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Abstract A Ti metal electrode with nanostructured titanium oxide that possesses high electrical conductivity, large specific
surface area and the capacity for supporting catalysts was prepared by a simple solution and heat treatment. A precursor of
the electrode that possesses one-dimensional hydrogen titanate, H,Ti;07, 600 nm in thickness was produced by soaking the
metal in 5 M NaOH at 60 °C and subsequently in 0.5 mM HCl solution at 40 °C. The treated metal had high specific surface
area approximately 100 times higher than theoretical flat surface, but its scratch resistance was low. The heat treatment of the
hydrogen titanate at 650 © C for 1h under air increased the scratch resistance markedly, but resulted in the development of
electric insulated surface layer that was composed of anatase and rutile. In contrast, when heat-treated under N, atmosphere,
the hydrogen titanate was transformed into anatase containing a small amount of Ti4O;, TiN, TiN,O;, and Ti,N, which
exhibited a relatively higher electrical conductivity that was in the range of semiconducting materials. It was also shown that
the treated metal immobilized 1,1’-ferrocenylbis(phosphonic acid) by forming a Ti-O-P bond and thereby induced a high
electric current upon cyclic voltammetry, although the treated metal before the ferrocene modification showed almost no
electric current. Thus, the treated Ti metal is expected to be useful as an electrode for various types of electrochemical

systems due to its high specific surface area, electrical conductivity and large capacity for supporting catalysts.

1. Introduction

The preparation of electrodes with a high specific surface area, high electrical conductivity and large capacity for supporting
catalysts has long been a desired goal in order to achieve maximum efficiency in electrochemical reactions. For instance, it
was reported in a water electrolysis system that the use of certain catalysts, such as a Ru complex' or a Mn porphyrin system?
reduces excess electrical potential by suppressing side reactions and thus markedly increases efficiency. It is expected that an
electrode that possesses a high specific surface area as well as large capacity for catalyst support would bear a large amount
of the catalysts on its surface. Thus, the electrode would exhibit efficient water electrolysis if electrical conductivity between

the catalysts and the substrate were sufficiently high.
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Titanium oxides with a one-dimensional structure, such as nanowires, nanobelts and nanotubes, afford an attractive
means of addressing this issue, since they have a high specific area®* and can immobilize various types of catalysts that have
been functionalized with carboxyl or phosphate groups™®. A typical procedure to prepare the electrode with the one-
dimensional TiO, materials is anodic oxidation of a Ti metal’. This method allows the synthesis of TiO, nanotube arrays with
a tunable shape and size on the substrate surface. However, the TiO, nanotubes formed in this way are fragile and easily
detached from the metal substrate®.

In contrast, biomaterial studies reported that a 1 pm-layer consisting of sodium hydrogen titanate, Na,H,_,Ti;O,, with a
one-dimensional structure was formed on the surface of Ti when the metal was soaked in 5M NaOH solution at 60 °C for 24
h®. The sodium hydrogen titanate was transformed into sodium titanate, Na,TigO3, and rutile by a subsequent heat treatment
at 600 °C for 1 h in air'°. The surface layer thus formed had a graded chemical composition in which oxygen and sodium
gradually decreased with increasing depth, and it displayed a high degree of scratch resistance and hence was durable enough
for extensive handling, even in surgical operations''. It was subsequently found that the sodium hydrogen titanate formed by
the NaOH treatment transforms into hydrogen titanate, H,Ti;O-, in water or diluted HCI solution by an exchange of sodium
ions with oxionium ions, and transforms into the anatase- and rutile-type TiO, by additional heat treatment without any
evident change in the surface morphology'*>'>. These structural changes of the surfaces of the metal is schematically shown in
Figurel. Thus the prepared materials might be useful even for the electrode due to their graded chemical composition, high
scratch resistance, and high surface area. However, since the application of these materials has been limited in biomaterials,
there are few reports on their electrical conductivity.

