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Abstract The mechanism of anodic dissolution of pure
vanadium in a titanium-enriched alkali chloride molten
salt was investigated to determine whether it can be used
as an ion source for a continuous Ti—V alloy deposition
process. This study represents the first step towards the
preparation of ternary Ti—Al-V alloys. Cyclic voltammetry
as well electrochemical impedance spectroscopy (EIS) was
performed and potentials for dissolution experiments were
determined. Additionally, the influence of anode morpholo-
gies on the dissolution process, as a consequence of pre-
treatment, was investigated by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM).
Results indicate that anodic vanadium dissolution is pos-
sible, but hindered by the electroless formation of a thin
titanium layer. Additionally, a secondary reaction, namely
the oxidation of Ti** ions, takes place, lowering the cur-
rent efficiency of the process. Morphology investigations
revealed the risk of grain detachment (material loss) from
the vanadium electrode, which is critical in direct dissolu-
tion, whereas under indirect dissolution conditions, passi-
vation impedes the controlled process. Thus, electrolysis is
best carried out with coarse-grained vanadium electrodes in
the direct dissolution range.
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1 Introduction

Vanadium is one of the most important alloying elements
for use with titanium: as f-stabilizing element it improves
strength, ductility and fabricability of titanium alloys [1].
It is commonly used in the production of a+ f alloys such
as Ti—-6Al-4V or Ti—-6Al-6V-2Sn that are used for com-
pressor blades in turbines or in -Ti alloys, e.g. Ti-10V-
2Fe-3Al used for landing gears in the aerospace industry.
Advanced applications enabled by these V-containing
alloys also include titanium matrix composites (TMCs),
which can offer very high specific strength and stiffness
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at temperatures up to 600°C [2-4]. Titanium has been
successfully deposited on SiC fibres [5], but the mechani-
cal properties and oxidation resistance of pure titanium
strongly limits its technical applicability.

Based on these results, the electrochemical deposition
of the Ti alloys on SiC fibres seems promising, if the high
production costs of techniques currently used [6] can be
reduced. Different electrolyte systems have been consid-
ered and tested for synthesis of TMCs [7] and alkali metal
chloride system based on LiCl-KCl has shown to be advan-
tageous for compact coatings.

Electrochemistry of titanium species in LiCI-KCI elec-
trolyte has been extensively researched [8-15], whereas
there is very little research on the electrochemical behav-
iour of vanadium anodes in molten salts. Investigations on
electrorefining vanadium anodes in LiClI-KCI began in the
1960s [16-22]. Furthermore, electronic absorption spectra
of different vanadium species, particularly with a focus on
the cathodic product, were studied [23-25]. More detailed
research on electrode processes in halide melts has been
carried out recently in the NaCl-KCI and other chloride
systems [21, 26-29]. The behaviour of vanadium in the
presence of titanium ions was investigated by Kazakova
et al. without explanation of the dissolution mechanism,
or mention of any difficulties occurring during dissolution
[30]. Therefore, the driving force for this research is the
understanding of this mechanism and how they affect the
dissolution process.

2 Experimental

In all experiments, a eutectic mixture of LiCI-KCI was
used as the base electrolyte, at a process temperature of
approximately 430°C. Additionally, in certain experi-
ments, 2 wt% of TiCl, was added to this base electrolyte to
study the influence of the Ti ions. All chemicals as well as
electrodes and crucibles were stored and used under high
purity argon atmosphere (O,, H,O <1 ppm) within a glove-
box (Jacomex). KCI (Alfa Aesar, ACS, >99%) and LiCl
(Alfa Aesar, ACS, >99%) referred as standard chemicals
further in text, were dried separately for 3 days at 200 °C
and 300°C, respectively [7]. Moreover, high purity KCl
(Alfa Aesar, ultra dry, 99.95% metals basis) and LiCl (Alfa
Aesar, ultra dry, 99.9% metals basis) were used without
further treatment. For the titanium containing electrolytes,
TiCl, (Sigma-Aldrich, 99.98% anhydrous) was added prior
to melting the salt mixture.

