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ARTICLE INFO ABSTRACT

Keywords: Ti films electrodeposited on Ni foils from molten salts were anodized towards TiO, nanotube formation for the
TiO, first time. The resulting TiO, nanotube (TNT) layers were compared with TNT layers prepared under identical
Nanotubes conditions on Ti foils by means of scanning electron microscopy (SEM), X-ray diffraction (XRD) measurements,
iﬁgg;ithed T X-ray photoelectron spectroscopy (XPS), and photocurrent measurements. No significant differences were found

Photoelectrochemistry

between the TNT layers prepared on the two different substrates. Electrodeposited Ti films prepared in this way
could thus be a viable option for anodization purposes.

1. Introduction

Within the last 17 years, anodic TiO, nanotube (TNT) layers have
attracted enormous attention, due to the extraordinary physical and
chemical properties of TiO, and owing to the specific advantages of
aligned nanotube layers, such as large surface area, high surface-to-
volume ratio, directional charge or ion transport, efficient electron-hole
separation, size exclusion effects, and biological interactions [1]. They
can be used in a plethora of applications, as described in various re-
views [1-3].

Anodic TNT layers are prepared by anodization of Ti substrates in
fluoride-containing electrolytes [4-7]. Many reports describing the
production of TNT layers on several different kinds of Ti substrates can
be found in the literature. The most commonly used Ti substrate is Ti
foil with a thickness of between ~100 nm and ~200 nm, as these foils
can easily be cut and leave a sufficient Ti back contact for applications.
However, other Ti substrates are also frequently used for anodization,
such as thick Ti sheets (1-2 mm thick) [8], Ti meshes [9-11], or thin
magnetron sputtered Ti films on silicon [12,13], fluorine-doped tin
oxide (FTO) [14,15], or indium tin oxide (ITO) [16,17]. In particular,
TNT layers directly prepared on conductive transparent glasses, such as

ITO or FTO, are interesting for photoelectrochemical applications, in-
cluding solar cells [15,17] or photocatalytic H, production [14].
However, one disadvantage of these ITO or FTO substrates is that they
are not smooth, and thus thin Ti films sputtered on these substrates are
usually uneven. This in turn results in difficulties in their anodization,
as within relatively short anodization times the thin Ti film is com-
pletely consumed at some small spots and the glass substrate is reached.
As a result, TNT layers produced on sputtered Ti films on conductive
glasses often have a porous oxide layer on top.

An alternative to sputtered Ti films is electrodeposited Ti films.
Plating on substrates with complicated shapes is possible with elec-
trodeposition. Ti can be electrodeposited in high-temperature molten
salts, e.g. LiCI-KClI [18], NaCl-KCl [19], CaCl, [20], LiF-NaF-KF [21],
or LiF-NaF-KF [22]. In particular, smooth Ti films can be deposited in
fluoride-containing salts. However, due to the low water solubility of
fluoride salts it is difficult to remove the solidified salt from the elec-
trodeposited Ti films [23]. To solve this problem we recently proposed
a new method for electrodeposition of Ti using a water soluble KF-KCl
molten salt [23-25]. Using this method, smooth and dense Ti films with
a thickness of ~15 pm were deposited on Ni electrodes, which are es-
tablished substrates for this purpose [23-25].
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Fig. 1. (a) Current-time plots; (b) roughness profiles obtained by profilometry. Optical microscope images of (c) the electrodeposited Ti film and (d) the Ti foil, (e)
cross-sectional SEM of the non-anodized electrodeposited Ti film on Ni substrate.

Interestingly, there has not yet been a study showing the anodiza-
tion of the electrodeposited Ti films to produce TNT layers. Thus, in this
communication the preparation of TNT layers on electrodeposited Ti
films on Ni substrates is demonstrated for the first time. Using scanning
electron microscopy (SEM), X-ray diffraction (XRD) measurements, X-
ray photoelectron spectroscopy (XPS), and photocurrent measurements,
the TNT layers prepared on electrodeposited Ti films are compared to
TNT layers prepared on Ti foils.

2. Experimental

Ti films (approximately 15 pum) were galvanostatically electro-
deposited on Ni substrates (Nilaco Corp., 20 mm X 20 mm, thickness:
0.1 mm) at -25 mA cm~ 2 for 40 min from molten KF-KCl salt
(45:55 mol%) at 650 °C, containing 0.5 mol% K,TiFs and 1.7 mol% Ti
sponge (Kojundo Chemical Laboratory Co., Ltd.) [23-25]. The im-
purities of the electrodeposited Ti film were analyzed using inductively
coupled plasma atomic emission spectroscopy (ICP-AES) to <

100 ppm.

