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Abstract
Zinc electrochemical deposition in porous anodic titania from 0.5M ZnCl2 solution in
choline chloride based deep eutectic solvent is reported. Electroreduction is performed by a pulse
method in titanium dioxide templates modified in three different ways. Titania nanotubes were
formed in ethylene glycol based electrolyte with 0,38% (wt.) ammonium fluoride and 1,79%
(wt.) of water. The first template has been used as-prepared, without any modification. Such a
matrix shows a low fill-factor and zinc electrodeposition mainly occurs on the top of the tubes.
The next template was annealed at 450oC to complete crystallization of titania. It results in
electrodeposition of zinc along the entire tube surface and consequently in formation of coaxial
structure. The third template was modified based on selective crystallization of the pore bottoms
using higher anodisation voltage (80 V) than the one used for tubes formation (40 V) in sulphuric
acid electrolyte. The successful bottom-up filling of the titania nanotubes is demonstrated in this
case. Investigation of the tubes filling is performed by a set of complementary techniques such
as GDOES, SEM and TEM.

Keywords: Titanium dioxide, deep eutectic solvent, ionic liquids, electrodeposition, zinc,
choline chloride.

Introduction
Recently, porous anodic films on valve metals such as aluminium1, zirconium2, 3, iron4,
titanium3,
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etc., attract great attention due to wide range of applications. One of the most

important uses of the templates is electroformation of nanorods6 and nanowires. The parameters
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of matrix such as length and diameter of the pores, wall thickness can be easily controlled 7 by
composition of the anodisation solution 8-11, its temperature12, 13 or the applied voltage14, 15.
Titanium dioxide has semiconductive properties that advantageously differentiate it from
many other porous anodic layers. Additionally, it reveals common porous anodic template
characteristics such as high regularity, homogeneity of the layer etc. However, there is scant
work on application of porous anodic titania (PAT) as a matrix for electropreparation of metallic
or other conductive nanowires, when compared with a growing number of existing studies of the
“sister material” porous alumina. Moreover, the majority of both templates studies was
performed with detached oxide template instead having them attached to the metal electrode1619

. The use of the detached template leads to increase of cost and time due to the additional step

of substrate removal and evaporation of an electrical contact. There were several attempts to
perform deposition directly in the pores without removing the original substrate. Macak et al 20
have reported increasing the conductivity of the bottom part of the tubes via proton intercalation
(Ti4+ + e- + H+ = Ti3+H+).
Porous titania template can be formed in a number of inorganic solutions containing
sulphate21, phosphate10, 22, acetate23 ions etc. or in organic solutions

5

which are based on

glycerol15, ethylene glycol etc. The presence of fluoride ions is mandatory for all these
electrolytes, otherwise a dense oxide layer will form instead of a porous one. In the current work
we have used ethylene glycol based electrolyte for formation of the pores with several
micrometres length and with very smooth walls.
Electrodeposition of active metals from water based solutions is difficult or even
impossible. Ionic liquids are promising electrolytes in this area, because they demonstrate unique
properties such as wide electrochemical window, high thermal stability, conductivity, negligible
vapour pressure, etc24. High price and water sensitivity are the biggest disadvantages of classical
ionic liquids. Deep eutectic solvents25 (DES) are a cheap alternative to common ionic liquids
with similar physicochemical properties. DES are non-toxic, water-/air- stable and also have
good potential to be scaled up to industrial level

25

. Choline chloride based DES is one of the

alternative green solvents. Several groups have studied in detail the properties of the choline
chloride DES. Abbott et al. has studied viscosity and conductivity26, 27 and influence of different
hydrogen bond donors28, 29. Moreover, electrodeposition of different metals such as zinc

30-36

,

tin37, silver38 and alloys39 is under intensive investigation.
In our previous works we have studied zinc electrodeposition from choline chloride
(ChCl):ethylene glycol (EG) DES on bulk anodic titania 40. It was found that electrodeposition
on a thick titanium dioxide layer occurred faster than on a thin film. Taking into account previous
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studies 41 it was suggested that crystallinity of the films formed at higher anodising voltage (and
correspondingly thicker ones) is better.
The main aim of present work is the investigation of direct electrodeposition of metallic
nanorods from deep eutectic solvent (DES) into porous anodic titania templates directly on the
titanium substrate. Until now, there is no report on successful electrodeposition of zinc in PAT
template. Zinc was chosen as a model metal to be electrodeposited because it is an attractive
metal due to further possibilities to be oxidized leading to semiconductor materials such a zinc
oxide, zinc sulphide, zinc selenide, etc. Moreover, the similar approach can be used for
electrodeposition of other metals.