The molten salt reactor was attached to the base plate of
the main (working) space of the glovebox via a gas-tight
connection in order to minimize the contamination of the
system, especially water pick up of the highly hygroscopic
chemicals or the introduction of oxygen.
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A miniature experimental setup with thin electrodes
and small amounts of salts (approx. 10 g) was employed
for this study. As working electrodes (WE) or quasi-ref-
erence electrodes (QRE) vanadium wires (@3=0.25, 0.5
and 1.0 mm, respectively, with purity >99.5%) were used.
Glassy carbon (GC) crucibles served as the reference elec-
trode (QRE) while a tungsten wire (@=0.5 mm, 99.95%)
was used as counter electrode (CE). Tungsten electrodes
were electrochemically polished in dilute KOH solution
(ca. 0.3 mol/L) and cleaned with deionized water. Differ-
ent pre-treatments were chosen for preparation of the vana-
dium wires: after etching with diluted HF (ca. 0.25 mol/L)
some electrodes were additionally electro-polished in HCI
solution (0.6 mol/L, 6 V, 30 s) [31] to investigate the influ-
ence of the surface morphology on dissolution behaviour.
Vanadium wires were annealed at 900 °C for approx. 2 h,
to study the effect on the microstructure. All electrochemi-
cal measurements were carried out with a BANK HC400
potentiostat/galvanostat. For impedance spectroscopy, a
Zahner Zennium electrochemical workstation was used.

After the experiments, electrodes were cleaned with
deionized water and subsequently dried. Their microstruc-
tures and morphologies were investigated using Zeiss Ultra
55 scanning electron microscope (SEM) and Philips Tec-
nai F30 transmission electron microscope (TEM). Both
systems were equipped with energy dispersive X-ray spec-
troscopy (EDS). The lamella for the TEM investigation was
prepared by focussed ion beam (FIB: FEI, Helios Nanolab
650).

3 Results and discussion
3.1 Tests for corrosion at open-circuit potential

To prove the stability of the vanadium wires at zero cur-
rent, their corrosion behaviour was tested by dipping vana-
dium wires in LiCl-KCl or LiCI-KCI-TiCl, for 30 min at
430°C. SEM analysis showed no changes in the surface
morphology of the vanadium wires after corrosion testing
in pure LiCl-KCl, although the presence of titanium ions
in LiCI-KCI-TiCl, led to the deposition of a significant
amount of titanium on the surface of the vanadium wires
(EDS spectra showed up to >30 wt% Ti).

The formation of a titanium-rich layer on the vanadium
electrodes may take place according to the following dis-
proportionation reaction (Eq. 1):

3TiClL, + V = Ti-V + 2TiCl, )

The alloy (Ti-V) formation at the upper surface of the
vanadium electrode is assumed to provide a driving force
for the reaction.
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3.2 Electrochemical measurements

Cyclic voltammetry (CV) measurements with vanadium
working electrodes were carried out in both melts (LiCI-KCI
and LiCl-KCI-TiCl,) to analyse the occurring processes.

3.2.1 Electrolyte without TiCl, addition

The CV measurements with vanadium working electrode
in LiCI-KClI without TiCl, addition were conducted with a
rather large potential range (1200 mV). They were repeated
with the standard chemicals (as defined in the experimental
part) and also with the ultra-dry LiCl-KCI chemicals (meas-
urements shown here) and remained consistent. The oxida-
tion half-cycle of the CV shown in Fig. 1 can be split into
several regions:

(i) current increases up to 305 mV (O,),
(i1) subsequent drop to a sharp minimum at 317 mV, fol-
lowed by an increase to
(iii) plateau up to ca. 800 mV, and
(iv) rise to a maximum value at 1004 mV (O,) followed by
(v.) current breakdown and a sharp minimum similar to
that observed at 315 mV.

The current increase (O,) in region (i) corresponds to the
direct dissolution reaction of vanadium according to Eq. 2:
V(0) - V>* +2e” )

In the current plateau region (iii) between ca. 315 and
800 mV, the anodic current is limited by the formation of
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Fig. 1 Cyclic voltammetry in eutectic LiCI-KCI at ca. 700 K with
v=0.01 V/s. During the oxidation cycle (black line), the formation
of divalent (O,) and trivalent (O,) vanadium species can be observed.
The current plateau between both sharp peaks can be explained by
passivation. The reduction cycle (red line in online version) is mainly
shaped by de-passivation phenomena (positive current spikes)

a passivation layer. A possible explanation for this phe-
nomenon is a diffusion inhibition of the V>* ions formed
by Eq. 2 from the electrode: the diffusion layer supersatu-
rates and an undissolved product is formed.

