]. Electrodeposition of metals [29, 30] and particularly zinc
[31-37] and Zn-containing alloys [38] from these solvents was explored as well. Moreover the
use of DES as electrolyte gives an opportunity to dissolve compounds which are insoluble in

water (for example ZnO) and to make deposition from these solutions [36, 39].



2. Experimental

Coupons of titanium foil (100x5x1 mm, 99.2%, Alfa Aesar) were used as electrode
material for sample preparation. The coupons were rinsed with acetone, ethanol and distilled
water and then were dried in air. Before anodization, the electrodes were chemically polished in a
HF:HNO3s mixture (1:3 by volume) to mirror finish and finally were rinsed with deionized water. A
part of their surface was isolated with chemically resistant varnish, giving an electrode working
area of about 0.5 cm?.

A Keithley 237 High Voltage Source-Measure Unit was used as a current source for the
sample anodizing. A 1M sulphuric acid aqueous solution was used as electrolyte [12]. The
anodization was performed in a galvanostatic mode with a current density of 10 mA/cm?. The
counter electrode was a platinum foil. The process was terminated after the desired voltage (3,
7, 10, 20, 40 V) was achieved. The thinnest anodic film used in this work (12 nm) was formed
at 3V. Preparation of thinner anodic titania layers is hindered because of low reproducibility of
the experiments and inhomogeneity of the films. After anodization the electrodes were stored
in a desiccator for stabilization of the compact titania layer during 24 hours.

Thickness of the layers was measured by Ellipsometry and Glow Discharge Optical
Emission Spectroscopy (GDOES). The spectroscopic ellipsometry measurements were made
using an AutoSE ellipsometer (HORIBA Scientific) with a total of 250 points in the
wavelength interval 450-850 nm, an incidence angle (&) of 70° and a signal quality of 30. An
area of 250x250 um was measured. GDOES depth profile analysis of the coatings was done
using a HORIBA GD-Profiler 2 with a copper anode of 4 mm in diameter. Argon sputtering of
the sample surface occurred at a pressure of 900 Pa and power of 10 W.

Preparation of DES electrolytes and the electrodeposition experiments have been done
in contact with air. The eutectic system was prepared by mixing choline chloride (ChCl, 98%)
and ethylene glycol (EG, 99+%) in the molar ratio of 1:2. Anhydrous zinc chloride (99.99%)
was added to the DES to obtain a 0.3 M solution which was heated and kept at 60 °C under
vacuum during 24 h. The as-prepared solution (hereafter DES:Zn) was either used for
electrodeposition or was stored in desiccator over P20s.

Voltammograms were obtained using a Bio-Logic SAS SP-300 potentiostat.
Measurements were performed in a Faraday cage. A three-electrode cell consisting of a
platinum wire as reference electrode, graphite rod as counter electrode and the working
electrode was used. All voltammetric curves were recorded starting in the cathodic direction. In

all potentiodynamic experiments, the potential scan rate was 20 mV/s.
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Investigation of electrode surface morphology and elemental analysis were performed
using a Hitachi S-4100 scanning electron microscope (SEM) coupled with energy dispersive
spectroscope (EDS). An ImageJ 1.48v image processing software was applied for calculation
of the electrode areas covered by the deposited zinc.

The Fourier transform infrared (FTIR) spectra were recorded with the use of a Bruker
IFS55 spectrometer equipped with a single horizontal Golden Gate attenuated total reflectance
(ATR) cell.



3. Results and discussion

Titanium anodization

Figure 1a shows the dependence of the signal intensity of the elements composing the
titanium anodized layer (40 V) on its depth obtained by GDOES. It demonstrates homogeneity
of the oxide film and uniformity of sulphur distribution. Sulphur is present in the titania film
because sulphuric acid solution was used as electrolyte. Deviation of the profiles at the
beginning of sputtering can be explained by the presence of an adsorbed layer on the surface
containing sulphur and oxygen, probably from the sulphuric acid. The oxygen concentration
slightly decreases throughout the film because oxygen migration occurs during the anodization
process, from the electrolyte to the electrode leading to higher concentration of oxygen on the
free titania surface than on titania/titanium interface. A well-defined interface between anodic
titania film and titanium substrate was obtained. The plateau on the titanium and oxygen
signals’ intensity curves during the etching process corresponds to the oxide layer. Further
growth of the titanium signal indicates that the metal sputtering started. The plateau does not
appear in the results obtained on the samples prepared at low voltage (less than 10V) (Fig. 1b)
because of the very small thickness of the film and microroughness of the interface;
nevertheless estimation of the thickness is still possible taking into consideration the change in
slope of the depth profile curves.