2. Experimental
2.1. Materials
Titanium foil of 1 mm thick (99,2%, Alfa Aesar), Nitric acid (68-70%, Alfa Aesar),
Hydrofluoric acid (48-51%, Alfa Aesar), Ammonium fluoride (Puriss p.a. Sigma-Aldrich)
Ethylene glycol (99,8% anhydrous, Sigma-Aldrich), Choline chloride (>98%, Sigma), Ethanol
(absolute anhydrous), Zinc chloride (98+%, Alfa Aesar), Sulphuric acid (95-98%, Alfa Aesar)
were used as received. Deionized water was used as solvent.
2.2. Procedures
Coupons of titanium foil (10051 mm) were used as electrode material for sample
preparation. The coupons were consequently rinsed with acetone, ethanol, and distilled water and
then they were dried in air. Before anodization, the electrodes were chemically polished in a
HF:HNO3 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 defined electrode
working area of about 1 cm2.
A Keithley 237 High Voltage Source-Measure Unit was used as a current source for the
sample anodizing. Ethylene glycol solution with 0,38% (wt.) ammonium fluoride and 1,79%
(wt.) of water was used as electrolyte42. The anodization was performed in a potentiostatic mode
with an applied voltage of 40 V applied for 1 hour. The counter electrode was a platinum foil.
Anodization was carried out in two steps with intermediate removal of the oxide. The voltage
and the electrolyte were the same for both steps and duration of the second step was 30 minutes.
Removal of the anodic layer after the first step was done by ultra sonication in the distilled water
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during 5 minutes. After anodization the electrodes were washed in ethanol and stored in a
desiccator for stabilization of the titania layer during 24 hours. Mechanism of pore formation
allows preparation of highly-ordered template using the two-step technique 43.
The crystallization was performed in a furnace at 450oC for 5 hours with 2oC/min heating
and cooling ramps.
Preparation of DES electrolytes and the electrodeposition experiments were carried out
in contact with air. The eutectic system was prepared by mixing choline chloride (ChCl) and
ethylene glycol (EG) in the molar ratio of 1:2. Anhydrous zinc chloride was added to the DES
to obtain a 0.5 M solution, which was heated and kept at 60°C under vacuum for 24 hours. The
as-prepared solution (hereafter DES:Zn) was either directly used for electrodeposition or was
stored in desiccator over P2O5.
Electrodeposition was performed using a Bio-Logic SAS SP-300 potentiostat. All
measurements were done in a Faraday cage. A three-electrode cell consisting of a platinum wire
as a reference electrode, graphite rod as a counter electrode and titanium template as a working
electrode was used in the experiments. All electrodes after deposition were rinsed in distilled
water and then were stored in deionized water for several hours for physically adsorbed zinc
species removal.
Investigation of the electrode surface morphology and elemental analysis was performed
using a Hitachi SU-70 scanning electron microscope (SEM) coupled with an energy dispersive
spectroscope (EDS). A Hitachi 9100 transmission electron microscope (TEM) with acceleration
voltage 300kV was also used for the analysis.
The thickness of the layers was estimated by Glow Discharge Optical Emission
Spectroscopy (GDOES). 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 650 Pa and power of 30 W. Plasma polishing was
performed at a pressure of 900 Pa and power of 10 W. About 1 µm of the porous template have
been removed during plasma polishing.

3. Results and discussion
Typical SEM image of porous anodic titania template after anodisation at the conditions
indicated in Experimental is presented in Fig. 1a. An uniform porous layer is self-aligned and
well-ordered forming tapered tubes array, wider at the top 44, 45. It is also evident that the pores
are open on the top. Diameter of the pores and wall thickness on the interface after 0.5 hour of
anodisation are about 70 and 30 nm respectively. The thickness of the porous layer is in the range
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of 3-3.5 µm as shown in Fig. 1b. The tubes have a smooth wall morphology typical for the anodic
layers grown in organic electrolytes46. Qualitative GDOES profile of the tubes is presented in
fig. 1c. There are two regions which belong to porous titania layer and titanium substrate. After
initiating sputtering the titanium and oxygen signals reach a plateau which corresponds to the
porous titania part. The second region with the maximal titanium signal intensity and oxygen
background level has been reached at the end of sputtering. It corresponds to metallic titanium
(substrate) sputtering. The porous film has homogeneous composition along the entire length of
the tubes.
Figure 2 depicts TEM image of the porous titania layer with the barrier film on the bottom
which was formed during anodization. It can be seen that the pores are closed by titania from the
bottom. This compact layer on the pore bottom is named in literature barrier layer and its
formation is typical for valve metals such as tungsten, aluminium etc