The comparatively high current at the peak of O,
(13 mA) causes an excess of V(II) species to form and the
current drops below the limiting current of indirect disso-
lution (region ii, minimum at 317 mV), before an equilib-
rium between the formation and dissolution rates of the
undissolved product determines the value of the limiting
current (plateau between 315 and around 800 mV). Such
a steep current drop has already been observed in aque-
ous electrolytes and is considered indicative of passiva-
tion [32]. The current increase in region (iv) starting at
about 800 mV peaking at 1004 mV is considered to be
due to V** ions being formed according to Eq. 3, allow-
ing for a higher charge transfer per atom (corresponding
to higher current):

V2+ N V3+ +eo (3)

Once again, after the peak at 1004 mV a sharp drop
occurs (region v), which implies another passivation pro-
cess on the vanadium electrode surface caused by enrich-
ment of the V3* species. During the current increase
(region iv), the chemistry of the passivation layer changes
until at ca. 1004 mV it consists completely of trivalent
vanadium species.

The reverse scan of the CV can also be split into sev-
eral distinct regions. The first region here is marked
by de-passivation phenomena at around 990, 980 and
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Fig. 2 Cyclic voltammetry in LiClI-KCl—2 wt% TiCl, at ca. 700 K
with v=0.01 V/s. During the oxidation cycle (black line) the oxida-
tion of Ti** (O)) and vanadium (O,) can be observed. During the
reduction cycle (red line in online version), a crossover was observed
which may be explained by the fact that the dissolution of vanadium
is shifted to more positive potentials because of the presence of tita-
nium on the surface of the electrode

@ Springer



576

J Appl Electrochem (2017) 47:573-581

960 mV, when short but drastic current breakthroughs
are observed. At ca. 275 mV, another, much less pro-
nounced current increase indicates a passivation layer of
much higher stability. In this study, it was not possible to
ascertain which undissolved products the passivation lay-
ers consisted of (this could be achieved with in-situ spec-
troscopy methods [33-36]). However, it is reasonable to
assume complexes such as KVCl; or K,VCl, in the case
of the divalent vanadium ions and KVCl, or K;VCl¢ for
trivalent vanadium, as it was demonstrated by absorption
spectroscopy that these complexes exist in KCI contain-
ing molten salts [23-25, 37].

Additionally, the phase diagrams show that increasing
the concentrations of VCI, [38] or VCl; [39], the aforemen-
tioned complexes form at lower temperatures.
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Fig. 3 Cyclic voltammetry carried out in the potential range between
300 and 700 mV in LiCl-KCl- 2 wt% TiCl, at ca. 700 K. a Three
subsequent CV scans with v=0.01 V/s. b Three subsequent CV scans
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3.2.2 Electrolyte with TiCl, addition

Conversely, the CV measurements in LiCl-KCI-TiCl,
showed a similar behaviour, but with vanadium dissolution
shifted to more anodic potentials and a crossover during
the return scan (Fig. 2). Here a measurement with a poten-
tial range of ca. 1000 mV is shown because at more posi-
tive potentials, a very similar behaviour to the LiClI-KCI
scenario was found. Initially, the current increases much
smoother, but towards the peak O, at 479 mV it is much
steeper than in the case of the pure LiCI-KClI electrolyte.
The current increase (O,) beginning already at 0 mV can
be attributed to the oxidation of divalent Ti ions according
to Eq. 4:

Ti** - Ti*t +e” 4)
(b) 150_~ —— 1. scan v=1V/s

71— 2. scan T=700K

4 —— 3. scan
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with v=1 V/s. ¢ Peak current values (Ip) for repeated CV scans ver-

sus different scan rates (v=0.01-1 V/s). d Peak potential values (Ep)
for repeated CV scans versus different scan rates (v=0.01-1 V/s)
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During the oxidation cycle, the oxidation of Ti** (O,)
and vanadium (O,) can be observed. During the reduction
cycle, a crossover was observed which may be explained by
the fact that the dissolution of vanadium is shifted to more
positive potentials in the presence of titanium, on the sur-
face of the electrode.