Anodization of the electrodeposited Ti layer and a conventional Ti
foil (Sigma-Aldrich, 99.7% purity, 127 um thick) was carried out in an
ethylene glycol-based electrolyte containing 0.15 M NH4F and 10 vol%
H,0 at 100 V for 4 h with an initial sweep of 1 V/s employing a high-
voltage potentiostat (PGU-200 V, IPS Elektroniklabor GmbH), using the
Ti substrate as the anode and a Pt foil as the cathode [26]. For a better
comparison of the obtained TNT layers, electrolytes of exactly the same
age were used for the anodization of both substrates [27].

The surface topography was measured using a mechanical profil-
ometer (DektakXT, Bruker) at a length scale of 500 pum, with a step of
0.5 pym. A LEICA DM750M microscope equipped with a CCD camera
and LAS software was used to obtain optical microscope images.

Photocurrent measurements were carried out using a photoelectric
spectrophotometer (Instytut Fotonowy) with a 150 W Xe lamp and a
monochromator with a bandwidth of 5 nm connected to a modular
electrochemical system AUTOLAB (PGSTAT 204; Metrohm Autolab B.
V.; Nova 1.10 software) in an aqueous 0.1 M Na,SO, solution at 0.4 V
vs. Ag/AgCl in the spectral range from 300 to 450 nm. The incident
photon-to-electron conversion efficiency (IPCE) value for each wave-
length was calculated as described in our previous work [26,28].

The morphology of the TNT layers was characterized by field-
emission scanning electron microscopy (FE-SEM, JEOL JSM 7500F). To
obtain cross-sectional images, the TNT layers were carefully scratched.
The diameters and thicknesses were evaluated by statistical analysis of
the SEM images using proprietary Nanomeasure software.

X-ray diffraction (XRD) patterns were measured with a Panalytical
Empyrean diffractometer using a Cu X-ray tube and a scintillation de-
tector Pixcel3D. The measurements were performed in the 26 range
5-65°, step size 0.026°.

The composition of the TNT layers was monitored by X-ray photo-
electron spectroscopy (XPS) (ESCA 2SR, Scienta-Omicron) using a
monochromatic Al Ka (1486.7 eV) X-ray source. The binding energy

scale was referenced to adventitious carbon (284.8 eV). The quantita-
tive analysis was performed using the elemental sensitivity factors
provided by the manufacturer.

3. Results and discussion

Fig. 1a shows the current-time plots recorded during the anodiza-
tion process. As described in the literature [2], three different stages
can be observed for both anodized Ti substrates: (i) a fast current decay
due to the formation of an anodic flat oxide layer; (ii) a current increase
attributed to the formation of pores within the oxide layer (increase in
the surface area); and (iii) a slow current decay towards a steady-state
while the nanotubes grow in length. The main difference between the
current-time plots recorded on the two substrates is that the second
stage is reached faster in the case of the electrodeposited Ti film com-
pared to the Ti foil. Thus, pore formation starts earlier. A possible
reason for this is that the surface of the electrodeposited Ti film is
rougher than of the Ti foil. To test this, profilometric measurements
were carried out on both Ti substrates, as shown in Fig. 1b, which
provides roughness profiles parallel to the rolling lines (in the case of
the Ti foil, black lines) and profiles in a perpendicular direction (red
lines). In the case of the electrodeposited Ti film, the roughness was
measured for two lines perpendicular to each other. The root mean
square (RMS) values were 1922 nm and 106 nm for the electro-
deposited Ti film and the Ti foil, respectively. This confirms the sig-
nificantly higher roughness of the electrodeposited Ti film compared to
the Ti foil due to grain growth during electrodeposition at a high
temperature. The optical microscope images of the electrodeposited Ti
film and the Ti foil are shown in Fig. 1c and 1d. A grain-like Ti structure
can be seen for the electrodeposited Ti film while the Ti foil is rather
smooth with clearly observable rolling lines due to the processing. This
is additional proof of the greater roughness of the electrodeposited Ti
film. Fig. 1e shows a cross-sectional SEM image of the electrodeposited
Ti film, revealing an overall Ti film thickness of ~ 15 um.