In the present study, Ti metal electrodes with nano-structured titanium oxides were prepared by NaOH and HCI
treatments along with subsequent heat treatment in air or a nitrogen atmosphere, and their utility in electrochemical systems
was investigated in terms of their surface area, electrical conductivity and capacity for catalyst support. The capacity for
catalyst support was estimated by the immobilization of 1,1’-ferrocenylbis (phosphonic acids) and subsequent cyclic

voltammetry.

2. Materials and Methods

2.1 Surface treatments

Commercial pure titanium (Ti > 99.5%, Nilaco Co., Japan) was cut into rectangular 10 x 10 x 1 mm® samples, abraded with
#400 diamond plates, washed with acetone, 2-propanol and ultrapure water in ultrasonic cleaner for a period of 30 min, and
then dried at 40 °C. These samples were soaked in 5 ml of a 5 M NaOH aqueous solution at 60 °C for 1h. After removal from
the solution, they were gently rinsed with ultrapure water for 30 s. The treated samples were subsequently soaked in 10 ml of
a 0.5 mM HCI solution at 40 °C for 3 h, washed with ultrapure water and dried immediately under nitrogen (N,) gas flow to
prevent a color heterogeneity on the sample surfaces. They were heated to 650 °C at a rate of 2.5 °C /min, maintained for 1 h,
followed by cooling at a rate of 2.5 °C /min to ambient temperature under air or 99.999% N, gas flow with 1.5 L/min in an

atmosphere furnace (MS-1871, Motoyama Co. Ltd., Osaka, Japan).
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For the heat treatment with N, gas, the samples were placed in a tailored reaction chamber consisting of an alumina vessel
with a 1 mm in diameter hole connected to a porous Ti filter, as shown in Figure 2, in order to reduce the oxygen

contamination in the N, gas, which had been found to be 0.8 ppm by gas chromatography.

2.2 Ferrocene modification treatment

As a redox active compound, we used 1,1’-ferrocenylbis(phosphonic acid), 1,1'-Fc[P(O)(OH),],, , prepared according to a
reported method'*. The modification of the 1,1’-ferrocenylbis(phosphonic acid) on the electrodes was performed as follows:
an electrode and 1-mM EtOH solution of 1,1’-ferrocenylbis(phosphonic acid) were placed in a vial and its opening was
closed with a rubber septum. The vial was filled with high-purity argon gas (99.999%) for 30 min. Then, the vial opening
was quickly closed by an aluminum seal, then immersed in an oil bath and heated 48 h at 120°C. After heating, the vial was
to room temperature and the electrode taken out of the liquid phase and is washed with EtOH several times, then used for the

reflection spectrum and CV determination.

2.3 Surface analyses

2.3.1 Scanning electron microscopy.

The surfaces and cross-sections of the Ti metal samples subjected to the chemical and heat treatments were coated with a
Pt/Pd film and observed under field-emission scanning electron microscopy (FE-SEM; S-4300, Hitachi Co., Japan) at a

voltage of 15 kV.

2.3.2 Thin film X-ray diffraction and Raman spectrometry.

The surface of the Ti metal samples subjected to the chemical and heat treatments were analyzed using thin film X-ray
diffraction (TF-XRD; RNT-2500, Rigaku Co., Japan) employing a CuKa X-ray source operating at 50 kV and 200 mA. The
glancing angle of the incident beam was set to an angle of 1° against the sample surface. The Raman profiles of the samples
were collected using a Fourier transform confocal laser Raman spectrometer (FT-Raman; LabRAM HR800, Horiba Jovin

Yvon, France) at a wavelength of 514.5 nm and using an Ar" laser at a laser power of 16 mW.

2.3.3 Scratch resistance measurement.

The scratch resistance of the surface layer that was formed on the treated Ti metal samples by the chemical and heat
treatments was evaluated by measuring the critical load by which the layer was detached from the substrate using a thin-film
scratch tester (CSR-2000, Rhesca Co., Japan) that employed a stylus with a diameter of 5 mm and a spring constant of 200 g
mm’'. Based on the data in the JIS R-3255 standard, the amplitude, scratch speed and loading rate used were 100 pm, 10 pm
s and 100 mN min™', respectively. Five measurements were carried out for each sample, and the average value was used in

the analysis.
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2.3.4. X-ray photoelectron spectroscopy.