Ellipsometry measurements were done in parallel with GDOES and data fitting was
performed using the Lorentz model. Both of the techniques showed similar results in terms of
thickness/voltage ratio.

Fig. 2 shows that the thickness-voltage ratio estimated for the galvanostatic growth of
anodic TiO2 corresponds to the values (2-3 nm/V) that are commonly reported in literature for

titania anodic films grown in sulphuric acid solutions [3-8].

Zinc electrodeposition on Ti/TiO2 electrodes with different film thicknesses

Typical voltammograms that were obtained on zinc and the titanium electrode covered
with compact titania film in DES:Zn are presented in Figure 3. The potential for reduction of
zinc on zinc electrode is -1.1V (Fig. 3). Nevertheless, the negative current was only detected at
-1.2V on the titanium/titania electrode after pre-treatment (activation) in hydrofluoric acid,
which evidences the existence of an overpotential for zinc reduction on the titania surface. The
activation in HF results in decrease of the native layer thickness. Fast current increase followed
by plateau was observed for these electrodes. Strong cathodic current appears at -1.65V and
corresponds to reduction of the organic species. Decomposition occurs according to the



mechanism described in literature [40, 41]. Small current which appears on the titania covered
electrodes probably corresponds to reduction of titania (Ti**+ e~ + H*—Ti**H") [23] since zinc
was not detected on the surface by SEM studies in this potential region. Electroreduction of
zinc was performed in the range from -1.2V to -1.7V with 100mV step to find the best physical
properties of the deposit. The quality of the coating was evaluated visually. In the current work
deposition was carried out at -1.6V because it gives solid zinc coating with the best adhesive
properties.

Initial increase in the barrier thickness from native (HF activated electrode with a
barrier thickness of 3-5 nm [42]) till 12 nm by anodic film formation leads to a strong decrease
of the reduction current (Fig. 3). It is typical for valve metals because of low conductivity of
the oxide film. Normally, the resistance of the film rises with its growth, which makes the
deposition difficult. This situation was demonstrated for the likened aluminium/alumina system
in our previous work [2]. Increasing the alumina barrier thickness provides significant increase
of the resistance and consequently of the zinc reduction current. Nevertheless, in this specific
case, the negative current on the titanium/titania electrode with 18 nm titania film stays on the
same level as with 12 nm thickness (Fig. 3). Moreover, with further increment of thickness to
23 nm and thicker, the current rises, contrary to the case of alumina where the current
decreases dramatically with growth of the film. The maximum current on titanium/titania
electrode was obtained at maximal film thickness of 84 nm, and is similar to the current on the
activated electrode (Fig. 3). The phenomenon of current increase on thicker anodic titania films
was demonstrated in Hyun Chang’s work for copper deposition from water solution [15]. The
authors modified the Ti cathode surface by temperature oxidation and anodization process.
Both cases show enhanced deposition rate because the film is more conductive in spite of the
oxide layer is thicker. They explain this fact by better crystallinity of the anodic film at higher
anodization voltage and correspondingly at higher film thickness. Similar conclusion was
achieved in Shibata’s work [9]. The structure of the anodic oxide film on titanium was found to
be dependent on the formation potential. Film crystallization occurs at potentials more positive
than 7.0 V. We can suggest in the present work an analogous explanation for the current
increment according to Hyun Chang’s and Shibata’s works. The oxide layer remains
amorphous on the initial stage of the growth and the conductivity decreases with film thickness
(12 and 18 nm films). After reaching a critical anodization voltage, the anodic layer starts
crystallizing, which results in higher current for the 23 nm barrier film (that corresponds to
10V) compared to the 12 and 18 nm films (3 and 7V correspondingly). The film crystallinity
and conductivity progressively increase with additional accretion of the barrier, which reflects
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on the voltammetry curves as increase of current (Fig. 3). These results are in accordance with
Shibata’s work [9] where it was demonstrated that the crystallization starts after the
anodization potential of 7 V.