47

. In contrast to the

majority of other barrier layers titanium dioxide is a semiconductor. Comparatively the high
conductivity of the titania barrier layer facilitates the filling of the porous template. On the other
hand, conductivity of the titanium dioxide is also a weakness of this template, because the
deposition can occur not only on the bottom but also on the pore walls and on the electrode
surface. The Zn electrodeposition experiments were performed using the titania templates
described above. Electrical parameters such as current profile and current distribution affect the
quantity of reduced zinc at the interface and the uniformity of the deposition process. Optimal
results were obtained with a pulsed technique at a current density of 100 mA/cm2 (current applied
in one step). Cathodic and anodic rectangular pulses with a dwell time of 10 µs and 2 µs,
respectively, and the same absolute value of current density were applied sequentially. One cycle
was applied every second. Anodic current is needed to remove metallic zinc from the electrode
interface and opens access to the fresh electrolyte inside the pores. Moreover, a positive potential
promotes electromigration of negatively charged zinc species (ZnCl3-, Zn2Cl5-

32, 39

) inside the

tubes. Enrichment of the electrolyte in zinc species also occurs during intervals between the
pulses. The relatively long waiting time between the pulses was chosen to allow partial relaxation
of the system taking into account the length of the pores and high viscosity of the electrolyte.

3.1 Electrodeposition in as-prepared PAT
The inset in Figure 2 presents an electron diffraction image of as-prepared titanium
dioxide tubes. Diffuse ring without separate reflections suggests that the as-prepared porous
titania layer is amorphous. The conductivity of the amorphous titania is lower than conductivity

6
of the crystalline titania. This causes difficulties during deposition, but even so in this condition
electroreduction occurs.
In this work the filling of the pores along their length was controlled by GDOES
technique. The elemental depth profile of the sample obtained after one hour of deposition in asprepared template is presented in figure 3a. The position of the interface between the porous
titania and substrate was assessed through Ti profile. Zinc signal has very high intensity in the
beginning of the electrode sputtering, but it is followed by a sharp decrease. It is evident that the
zinc layer was formed mainly on the top of the pores with only minor penetration into pores. The
zinc signal goes down to the background at the titania/titanium interface that means almost no
zinc deposition occurs at the pores bottom.
This result was confirmed by the electron microscopy as well. Figure 4a depicts a top view
of the porous template after 1 hour of deposition. The upper part of the template (around 1 µm
here and after) was removed by soft plasma polishing using the GDOES equipment. The pores
fill-factor (ratio between the numbers of filled pores to the total number) at this depth is very
low, about 5-10%, and decreases closer to the bottom (GDOES results). Additional STEM
investigation (fig. 4b) demonstrates that the pores, besides being covered by the zinc layer on
the top, are also sealed in random places as it is schematically demonstrated in figure 3b. Sealing
the pores at the middle blocks the access of fresh electrolyte and impairs their filling. Changing
the electrodeposition parameters does not solve this issue. Therefore, the next step was to modify
the template in order to improve the electrodeposition inside the pores.