The surfaces of the Ti metal samples subjected to the chemical and heat treatments were analyzed using X-ray photoelectron
spectroscopy (XPS; ESCA-3300KM, Shimadzu Co., Japan). In this analysis, MgKoa radiation (A = 9.8903A°) was used as the
X-ray source. The XPS take-off angle was set at 45°, which enabled the system to detect photoelectrons to a depth of 5-10
nm from the surface. The binding energies of the measured spectra were calibrated with reference to the Cls peak of the
surfactant CH, groups on the substrate at 284.6 eV. The measured spectra were decomposed and subjected to curve fitting for

quantitative analysis.

2.3.5. Radio frequency (RF) glow discharge optical emission spectroscopy.

The depth profiles of various elements on the surface of the Ti metal samples subjected to the NaOH, HCl and heat
treatments in N, atmosphere were analyzed using RF glow discharge optical emission spectroscopy (GD-OES; GD-Profiler 2,
Horiba Co., Japan) under Ar sputtering at an Ar pressure of 600 Pa. An RF electric field with a power of 35W was applied at

a regular interval of 20 ms.

2.3.6. Electrical resistance measurements.

The surface of the Ti metal sample subjected to the chemical and heat treatments was partially polished so as to expose a
certain area of the metal surface. A silver (Ag) sheet of 5 x 5 mm® was pasted on the unpolished area by hydrophobic
conductive glue. It was confirmed by cross-sectional SEM observation that there was no penetration of the glue into the metal
substrate. Ag wires were attached both on the Ag sheet and the polished area by the conductive glue, and the electrical
resistance between them was measured with a two-terminal method using a potentiostat (HZ-5000, Hokuto Denko Co.,

Tokyo, Japan).

2.3.7. Fourier transform infrared spectroscopy.
The Fourier transform infrared (FTIR) profiles of the Ti metal samples before and after ferrocene modification were

collected using a Fourier transform infrared spectrometer (FTIR; BioRad FTS575) a surface reflectance measurements unit.

2.3.8. Surface area measurement.

Ti metal plates having 20 x 5 x 1 mm® were prepared for surface area measurement. Ten samples subjected to the chemical
and heat treatments were placed in a volumetric gas adsorption measurement instrument (Belsorp18, BEL Japan INC., Osaka,
Japan) and their total surface area was measured by recording the Kr adsorption—desorption isotherms. The relative ratio of
the measured surface area to the theoretical flat area of the metal samples was calculated by dividing the former by the latter,

and the result was used for analysis.

2.4. Cyclic voltammetry
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Cyclic voltammetry was measured with AUTOLAB model PGSTAT128N under the following conditions; in a 0.1M KNOs
solution, the modified electrode was used as a WE, Pt foil as a CE, and Ag/AgCl as an RE. CV data were taken at scan rate

100 mVs™ under Ar atmosphere.