This crossover may be linked to the formation of a thin
titanium-rich layer (as described in Sect. 3.1) that was not
present in the case of the Ti-free LiCI-KCI electrolyte
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system (Fig. 1). The titanium-rich layer impedes vanadium
dissolution, whereupon the current rises steeply up to the
point that passivation takes place. In contrast, during the
reverse scan, there is no titanium-rich layer on the surface
and the dissolution range is extended to more negative
potentials (crossover).

For the system with Ti%*, scan rate was varied for the
potential range between 300 and 700 mV to study vana-
dium dissolution process in detail. Three CV measurements
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Fig. 4 Tmpedance measurements carried out with vanadium anode in LiCI-KCI-TiCl, at potentials corresponding to oxidation of TiZ*
(300 mV), direct dissolution (410 mV) and indirect dissolution of vanadium (700 mV). Frequency was varied from 0.1 Hz to 100 kHz

Fig. S Investigation of vana-
dium dissolution in LiCl-KCI-
2 wt% TiCl,. a SEM image of
V electrode. b Cross section
with extraction point of lamella
(framed with white dotted

line). ¢ Dark field TEM image
of region of interest. d EDS
mapping of vanadium. e EDS
mapping of titanium
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were carried out, one directly after another. The CV
obtained at low scan rates (Fig. 3a) showed a good repro-
ducibility, i.e. the potential and the current progressions are
very similar for each scan. In contrast, at high scan rates
(Fig. 3b) the peak potentials and peak currents decreased
significantly at each repetition. The deviation starts when
the scan rates exceed 0.5 V/s (Fig. 3c, d). This behaviour
can be attributed to the fact that passivation/inhibition lay-
ers do not dissolve completely before the subsequent scan
starts, which is a further confirmation of its existence. It
also indicates that it dissipates kinetically delayed.

In order to gain further insight into the rate-limiting
steps of these processes, impedance spectroscopy was car-
ried out at three relevant potentials (300, 410, 700 mV).
In the Nyquist plot for 300 mV (Fig. 4a), we observed a
diffusion-controlled behaviour (Warburg impedance) [40]
corresponding to the oxidation of Ti** (O,, see Eq. 4). At
410 mV, the semicircle indicates that the direct dissolu-
tion (O,, Eq. 2) of V is charge transfer controlled [41]. At
700 mV (Fig. 4b) within the current plateau region (indi-
rect dissolution), a typical behaviour for passivation, i.e. a

Fig. 6 SEM images of
vanadium electrodes after dis-
solution in LiCI-KCI-TiCl,.
Electrolyses carried out in

the direct dissolution range
(E~400 mV) led to rough
surfaces (a—c). In contrast
electrolyses in the indirect
dissolution range (£~ 700 mV)
cause very smooth surfaces (d).
Please note that electrodes with
different diameters were used: @
0.25 mm (a, ¢), @ 0.5 mm (b, d)

large circular curve extending to negative ohmic resistances
(Fig. 4b), is detected, which again qualitatively confirms
the existence of passivation layer. A detailed consideration
of a similar impedance behaviour can be found in the work
of Sadowsky et al. [32].

3.3 Characterisation of the vanadium anodes

Intense corrosion was found on vanadium wires tested in
the direct dissolution range. Vanadium wires that were
simply cleaned in deionized water, or etched in diluted HF
(pre-treatment), exhibited deep holes that extended under
the surface of an outer titanium-rich layer (Fig. 5a). EDS
results (ca. 4 wt% Ti) are only semi-quantitative and indica-
tive, because of the sample geometry (no plain surface) and
the limited thickness (Ti content not homogeneous within
the excitation volume).

In order to gain further insight into the structure and
thickness of the titanium layer, a lamella for TEM investi-
gations was prepared with FIB from a cross section shown
in Fig. 5b. EDS measurements carried out within the TEM,
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demonstrate that the titanium-rich layer was evenly distrib-
uted on the extremely fine structures around the remaining
vanadium core of the electrode. The thickness of the layer
differs in this part of the electrode between a few to a few
hundred nanometres (EDS-mappings of vanadium and tita-
nium in Fig. 5d, e).