3.2 Electrodeposition in annealed PAT
Increase of the conductivity of the porous titania template achieved via annealing in air at
450oC. In these conditions the amorphous titania converts into anatase phase that leading to
increase of electrical conductivity and, as a result, to more uniform electrodeposition along the
whole pore surface. Figure 5 depicts TEM micrograph of porous titania film after annealing.
Electron diffraction pattern (insert in figure 5) demonstrates discrete rings with bright spots and
it indicates the anatase crystalline structure.
Electrodeposition of zinc was performed at the same conditions as those applied in the asprepared template. GDOES profile for such sample is presented in figure 6a. Only one titanium
profile is shown because of similarity of templates. With the help of this profile the transition
from anodic titania to titanium has been demonstrated. The depth profiles for Zn is also presented
for two different electrodeposition times, namely 1 hour and 10 minutes. The zinc signal after
one hour of deposition in annealed template has a peak in the beginning of sputtering, and then
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it decreases and reaches a plateau followed by a second decrease until the background level at
the titania/titanium interface. The template can be divided in three main zones according to the
shape of the zinc signal curve. The first zone, in the beginning of sputtering, is the electrode
surface and it has a high zinc signal because of a deposit formed on the electrode surface. The
middle part of the template (zone II) shows a plateau which means that pores are successfully
and homogeneously filled along the length. Then, near the interface between the anodic film and
substrate (zone III), a small zinc peak appears and it can be explained by the presence of empty
space next to the bottom as schematically shown in figure 6b. This irregularity forms due to
strong diffusion limitation, which originates concentration gradient of zinc species and
consequently results in different zinc deposition rate along the length of pores. The faster
deposition rate on the wall surface at the pore opening leads to the situation that after a certain
time the pore fully closes leaving a void with entrapped electrolyte closer to the pore bottom.
High homogeneity (geometrical shape and distribution) of the tubes ensures sealing of the pores
mainly at specific depth depending on solution concentration, pore length and diameter. A
noteworthy detail is that regular sealing (at the same distance from the surface) is only possible
if growth occurs through the whole length of the tube simultaneously, otherwise the pores close
randomly as it was shown for the as-prepared templates.
Analysing the depth profiles after shorter deposition times can provide important
information on the kinetics of pore filling. The profile after 10 minutes was chosen since this
time ensures a detectable signal, but at the same time the sealing doesn’t occur yet (green curve
in figure 6a). The zinc signal reaches a plateau at the beginning of sputtering and remains at the
same level until pore bottoms are reached. It is reasonable to suggest that, in this zone, the walls
of the pores are homogeneously covered with a thin layer of zinc as schematically represented
in figure 6c. The peak on the zinc signal appears near the titania/titanium interface presumably
because the higher quantity of zinc deposited in this plane.
In support of GDOES results, SEM studies were also performed. Figure 7 demonstrates
templates surfaces after 1 hour and after 10 minutes of deposition (GDOES polishing was also
carried out). Zinc nanowires inside the template are clearly seen after 1 hour of deposition (fig.
7a). The fill-factor at this plane is near 90% which is much higher than in the as-prepared
templates. The SEM image after a short-time deposition indicates formation of zinc precipitates
on the tubes walls (fig. 7b).
Based on both GDOES measurements (1 hour and 10 minutes) and SEM results we
suggest that zinc deposition occurs simultaneously on the whole titania surface and in the
beginning of growth zinc forms coaxial tubes (titania outer layer and zinc inner). Longer
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deposition leads to sealing the tubes and filling of the template from these seals until interface
(fig 6b).

3.3 Electrodeposition in PAT after bottom crystallization.
As it was shown above, electrodeposition in the as-prepared and in the annealed templates
occurs on the whole tube length. Based on this result one can assume that bottom-up filling of
the tubes requires higher conductivity of the bottom of the pores compared to the walls. One of
the ways to create different conductivity is selective crystallisation. Fortunately, during the pores
preparation process, current passes mostly through the bottom of the tubes 45. It makes possible
a selective electrochemical modification of pore bottom without strong effect on the walls.
Influence of the anodisation parameters on crystallinity of the titania was demonstrated
by Shibata, Zhu41 and Xing et al.48. The authors showed that dense anodic titania films prepared
at higher anodisation voltage

41

and at longer anodisation time

Additionally, it was shown in our recent paper

40

48

had better crystallinity.

that zinc electrodeposition rate raises with

increasing the titania barrier layer thickness. At the same time, the thickness of the anodic barrier
layer depends on the oxidation voltage and becomes bigger at higher potential. Therefore, an
additional anodisation step was applied to the as-prepared template. The treatment of the
prepared template was done in a 1M sulphuric acid in two steps. The solution and procedure of
anodisation were the same as those used in our previous work where the compact anodic titania
films were studied