3. Results
3.1 Surface structures

Figure 3 shows the FE-SEM photographs of the surfaces and cross-sections of the Ti metal, both untreated and subjected
to the NaOH, HCI and heat treatments. A fine network structure on a nanometer scale formed on the surface of the metal after
the initial NaOH treatment. This was unchanged by the subsequent HCI treatment, but was slightly sintered by the heat
treatment in air or N, atmosphere. It is evident from the cross-sectional view that the network is approximately 600 nm in
thickness and composed of many feather-like phases that are elongated perpendicular to the surface. The density of the
surface layer increased with increasing depth. The surface area measurement revealed that the surface area of the Ti metal
subjected to NaOH and HCI treatments was 5.70 x 10* m%/g, 103 times larger than that of the theoretical flat surface (Sp).
This value was decreased to 0.72 x 10 m?/g (13 times larger than S,) or 3.46 x 10 m?/g (63 times larger than So) when the
metal was subsequently heat-treated in air or N, atmosphere.
Table 1 shows the result of the XPS quantitative analysis of the surface of the Ti metal subjected to the NaOH, HCI, and heat
treatments. The NaOH treatment incorporated 5.7 % of Na ions onto the surface of the metal. The Na ions were completely
removed by the subsequent HCI treatment. When the treated Ti metal was heat treated in air, it showed only a contamination-
derived N1s peak at 400 ¢V in binding energy '*'°. In contrast, 0.4 % of the peak at 396 ¢V, which was assigned to Ti-N
bonding'>'®, appeared on the surface of the metal in addition to the peak at 400 ¢V when the metal was heat treated in N,
atmosphere instead of air. The presence of Ti-N bonding can be confirmed on the XPS profiles of N 1s on the treated metal
as shown in Figure 4. This shows that some amount of nitrogen was incorporated into the surface layer by the heat treatment
in the N, atmosphere. In contrast, Ti 2p spectrum shows the peaks at 459 and 464 eV, which were assigned to Ti-O bonding'’,
but does not clearly show the peak at 455 eV attributed to Ti-N bonding'” probably due to its small intensity.
Figure 5 shows the TF-XRD and FT-Raman profiles of the surface of the Ti metal that was untreated and subjected to the
NaOH, HCI and heat treatments. The broad FT-Raman peaks occurring around 280, 450, 700, 820 and 910 cm’! in wave
number appeared after the NaOH treatment, and they were assigned to sodium hydrogen titanate, Na,H, ,Ti;O,>'*>. When the
sample was subsequently soaked in HCI solution, the intensity of the TF-XRD peak occurring at around 28 degrees in 26 and
the Raman peak occurring at around 910 cm™ in wave number decreased, indicating that the sodium hydrogen titanate had
transformed into hydrogen titanate, H,Ti;0,”", as a result of the exchange of the sodium ions for oxonium ions. The
hydrogen titanate was transformed into anatase- and rutile-type TiO, by the heat treatment in air, while TiN, TiN,O, '8, Ti,N
and anatase, accompanied by a small amount of Ti;O,'® were formed on the surface of the Ti metal as the result of the heat
treatment in N, atmosphere.
Figure 6 shows the depth profile of the GD-OES spectra of the Ti metal subjected to the NaOH, HCl, and heat treatments in

N, atmosphere. It can be seen from Figure 6 that N was detected mainly in the deeper region of the metal and comparatively
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slightly in the upper layer. A gradual decrease of H and O, and gradual increase of Ti that was observed from the surface to
the metal substrate indicates that a graded structure in terms of the chemical composition was formed by the chemical and
heat treatments.

Figure 7 shows the scratch resistance of the Ti metal subjected to the NaOH, HC1 and heat treatments. The scratch resistance
of the surface layer that formed as the result of the initial NaOH treatment was as low as 7 mN. This low scratch resistance
was unchanged by the subsequent HCI treatment, but was increased markedly, to 100 or 70 mN, by the final heat treatment

in air or N, atmosphere.

3.2. Electrical conductivity

Table 2 shows the results of the electrical resistance measurement and electrical conductivity calculated by the following
equation (1).
o=2 M
Where o is the electrical conductivity, A the cell constant and R the electrical resistance. The cell constant (A) is defined as A
= L/S, using the length (L) and area (S) of the material. In the present study, L and S correspond to the thickness of the
surface layer and the contact area between the surface network layer and the conductive glue under the electrode made of the
Ag-sheet.
The contact area of the conductive glue to the surface layer is estimated as that between the theoretical flat surface and the
actual surface area of the sample obtained experimentally by gas adsorption assessment. It is shown in Table 2 that the
electrical conductivity of the metal after the NaOH and HCI treatments was estimated to be 1.5 x 107 ~ 1.5 x 10 mho cm™,
which is in the range of a semiconducting material. It significantly decreased to 2.9 X 10"* ~3.8 X 10"'> mho cm™, which is
in the range of an insulating material, as a result of the heat treatment in air. In contrast, it slightly increased to 4.1 x 107 ~

2.6 x 10 mho cm™' by the heat treatment in N, atmosphere.