Fig. 4a depicts the current-time transients resulting from chronopotentiometric
experiments on titanium electrode covered with titania of different thicknesses at -1.6 V.
Deposition on the activated electrode is much faster than on thin barrier layer (12, 18 nm). The
total electric charge starts to increase for the 23 nm layer and rises as the layer thickness grows.
As it was mentioned before [2], electrodepostion of zinc on native alumina layer (around 2 nm)
was impossible in standard potentiostatic regime. Even after shifting the potential into the deep
cathodic region (-5V) intense gas evolution was observed but there was no deposit of zinc on
the electrode surface.

The amount of zinc that was deposited during 30 seconds was calculated from
Faraday’s law for electrolysis:

_Q
zF

where n is the chemical amount of zinc deposited, Q is the total electric charge passed, which

n

is calculated from the above current-time curves, z = 2 is the number of electrons transferred
per ion and F is the Faraday constant. The results are shown in figure 5 (red line).

Analysis of SEM images of the samples was performed to confirm that the current
increase corresponds to the growth of the zinc deposition rate and not to additional competitive
reactions (as in the case of aluminium/alumina). The typical image obtained for deposited zinc
on titania film 23nm thick, at E = —1.6V, is shown in Fig. 6a and in the inset after processing
by ImageJ. At the early stages of Zn deposition (30 seconds) individual spherical particles with
size d = 40 nm were formed. EDS analysis (Fig. 6¢) shows the presence of Zn. The number and
average size of the particles were determined in the same way for all the samples. It was
assumed that the particles are spherical. Then the zinc volume was calculated and the chemical
amount of the deposit obtained. The results demonstrate that the quantity of zinc deposited on
the surface increases with the barrier thickness growth (Fig. 5, black line). The difference
between the black and red line could be due to the fact that the deposition process efficiency is
not 100% (around 60%).

As it has been mentioned in the introduction a strong interaction between the solution
eutectic components and alumina interface was observed during deposition on anodic alumina
in our previous work [2] . Additional AC component superimposed on constant DC potential
makes the organic layer on the alumina/electrolyte interface less compact and more permeable

to zinc chloride anions. The positive influence of this regime, such as growth of zinc reduction



rate, for electrodeposition on the aluminium/alumina system was demonstrated. Identical study
in this work was performed using a sinusoidal potential of 50 mV amplitude superimposed on
the DC potential of -1.6 V at the 1 kHz frequency. Specimens with titania layers of 12, 18, 23,
43 and 84 nm were used. Typical SEM images of the electrode surface after 30 seconds of zinc
deposition on the titanium electrode covered with 23 nm titania film is presented in Figure 6b.

The particles size on the electrode after AC-PS mode deposition is bigger than on DC
(PS) mode, but the number of the particles is less. Estimating the quantity of the deposited zinc
in both modes it is 1.5 times less in potentiostatic mode than in the AC-PS regime. Thus it can
be concluded that there is a small influence of the AC component on the deposition process.
Increase of the zinc amount was much smaller in comparison with the aluminium/alumina
system where it was found an increase of 10 times in the same conditions [2]. The small
difference observed can be explained by additional *“electro stirring” on the AC-PS mode, i.e.,
migration of charged species in the alternating electric field. The dense organic layer formed in
the case of alumina/aluminium system might not exist in the case of titanium/titania.

