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Abstract: In this study, manganese (Mn) and strontium (Sr) were doped into TiO, nanotubes (TNT), which are frequently
used in energy storage equipment. The aim of this study is to compare the corrosion tribocorrosion and cyclic voltammetry
performances of doped TNTs after examining their structural characteristics. XRD and SEM were used to characterize
the nanotubes. After the anodization processes, the inclusion of Mn and Sr in the TNT structure was confirmed by XRD
analysis. In SEM analysis, it was observed that with the addition of Mn and Sr into the solution, longer nanotubes were formed
with increased electrical conductivity. Increasing the nanotube length and shrinking the nanotube’s inner diameter provided
increased corrosion resistance. Increased surface hardness resulted in increased tribocorrosion resistance. Sr and Mn doping
processes increased the corrosion and tribocorrosion resistance compared to undoped TNT, and the highest corrosion
and tribocorrosion resitance was obtained from the Sr doped sample. In cyclic voltammetry experiments, the capacitance
increased approximately 5 times in Sr-doped TNT compared to undoped TNT, while itincreased |0 times in Mn-doped TNT.
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1. Introduction

Today, the production of many technological applica-
tions has increased the need for sustainable energy[1].
The need for efficient energy storage equipment to pro-
vide sustainable energy has encouraged investments and
scientific studies in this field [2]which is the most studied
and widely commercialised RFB. The recent expiry of key
patents relating to the electrochemistry of this battery
has contributed to significant levels of commercialisa-
tion in, for example, Austria, China and Thailand, as well
as pilot-scale developments in many countries. The po-
tential benefits of increasing battery-based energy stor-
age for electricity grid load levelling and MW-scale wind/
solar photovoltaic-based power generation are now being
realised at an increasing level. Commercial systems are
being applied to distributed systems utilising kW-scale
renewable energy flows. Factors limiting the uptake of
all-vanadium (and other. Among the efficient energy
storage equipment, supercapacitors (SCs) have attracted
attention due to their good power densities, high speed
performance and long cycle life [3].

But the performance of SCs is affected by many parame-
ters [4]. In practical energy storage applications, the most
common problems with SCs are low conductivity, easy
dissolution, and low specific capacitance [5]. Therefore,
many production methods have been developed in or-
der to produce more efficient SCs by trying to overcome
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these disadvantages [6-9].

Electrodeposition method, which is one of the SCs pro-
duction methods, is among the most preferred methods
due to its advantages such as rapid preparation, simple
use and easy control [10]. When the studies on the pro-
duction of SCs by the electrodeposition method were ex-
amined, it was seen that the use of TiO, nanotubes (TNT)
was preferred in most of them [11, 12]. TNTs are an im-
portant semiconductor material with good chemical sta-
bility, low cost, low toxicity and environmentally friendly
nature[13]. In addition, being easy to produce and syn-
thesizing in the desired size provides a great advantage
in the production of SCs [14]. However, when TNTs are
used alone as electrode material, their capacitance is rel-
atively low [15]. For this reason, many scientific studies
have been carried out to increase the capacitance of TNT
[16-19].

It has been seen that manganese (Mn) and strontium (Sr)
are used in most of the studies on increasing the TiO,
capacitance. Ning et al. [20] prepared Mn-doped TiO,
micro/nano structured porous film by anodizing Ti-Mn
alloy containing 10.0% Mn by weight, and they empha-
sized that superior field capacitance and excellent capac-
itive properties such as 1451.3 mF/cm? were obtained.
Shahabuddin et al. [21] in their study using SrTiO,, they
also stated that they achieved an excellent stability cycle
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with 114% capacity retention after 4000 cycles. Zhang et
al. [22] emphasized that the MnO, electrode exhibited
the best electrochemical performance with its high spe-
cific capacitance.

In this study, Mn-doped TNT and Sr-doped TNTs were
synthesized by electrodeposition method on TNTs,
which are preferred to be used in SCs production. The
aim of this study is to compare the corrosion tribocorro-
sion and cyclic voltammetry performances of TNTs after
examining their structural characteristics. X-ray diffrac-
tometer (XRD) and scanning electron microscope (SEM)
were used for the structural characterization of the an-
odic films. In addition, their electrochemical properties
were studied using potentiodynamic polarization and
cyclic voltammetry (CV).

2. Experimental details

In this study, Cp-Ti samples whose chemical composi-
tion was given in the previous study were used [23]. TNT
synthesis was carried out by applying all procedures as
described in the previous study with 150 V and 2 h pa-
rameters applied in the anodizing process [19]. The pos-
itive electrode was Cp-Ti samples and the negative elec-
trode was a graphite rod. The separation between them
was predetermined to be 30 mm during anodizing. All
samples underwent anodizing using a direct current
(DC) power source. Sample groups used in this study are
given below:

.