3.3. Surface modification with 1,1’-ferrocenylbis(phosphonic acid)

Figure 8 shows the FTIR spectra of the Ti metal surface subjected to the NaOH, HCI and heat(N,) treatments, and
subsequently subjected to ferrocene modification. It is shown in Figure 8 that a large peak around 1080 cm’, which is
attributed to a P-O-Ti bond® , appeared on the surface of the metal after the ferrocene treatment, indicating that the 1,1’
ferroocenylbis(phosphonic acid) were chemically bonded though their terminal phosphate groups with the surface oxide layer

formed on the metal.

3.4. Cyclic voltammetry
Figure 9 shows the result of cyclic voltammetry (CV) applied to the Ti metal subjected to the ferrocene modification
following the NaOH, HCl and heat(N,) treatments. A redox wave with peaks at approximately 0.26 and 0.43 V was observed

on the treated metal (broken line). Its maximum current and potential difference were I, = 1.4 mA and AE = 0.17 V,
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respectively. In contrast, almost no electric current was observed on the chemical and heat treated Ti metal before the
ferrocene modification (dot line). Ti metal without the chemical and heat treatments had no capacity for ferrocene fixation,
and thus it showed almost no CV currents as the case of the chemical and heat treated Ti metal before ferrocene modification

(data not shown).

4. Discussion

It is apparent from the experimental results that all of the preferable characteristics, such as the high specific surface area,
electrical conductivity and large capacity for catalyst support, as well as a high degree of scratch resistance, were conferred
on the Ti metal by the NaOH, HCI and heat treatments in the N, atmosphere. It should be noted that the heat treatment in air
resulted in a significant decrease in electrical conductivity as shown in Table 2, and hence the treated metal was not useful as
an electrode. The surface structural changes which took place in the Ti metal due to the chemical and heat treatments are
similar to those in Figure 1.
A fine network layer approximately 600 nm in thickness was formed on the surface of the Ti metal by the NaOH treatment.
This network consisted of nano-sized sodium hydrogen titanate, Na,H,_ ,Ti;O,. When the metal was soaked in HCI solution,
the sodium hydrogen titanate substituted sodium ions with oxonium ions so as to form a hydrogen titanate, H,Ti;0-, due to
its layered structure 2. Thus, the treated metal possessed a surface area that was 103 times larger than the theoretical flat
surface.
When the metal was subsequently heat-treated in N, atmosphere, the hydrogen titanate was transformed into anatase and
Ti40;7 accompanied by the induction of a small amount of nitrogen, as shown in Figure 5 and Table 1. TiN, TiN,O;_, and
Ti,N were formed in the deeper region of the surface layer, as seen in Figures 4, 5 and 6.
It was reported that Ti alloys such as Ti-6Al-4V and Ti-29Nb-13Ta-4.6Zr are easily oxidized by heat treatment, even in N,
gas, with the contamination of several parts per million (ppm) of oxygen, since titanium has a higher affinity for oxygen than
nitrogen”'. The reaction of TiN with oxygen can be described using the following equation (2).
TiN+0, = TiO + 5N, )
According to thermodynamics data®?, the standard Gibbs free energy for formation of TiN and TiO, (rutile type) at 900 K are
AG rinwoook) = -252.281 kJ mol ™, and AG°Tiox900k) = -780.233 kJ mol”, respectively. The equilibrium oxygen partial pressure
between TiO, and TiN at 900 K was calculated using following equation, under the assumption that the pressure of N, is

approximately equal to 1 atm, and the activity coefficients of TiN and TiO, are 1.