Fig. 2a and 2b show SEM images of the tops of the TNT layers
produced on the electrodeposited Ti film and the Ti foil, respectively.
The inner diameters are ~ 244 nm for the TNTs on the electrodeposited
Ti film and ~ 223 nm for the TNTs on the Ti foil. It can be seen that the
TNT tops on the electrodeposited Ti substrate have significantly thinner
nanotube walls than the TNT tops on the Ti foil. This is attributed to
stronger etching of the surface of the electrodeposited Ti film and is in
accordance with the recorded current-time plots and the TNT layer
thicknesses shown in Fig. 2¢ and d for the two Ti substrates (i.e. the
TNT layer on the Ti foil is thinner than that on the electrodeposited Ti
film). Thus, the stronger etching and decreased TNT layer thickness on
the electrodeposited Ti film are attributed to the higher roughness of
this substrate compared to the Ti foil.

Fig. 2e shows the XRD patterns recorded for the annealed TNT
layers on both substrates. As expected, both TNT layers show only the
anatase structure after annealing at 400 °C. The TNT layer on the
electrodeposited Ti film shows anatase TiO, in a preferred orientation
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Fig. 2. (a-d) SEM images of the (a,b) nanotube tops and (c,d) cross sections of
the TNT layers on (a,c) the electrodeposited Ti film and (b,d) the Ti foil. (e) XRD
patterns and (f) XPS survey spectra.

for the (101) plane at approximately 25°, while the TNT layer on the Ti
foil does not show any preferred orientation for the anatase TiO,. The
reason for this is that electrodeposited Ti film reveals a preferential
orientation along the (101) plane of the a-titanium [23,25], whereas
the rolled Ti foil does not have any such preferential orientation and
shows a variety of planes. As a result, when these Ti materials are an-
nealed, clear differences in the preferred orientation of anatase planes
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Fig. 3. (a) Photocurrent density and (b) corresponding IPCE values recorded on
both TNT layers.

can be observed. The Ti signals (as well as the Ni signal in the case of
the TNT layer on the electrodeposited Ti film) stem from the underlying
substrates (i.e. Ti foil or Ti film electrodeposited on a Ni plate). The
crystallite sizes for anatase, calculated by Scherrer's equation, are 477 A
and 467 A for the TNT layers on the electrodeposited Ti film and the Ti
foil, respectively.

XPS survey spectra for the TNT layers on both Ti substrates are
shown in Fig. 2f. The ratios of O:Ti are 2.33 for the TNT layer on the
electrodeposited Ti film and 2.22 for the TNT layer on the Ti foil. Thus,
the stoichiometry of the TNT layer on the Ti foil is slightly better than
that on the electrodeposited Ti film. The signals for F visible in the
survey spectra stem from the electrolyte, while the C species can be
attributed to adventitious carbon. Unlike the XRD results, no signal of
Ni can be observed in the XPS spectrum of the TNT layer on the elec-
trodeposited Ti film. The reason for this is that XPS is a surface sensitive
characterization technique and the TNT layer is thick enough to avoid
any interference from the underlying substrate. The absence of Ni
species also means that the Ni substrate does not lead to any Ni con-
tamination of the TNT layer.

Finally, Fig. 3 shows the photocurrent densities and the IPCE values
measured for the TNT layers on both substrates. Both TNT layers show a
maximum in photocurrent densities at a wavelength of ~350 nm. A
slightly higher photocurrent density was recorded for the TNT layer on
the electrodeposited Ti film compared to the TNT layer on the Ti foil.
However, the increase is not substantial and it confirms previous
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knowledge about TiO» nanotubes that for an optimal UV-photoresponse
(i.e. interplay between the light absorption, charge carrier separation
and mobility of electrons), their thickness must be in the range ~3 to
7 um [29]. In this thickness range, the photocurrent response is satu-
rated regardless of the exact thickness.

Thus, no significant differences were found between the TNT layers
prepared on the electrodeposited Ti film and the Ti foil. As the elec-
trodeposited Ti films are much thicker (and also cheaper) than the usual
Ti films prepared by magnetron sputtering, and the anodization can be
carried out for a longer time until all the Ti is consumed, electro-
deposited Ti films could be a very promising potential substitute for the
preparation of TNT layers. The TNT layers produced in this way also
have no trace of the porous oxide layers found when using conductive
glasses such as ITO or FTO as the substrate.

4. Conclusions

In conclusion, anodic TNT layers were prepared on electrodeposited
Ti films for the first time. These TNT layers were compared to TNT
layers produced on commonly used Ti foils using SEM, XRD, and XPS as
well as photocurrent measurements. No significant differences were
found between the TNT layers prepared on the two substrates, offering
the possibility of using electrodeposited Ti layers instead of magnetron
sputtered Ti layers.
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