Untreated Cp-Ti
o TNT synthesized on Cp-Ti = TNT

+ Manganese doped TNT= Mn-doped TNT(in aque-
ous solution containing 10.0 wt% Mn)

« Strontium doped TNT= Sr-doped TNT (in aqueous
solution containing 10.0 wt% Sr)

A XRD-GNR-Explorer X-Ray diffraction equipment was
used with a Cu-Ka (A\=1.54059 A) source at 40 kV and
30 mA to identify the phase of Cp-Ti samples using a
20 scale between 10° and 90°. By comparing them to the
International Diffraction Data Center (ICDD) standard
cards, all phases were identified. Using the FEl QUANTA
250 Scanning Electron Microscope, top and cross-sec-
tion images were captured.

Electrochemical experiments were performed using
Potentiodynamic Polarization and Cyclic Voltam-
metry (CV) with GAMRY series G750TM (Gamry
Instruments, Warminster, USA) in SBF solution. At
human body temperature (37 0,5 °C), the corrosion re-
sistance of Cp-Ti samples was examined. The three-elec-
trode technique was used for the electrochemical exper-
iments. Ag/AgCl was used as the reference electrode and
graphite as the counter electrode. Chemical composition
of SBF and initial parameters in electrochemical experi-
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ments were given in the previous study [23].

Tribocorrosion tests were carried out using the Turkyus
PODWT&RWT reciprocating tribotester in conjunction
with an electrochemical monitoring equipment at 22
°C and 50% relative humidity. After potential equilibra-
tion, rubbing tests for tribocorrosion were performed in
open-circuit potential settings. Alumina ball with a di-
ameter of 6 mm was used as the pin, and a normal force
of 1 N was applied. The reciprocation frequency was 1
Hz, and the stroke length was 8 mm. A 3D surface pro-
filometer was used to investigate the wear track’s shape
and the anodic films’ surface roughness (Bruker Contour
GT-K1).

3. Results and discussion

3.1. Structural characterization

The XRD graphs of the TNT, Mn-doped TNT, and Sr-
doped TNT are presented in Fig. 1. According to XRD
graphics, anatase TiO, formation was observed in the
base material consisting of alpha titanium structure af-
ter TNT synthesis. XRD plot of synthesized Mn-doped
TNT shows the diffraction peaks of both MnO, and ana-
tase TiO,. In addition, the anatase TiO, diffraction peak
of Mn-doped TNT was consistent with pure TNT ana-
tase TiO,; this indicates that the phase structure of TiO,
is stable and remains unchanged during the doping pro-
cess[20]. Also, after doping Sr to TNTs, it is seen in XRD
graphs that TiO, transforms into strontium titanate [24].
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Figure 1. XRD pattern of all samples.

As shown in Fig. 2, uniform undoped nanotubes of about
200 nm in outer diameter and about 9.8 um in length
were produced by anodizing. After doping, the original
nanotube array architecture was preserved as seen in
SEM images in Fig. 2. However, after doping, the inner
diameter of the nanotubes was slightly reduced due to
volume expansion during the transformation from ti-
tanium oxide to strontium titanate (SrTiO,), and MnO,
[21]. As can be seen from the cross-section SEM pictures,
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the electrical conductivity changed with the introduc-
tion of Mn and Sr into the anodization solution, and the
changing electrical conductivity affected the length of
the nanotubes. The addition of Sr into the solution accel-
erated the formation of TNT, and the longest nanotubes
were obtained from the Sr-doped TNT, which is known
to have better electrical conductivity [25].

3.2. Corrosion analyses

Fig. 3 shows the curves for corrosion potential (Ecorr)
and corrosion current density (Icorr). The presence of
anatase TiO, formed on TNT, and the TNT architecture
provided increased corrosion resistance compared to un-
treated material. The inner diameter of TNTs decreased,
and the length of the TNTs increased after the doping
processes, which can also be seen from the SEM images,
and this prevented the SBF from reaching the substrate
material, causing a positive shift in the Ecorr values.

Mn-doped TNT

Bode and Nyquist plots of all samples are shown in Fig. 4
and simulated EIS results are listed in Table 1. The solu-
tion resistance, charge transfer resistance, and constant
phase element, respectively, are symbolized by Rs, Rct,
and CPE in the equivalent circuit model that is being
presented. Rct values representing the charge transfer
resistance between the substrate material and the coated
film increased after TNT synthesis [26]. The increase in
electrical conductivity of Mn and Sr and thus obtaining
longer nanotubes provided higher Rct values compared
to undoped TNT. Finally, the highest Rct value was ob-
tained in Sr-doped TNT, where the longest nanotubes
were obtained.

3.3. Tribocorrosion analyses

The open circuit potential (OCP) graphs obtained during
the tribocorrosion tests are given in Fig. 5. When the
OCP graphs were examined, it was seen that the lowest
average OCP values were obtained from untreated Cp-Ti.

Sr-doped TNT

Figure 2. Top and cross-sectional SEM images of TNT, Mn-doped TNT and Sr- doped TNT.
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Figure 3. Potentiodynamic polarization curves of untreated Cp-Ti, TNT, Mn-doped TNT and Sr- doped TNT.
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Figure 4. Bode (a) and Nyquist (b) plots of untreated Cp-Ti, TNT, Mn-doped TNT and Sr- doped TNT.
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Figure 5. OCP curves of untreated Cp-Ti, TNT, Mn-doped TNT and Sr- doped TNT.