AG°Ti05(900K) ~AG°TiN(900K) 3)
RT

InPy, =
Where R = 8.314 x 107 kJ mol™" K™ is the gas constant and T the absolute temperature.
As a result of the substituting above values in equation (3), Po, = 2.28 x 10™! atm is obtained. This means that TiN can be
oxidized in the atmosphere in which the oxygen partial pressure is higher than 2.28 x 10" atm.

When the oxygen partial pressure is lower than the equilibrium oxygen partial pressure described above, it is considered that

reverse reaction of equation (2) proceeds, meaning nitrogen dope into titanium oxides. In order to achieve the low oxygen
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partial pressure and to increase reaction rate, severe conditions such as NH; atmosphere and high temperatures of 800-1000
°C are usually used for a nitrogen dope on titanium oxide powders>>*,

In the present study, some amount of nitrogen was incorporated into the surface layer of the chemically treated Ti metal, and
even the oxygen-deficient titanium oxide Ti;O; was formed by the heat treatment with the mild conditions of N, atmosphere
and temperature of 650 °C. These phenomena may be explained as follows. Since a porous Ti metal disc was used as the
oxygen getter and set in the reaction chamber as shown in Figure 2, the supplied N, gas could not pass thorough the porous
disc without giving its contaminated oxygen. As a result, the oxygen partial pressure in the reaction chamber might be
reduced close to that of the equilibrium oxygen partial pressure described above. Furthermore, the oxygen in the surface layer
diffuses into the metal substrate during the course of the heat treatment due to its gradient chemical composition, as shown in
Figure 6. It is assumed that the low crytalline hydrogen titanate prepared by NaOH and HCI treatments has amounts of active
sites to form Ti-N bondings. A TEM study revealed that nitrogen-doped and defective titanium oxides were tend to be
formed in the top of the surface layer, whereas TiN,O,., and Ti,N were formed in the bottom® . Although the specific surface
area of the metal was somewhat decreased by the heat treatment, it was still 63 times larger than that of the theoretical flat
surface. The decrease in the specific surface area might be due to the sintering of the surface layer during the heat treatment,
as seen in Figure 3.

It is known that the electrical conductivity of TiO, is as low as that of insulating materials, but it is increased markedly, up to
the range of 10 to 10 mho cm™, by the induction of a small degree of oxygen deficiency and/or nitrogen 2%, Therefore, the
relatively high electrical conductivity of the Ti metal after the heat treatment in the N, atmosphere in the present study is due
to the formation of oxygen-deficient titanium oxide, such as the Ti4O; resulting from nitrogen induction as well as Ti,N,
TiN,O,. and TiN in the surface layer. Since the estimated electrical conductivity of the surface titanium oxide layer in the

2930 3 further increase

present study was 4.1 x 107 ~ 2.6 x 10 mho cm™ , which is still lower than that of the reported value
in electrical conductivity is expected by increasing the amount of the oxygen deficiency and/or doped nitrogen in the surface
titanium oxide layer. In contrast, when the metal was heat-treated in air instead of N, neither the induction of nitrogen into
titanium oxides nor the formation of titanium nitrides was observed as shown in Figure 5, and Table 1. As a result, the
electrical conductivity of the metal treated in this manner was as low as that of an insulating material, as shown in Table 2.

It was reported that titanium oxides immobilize various types of catalyst that have been functionalized with carboxyl or
phosphate groups™®. In the present study, the capacity for catalyst support by the metal after the heat treatment in N,
atmosphere following the NaOH and HCI treatments was estimated by utilizing ferrecene, that is widely used for CV due to
its stable redox property. The ferrocene molecules were functionalized with phosphate groups to form 1,1°-
ferrocenylbis(phosphonic acid) and used in the ferrocene modification. As a result, they were successfully immobilized on
the treated metal by forming a Ti-O-P bond, as shown in Figure 8. It is expected that the treated Ti metal can also immobilize
other catalysts, such as the Ru complex ' and Mn porphyrin system? that enhance efficiency of electrolysis of water, if they
are similarly functionalized with phosphate groups.