FTIR measurements have been done to confirm that the organic layer does not form.
FTIR-ATR spectra of DES:Zn in contact with titanium electrodes covered by titania are
presented in Figure 7. The respective spectrum of blank DES:Zn is shown for comparison. The
observed bands in the DES:Zn spectra correlate well with the reference spectroscopic data for
ethylene glycol and choline chloride. One can see that contact of DES:Zn with the electrode
surface results in no shift of the characteristic bands. It differs from the case of alumina/DES
interface where O-H stretching shift around 135 cm™ was found. Thereby we anticipate that no
chemical bonds were formed between the organic species and the titanium/titania electrode.
Titanium/titania and aluminium/alumina systems despite chemical similarity demonstrated

absolutely different properties in terms of interaction with DES.

Zinc nucleation mechanism

Electrodeposition of metals on an electrode with low chemical affinity to
electrodeposited metal usually occurs with overvoltage and involves three-dimensional
nucleation with hemispherical growth of the nuclei [43]. There are two main types of three-
dimensional nucleation: instantaneous and progressive. In the instantaneous model all
nucleation sites are activated right after potential application. Progressive model is the situation
when the nucleation sites become activated during the experiment.

Deep understanding of the nucleation process and other processes, which occur in the
beginning of the deposition, is extremely important because the start of the process is crucial to
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the properties and structure of the deposited materials. For example, in the same titania matrix
inside and over the tubes is possible to obtain either nanowires, nanotubes, sandwich and
coaxial multilayer structures.

The mechanism of nucleation and growth can be determined by graphical analysis of
the current transients from chronoamperometric measurements. Such an approach is commonly
used in studies for metal nucleation on different substrates (Ge, Si, W, vitreous carbon, etc.)
[37, 43-46]. Figure 4a shows series of current transients for Zn electrodeposition at -1.6V, on
the titanium electrode covered with titania films of different thicknesses. The transients are
characterized by an initial increase of current followed by a drop at longer time. Due to the
high deposition overpotential (about 100mV) and the transient shape we believe that the
nucleation process matches to 3D mechanism followed by diffusion-limited growth [43]. The
deposition transients acquired for different thicknesses of titania were plotted in dimensionless
form by normalizing the current (i) and time (t) respectively to the maximum current (imax) and
time (tmax) Where the maximum current is reached, Fig. 4b.

According to literature [43, 44] for instantaneous nucleation the theoretical normalized

rate law is given by:

2
max — to

i t t—ty \1°
<. ) = 19542 — [1 —exp (—1.2564—)]
bmax t— tO tmax - tO

and for progressive nucleation the theoretical normalized rate law is:

2
max

i tmax = bo t—t)? \I
(. ) = 1.2254 —— |1 —exp —2.3367—2
Lnax t— tO (tmax - tO)

where to is the induction time, i.e. the time needed to form a nucleus larger than the
critical nucleus size. The theoretical plots are shown in the same Fig. 4b. Comparing the
theoretical plots for progressive and instantaneous nucleation and the experimental plots for
zinc reduction, it is seen that Zn deposition onto titanium/titania electrode proceeds by
instantaneous three-dimensional nucleation. The mechanism is independent of the titania
thickness and denotes that practically all Zn nuclei on the electrode surface are formed at once
and have the same size. Deviation from the theoretical curves are probably related to accessory
processes [40, 41, 47].

4. Conclusions
Electrodeposition of zinc from 0.3M ZnCl solution in choline chloride/ethylene

glycol eutectic solvent on titania barrier layer was successfully performed. Reduction of zinc
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species occurs much faster on thicker anodic films than on thinner ones. The chemical amount
of reduced metallic zinc at -1.6V during 30 seconds is 4 times higher on 84 nm thick films than
on 12 nm ones. It happens because both film thickness and crystallinity grow with the
anodization potential, the latter leading to higher oxide conductivity. Application of -1.6V DC
potential, superimposed by an alternating sinusoidal component of 50mV, leads to negligible
increase of the amount of zinc reduced. Regarding this fact and additional FTIR results it is
assumed that there is no formation of a dense organic layer on titanium/titania electrode
contrary to the aluminium/alumina system. Thus zinc deposition becomes easier.
Electrodeposition of zinc at -1.6V from DES occurs by instantaneous three-

dimensional nucleation mechanism and it is uninfluenced by the titania layer thickness.
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obtained from the electrodes after anodization at different voltages (b).
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