While in the other samples, OCP values showed a nearly
linear progression from the beginning to the end of the
sliding process, it was observed that there were small in-
creases and decreases during the sliding process in the
untreated CP-Ti sample. It can be said that these values
obtained from the untreated Cp-Ti sample are due to the
fact that the natural oxide layer is more easily separated
from the surface during wear and the particles detached
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from the Cp-Ti surface cause vibration during wear [27].
The untreated Cp-Ti sample had the lowest average OCP
values due to the thin natural oxide film [28]. TNTs syn-
thesized on Cp-Ti caused a positive shift of OCP values.
The TNT architecture obtained on Cp-ti made it difficult
for SBF to reach the base material, causing a positive shift
in OCP values. It was observed that the mean OCP values
of Undoped, Mn-doped and Sr-doped TNTs were close
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Untreated Cp-Ti

Mn-doped TNT

TNT

Sr-doped TNT

Figure 6. Wear trace of untreated Cp-Ti, TNT, Mn-doped TNT and Sr- doped TNT.

Table 1. The corrosion and cyclic voltammetry test results of all sample.

Parameters  E__(mV) i (AfCm?) R, (Qcm?) R, (Qcm?)
Sr-doped -144 3.83x10° 742 7.6
TNT
Mn-doped -155 4.18x10° 70.7 7.1
TNT
TNT -177 21.9%x10° 66.8 6.3
Untreated -460 103.4x10° 43.4 2.3
Cp-Ti

to each other. When the wear trace SEM images Fig.7 and
Table 1 were examined together, it was seen that the most
wear was seen in the untreated Cp-Ti sample, while the
least wear was obtained from the Mn doped TNT. After
TNT synthesis, increasing surface hardness with anatase
TiO2 formed on the surface provided an increase in wear
resistance. The highest wear resistance was obtained
from the Mn-doped TNT sample, where the highest sur-
face hardness was obtained.

3.4. Cyclic voltammetry analyses

Fig. 8 a-c shows cyclic voltammetry (CV) curves for TNT,
Mn-doped TNT, and Sr-doped TNT at scanning rates
between 5 and 100 mV/s. Fig. 8 shows the comparison
of cyclic voltammetry (CV) curves of TNT, Mn-doped
TNT, and Sr-doped TNT samples at a scanning rate of
100 mV/s. After the Mn and Sr doping processes, the spe-
cific capacitance increased as seen in Fig.8. This increase
in capacitance compared to the undoped TNT sample
can be attributed to the increase in nanotube length [29].

When the areas under the CV curves are examined, it
is seen that most area is obtained from Mn-doped TNT.
The areal capacitance difference between Sr-doped and
Mn-doped is attributed to the resistance formed between

@ European Mechanical Science (2023), 7(3): 138-145

Film thick-  CV Capacitan- Surface Hardness Wear rate
ness (um)  ce 100 mV/s-  roughness (HV, ) (X107 mm?3/Nm)
(mF/em?) (um)
19.6 15.4x10°® 35 720 0.49
12.2 29.9x10°® 3.6 650 0.57
9.8 2.92x10° 34 570 0.66
0.32 350 0.74

the substrate and the nanotubes. In the previous study,
it was emphasized that the contact area between the ox-
ide layer and the metal substrate and the electrical con-
ductivity affect the charge transfer resistance, and this
is effective in determining the areal capacitance [30]. In
summary, the obtain less charge transfer resistance be-
tween Mn-doped TNT and the base material resulted in
higher areal capacitance.

4, Conclusions

In this study, after examining the structural properties
of undoped TNT, Mn-doped TNT and Sr-doped TNT
synthesized on Cp-Ti samples, corrosion and cyclic vol-
tammetry performances were compared. According to
the experimental data results obtained:

In XRD analysis, it was determined that Mn and Sr add-
ed to the anodization solution were included in the TNT
structure. When the SEM images were examined, it was
seen that the inclusion of Mn and Sr in the TNT struc-
ture caused volume expansion and it was determined
that the inner diameters of TN'Ts narrowed compared to
undoped TNT. However, the addition of Mn and Sr to the
anodization solution increased the electrical conductiv-
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Figure 7. 3D profilometer images of untreated Cp-Ti, TNT, Mn-doped TNT and Sr- doped TNT.
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Figure 8. Cyclic voltammetry curves of TNT, Mn-doped, and Sr-doped TNT.
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ity and resulted in the formation of longer nanotubes. It
has been observed that the formation of longer lengths
and narrower inner diameters of nanotubes as a result of
Mn and Sr doping processes to TNT provides an increase
in corrosion resistance. Although the OCP values of all
TNTs showed similar behaviour in the tribocorrosion
test results, surface hardness was the determining pa-
rameter in the wear rates. Mn-doped TNT with the high-
est surface hardness exhibited the best tribocorrosion
behaviour. In cyclic voltammetry experiments, while the
capacitance increased approximately 5 times in Sr-doped
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