When the ferrocene-modified Ti metal prepared in this manner was subjected to CV measurement, it displayed a high

electrical current of 1.4 mA but with 0.17 V of potential variation. Xiao et al. observed a similar value of potential differences
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of ~0.16 V on a TiO, nano tube (TNT) electrode that was prepared by anodizing and subsequent annealing in N,
atmosphere®'. This higher electrical conductivity is an advance, since the observed potential differences were a little higher
than the 0.059 V of the theoretical value®>. Further study to increase the electrical conductivity of the metal is currently in

progress.

5. Conclusions

A new type of Ti metal electrode with one-dimensional titanium oxide surface layer doped with nitrogen and oxygen
deficiency was produced by the NaOH, HCI and heat treatment in N, atmosphere. Its electrical conductivity was estimated to
be 4.1 x 107 ~2.6 x 10 mho cm™, which is in the range of a semiconducting material. The metal had a high specific surface
area that was 63 times larger than the theoretical flat surface and exhibited a high degree of scratch resistance. Furthermore, it
successfully immobilized 1,1’-ferrocenylbis(phosphonic acid) on its surface so as to induce a high electric current on the
performance of CV. It is expected that a metal treated in this manner would be able to immobilize various types of catalyst

and thus potentially be useful as an electrode in various electrochemical systems.
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Figure captions
Figure 1 Structural changes of the surfaces of Ti metal due to NaOH, HCI and heat treatments.

Figure 2 Reaction chamber for heat treatment in N, atmosphere

Figure 3 FE-SEM photographs of the surfaces and cross-section of Ti metal untreated and subjected to NaOH and HCl
treatments, and subsequent heat treatment in air or N, atmosphere.

Figure 4 XPS profiles of N 1s and Ti 2p spectra on Ti metal subjected to heat treatment in N, atmosphere following NaOH
and HCIl treatments.

Figure 5 TF-XRD and FT-Raman profiles of the surfaces of Ti metal untreated and subjected to NaOH and HCI treatments,
and subsequent heat treatment in air or N, atmosphere.

Figure 6 GD-OES depth profiles of the surfaces of Ti metal subjected heat treatment in N, atmosphere following NaOH and
HCI treatments.

Figure 7 Scratch resistance of Ti metal subjected to NaOH, HCI and heat treatments.

Figure 8 FTIR spectra of Ti metal (a) without or (b) with ferrocene modification treatment following NaOH, HCI and heat
treatment in N, atmosphere.
Figure 9 CV curve of Ti metal with ferrocene modification treatment following NaOH, HCI and heat treatment in N,

atmosphere; Ferrocene treated (solid line) and before ferrocene modification (broken line).
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Tablel XPS quantitative analysis of surface layers of Ti metal untreated and subjected to
NaOH and HCl treatments, and subsequent heat treatment in air or N, atmosphere.

Nis%
Treatment C1% 01:% Na ;% Tizp%
396 eV 400 eV
Untreated 16.1 58.7 UD 1.7 UD 23.5
NaOH 8.5 62.9 UD 0.2 5.7 22.7
NaOH-HCI 11.8 63.6 UD 1.4 UD 23.3
NaOH-HCl-heat(air) 13.7 61.6 UD 0.3 UD 24.4
NaOH-HClI-heat(N,) 16.7 59.3 0.4 0.4 UD 23.1

UD:under detection



Page 13 of 23 RSC Advances

Treatment Electrical resistance Cell con_sltant Electrical conductivity
/Q /cm /mho cm’
NaOH-HCI 15.7 23x10° ~24x10" 1.5x107 ~1.5% 107
NaOH-HCl-heat(air) 3.3 x10° 1.8x10°~24x10* 29x10" ~38x 10"
NaOH-HCl-heat(N,) 9.2 3.8x10°~24x10" 4.1x107~2.6%x107

Table2 Electrical conductivity of Ti metal subjected to NaOH and HCI treatments, and
subsequent heat treatment in air or N, atmosphere.
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Figure 3
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