For the dissolution experiments described in the fol-
lowing section, ultra-dry chemicals were used to minimize
the influence of impurities, especially those resulting from
hydrolysis. An overview demonstrating the influence of
the pre-treatment, i.e. the initial state of the electrode, on
the dissolution is shown in Fig. 6. Electrodes with a fis-
sured surface layer resulting from the wire drawing pro-
cess exhibit large holes after the experiment in the direct
dissolution range (Fig. 6a). The image shows the beginning
of a process leading to a disintegration of the electrode as
shown in Fig. 5.

Electrodes studied were electrochemically polished
prior to test work to minimize any preferential corrosion
in rough areas or pits. The surface of the dipped part is
fibre-structured and partly elongated grains protrude as if
burst from inside (Fig. 6b). This can be explained by the
residual stresses introduced by the wire drawing process.
Such behaviour renders these electrodes unsuitable for a

well-controlled, stable dissolution process, since grains
separate from the electrode without being dissolved in the
electrolyte due to the ongoing disintegration process.

One possible approach to resolve this issue might be
annealing of the vanadium electrodes before the electro-
lyses. This reduces residual stresses and creates a coarser
microstructure. For example, vanadium wires annealed at
900°C demonstrate that the dissolution takes place pref-
erentially at the boundaries of the recrystallized globular
grains (Fig. 6¢). However, there is also orientation depend-
ence in the dissolution of different crystal planes. Since
dissolution is significantly faster at grain boundaries, mate-
rial loss from the electrode can reduce the efficiency of the
dissolution process, when grains detach from the electrode
even in the case of a coarse microstructure. An explanation
for this might be that the titanium-rich layer, which was ca.
2-4 at.% in the experiments carried out in the direct dis-
solution range, inhibits the dissolution process. In holes or
undercuts, however, there is a depletion of Ti ions in the
electrolyte, and as soon as there is a titanium-free vana-
dium surface, dissolution can take place at lower potentials.

Finally, the morphology of electrodes in the indi-
rect dissolution range was investigated. In contrast to
all experiments carried out within the direct dissolution
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range, a very smooth surface was obtained (Fig. 6d). At
very high magnification, a submicrometre-sized crystal-
like surface morphology was observed. The indirect dis-
solution is basically an electropolishing process. While
during direct dissolution, the process takes place pref-
erentially in holes or at grain boundaries, the passivat-
ing layer inhibits the removal at undercuts whereas pro-
trusions are preferred. The surface of these electrodes
contained significantly less titanium (<1 at.%) than the
electrodes which underwent direct dissolution, indicat-
ing there was a titanium-free surface. The low titanium
content observed with EDS formed immediately after the
electrolysis, but before the electrode was taken out of the
electrolyte (ca. 1 s). However, the drawback of indirect
dissolution is the fact that it cannot be galvanostatically
controlled, which is a requirement for the targeted elec-
trolysis process.

The comparative schematic representation of the disso-
lution mechanisms in both electrolyte systems (LiCl-KCl
and LiCI-KCI-TiCl,) is shown in Fig. 7. Experimental
results illustrate that dissolution mechanism is complicated
by several factors:

1. The current efficiency of the dissolution process is sup-
posed to be reduced because of the concurrent oxida-
tion of Ti** ions (O,, Fig. 2).

2. The direct dissolution process takes place preferen-
tially at the grain boundaries, which can cause mate-
rial loss when grains separate from the electrode. This
is especially critical for vanadium electrodes with very
fine microstructures. In contrast, the indirect dissolu-
tion process causes a very smooth surface morphology.

3. At high current densities, the vanadium electrode is
passivated. The surface of the electrode becomes very
smooth but the process cannot be controlled galvano-
statically.

4 Conclusion and outlook

The anodic dissolution of vanadium in LiCI-KCI-TiCl,
was investigated via electrochemical measurements, as a
first step for the development of a Ti—V—Al alloy electro-
deposition process. The anode morphology was affected by
the applied potential and the pre-treatment of the electrode.
The findings demonstrate that electrolysis should be car-
ried out in the direct dissolution range with coarse-grained
vanadium electrodes. Further studies will focus on inves-
tigating the current efficiency of vanadium dissolution in
direct dissolution area.
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