40

. The first step was performed in galvanostatic mode at 10 mA/cm2. The

second step took place in potentiostatic mode at 80 V during 2.5 hours. Galvanostatic mode was
changed to potentiostatic one when the potential reached 80 V. The anodisation voltage at this
process is two times higher than template formation voltage (40 V) that, together with long
oxidation time, results in thicker and better crystallized barrier layer in comparison with that in
the as-prepared template.
Effect of such an additional anodisation on the template structure was analysed by TEM.
Regular porous structure with relatively thick barrier layer on the bottom (compared to the asprepared template, fig. 2) is seen in figure 8a. Moreover, the selected area electron diffraction
shows significant difference in crystallinity of the anodic titania at walls and barrier parts. The
diffraction pattern of walls does not represent separate reflections indicating that the material is
amorphous (fig. 8b). Nevertheless, at the diffraction pattern from the barrier layer shows rings,
which confirm the polycrystalline structure of this area (fig, 8c). The reflections are not sharp
due to very small size of the crystallites.
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Zinc deposition in the template after crystallisation of the barrier layer was performed at
the same condition as in two cases described above. The GDOES results obtained on this
specimen are presented in figure 9. Zinc signal after 1 hour of deposition has a high intensity in
the beginning of sputtering, afterward the intensity slowly decreases until the template bottom is
reached. The amount of zinc is comparatively high along the whole length of titania pores, and
in this way the filling of the pores had to start from the bottom. A gradual decrease of the zinc
signal happens because the template is imperfect. Although reduction occurs mainly on the
bottom part there is also some deposition simultaneously on the walls (although in a far less
degree than in the case of the as-prepared template).
An additional proof of the suggested mechanism of pore filling can be obtained after
analysis of the electrode prepared after 10 minutes of deposition (fig. 9a, green line). Zinc signal
has a peak close to the bottom and almost background signal in the beginning of sputtering. This
difference of the zinc signal is explained by a small amount of zinc which was deposited at
different parts of the tubes. Filling of the tubes after 1 hour and after 10 minutes of deposition
are presented schematically in figure 9 b and c correspondingly.
It is evident from SEM image and agrees with GDOES results that most of the pores are
filled by secondary material (fig. 10a). Besides, the fill-factor is about 90% that is much higher
than that in the case of the as-prepared template. The STEM image presented in figure 10b
demonstrates homogeneous pores filling. EDX spectrum shows four elements (fig. 10c):
titanium, oxygen, zinc and copper indicating that porous anodic titania (Ti, O) was successfully
filled by zinc as a secondary material. The copper signal comes from a TEM grid.
4. Conclusions
Electrodeposition of zinc from a 0.5M ZnCl2 solution in choline chloride/ethylene glycol
eutectic solvent in porous anodic titania templates was successfully performed using pulse
technique. It was demonstrated that electrodeposition in the as-prepared template occurs in
random places without regular pore filling. Annealing of the template at 450oC converts
amorphous titania of the as-prepared template to anatase. It improves conductivity of the
template along the full length of the pores and allows regular deposition over the whole pore
surface. Successful bottom up filling was performed in the template with additional
electrocrystallization of the barrier layer.
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Figures.

Figure 1. SEM images of the titanium electrode surface (a), cross-section (b) and qualitative
GDOES profile (c) obtained on electrode after 30 minutes of anodisation in ethylene glycol
ammonium fluoride solution at 40V.
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Figure 2. TEM image of as-prepared titanium dioxide tube, the inset shows selected area
electron diffraction pattern.
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Figure 3. Qualitative depth profile of a porous titanium oxide measured by GDOES after zinc
deposition during 1 hour (a) and schematic representation of the pores filling (b).
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Figure 4. SEM (after plasma polishing) (a) and STEM (b) micrographs obtained after
electrodeposition in as-prepared template for 1 hour.
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Figure 5. TEM image of annealed titanium dioxide tube, the inset shows selected area electron
diffraction pattern.
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Figure 6. Qualitative depth profile of a porous titanium oxide measured by GDOES after zinc
deposition during 10 minutes and 1 hour (a) and schematic representation of the pores filling
after 1 hour (b) and 10 minutes (c) of deposition.
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Figure 7. SEM (after plasma polishing) micrographs obtained after electrodeposition in annealed
template for 1 hour (a) and 10 minutes (b).
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Figure 8. TEM image of titanium dioxide tube after bottom crystallization (a), selected area
electron diffraction pattern of the walls (b) and bottom part (c).
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Figure 9. Qualitative depth profile of a porous titanium oxide measured by GDOES after zinc
deposition during 10 minutes and 1 hour (a) and schematic representation of the pores filling
after 1 hour (b) and 10 minutes (c) of deposition.
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Figure 10. SEM (after plasma polishing) (a) and STEM (b) micrographs obtained after
electrodeposition in template after bottom crystallisation for 1 hour. The EDS spectrum
recorded after zinc deposition (c).
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