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ABSTRACT 
 
Titanium (Ti) is one of the most promising biomaterial for biomedical devices due to its high corrosion resistance and specific 
combination of strength and biocompatibility. Titanium dioxide (TiO2) nanostructures are obtained by electrochemical 
anodization of Ti foils under self-organization condition; anodization parameters such as anodization time, voltage, temperature 
and most important electrolyte composition are critical for the resulting morphology. Nanostructures are grown in ethylene 
glycol (EG) based electrolytes and we evaluated the influence of the water content, as no nanostructures are formed in the 
electrolyte without water addition, and with increasing water content, either nanopores or nanotubes are obtained (depending 
also on the applied potential and anodization time). The increase in water content in the electrolyte enables the slow transition 
from nanopores to nanotubes, which occurs by a pore-wall splitting mechanism. From the current results, one can conclude that 
the water in the electrolyte has a definite effect on the type of nanostructures obtained by electrochemical anodization in organic 
electrolytes. This current investigation of effect of water in EG based electrolytes is useful for obtaining the desired morphology 
of the nanostructures (diameter, length, open-top morphology) for specific bioapplications. Copyright © 2016 VBRI Press. 
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Introduction  

Titanium and titanium alloys are of high interest in various 

applications [1-5] more specifically for biomedical 
applications, due to their excellent mechanical properties, 

high corrosion resistance and good biocompatibility [1-3]. 
To improve stability of such implant materials, to enhance 
cell response and to inhibit detrimental phenomena, the 
surface of implants is usually modified with various 
coatings, thermal procedures or surface treatments at the 
micro and nano level. Nowadays, for biomaterials, the 
focus is on the nano level, i.e. nanostructuring of the 
surface (increasing surface area, enhancing 
biocompatibility, etc.) and from the pletoria of available 
nanostructuring techniques, nanostructures can be easily 
grown by electrochemical anodization. Although the first 
report on anodization of Ti in 1984 (by Assefpour-Dezfuly 

et al. [6]) was overlooked, such structures were later 

reported only in 1999 by Zwilling et al. [7, 8] and 
following, other methods were also reported on obtaining 

TiO2 nanotubes, methods such as hydrothermal process [9], 

sol-gel [10] or template [11].  
The advantages of electrochemical anodization lie in the 

ease of application and control of the nanostroctures' 
morphology while ensuring that the coating is directly on 

the biomaterial's surface [12, 13]. Nanostructures can be 
grown under self-organizing conditions on titanium or its 
alloys, by anodizing in fluoride containing electrolytes 
(reports also indicate growth of nanotubes in fluoride-free 

electrolyte, however the control over the morphology is 

limited [14]). Generally, the anodization electrolytes 
contain hydrofluoric acid (HF) or fluoride salts in an 

aqueous acidic solution (generation I [15, 16]), in basic 

salts (generation II [17]) or in organic electrolytes with 

small additions of water (generation III [18]). Currently, the 
most frequently used electrolytes are organic and are based 

on glycerol or EG [18, 19], and this is due to the fact that 
such organic electrolytes lead to much higher aspect ratio 
(higher surface are) and more uniform growth with a 

hexagonal ordering [13].  
As a part of the continuing endeavor to utilize titanium 

dioxide (TiO2) nanostructures in the development of 
biomedical devices, the effects of various anodization 
conditions (time, voltage and water content in the 
electrolyte) on the formation of nanostubular structures on 

both titanium [19] and titanium alloys [20-24] was further 
investigated. The morphology and dimensions of TiO2 
nanotubes play a critical roles in determining their 
performance in various biomedical applications. That is, 
the efficiency of many TiO2 biomedical devices depends on 
the geometry and surface area of the nanostructured TiO2 
layers, therefore the self-organized anodic growth of TiO2 

nanotubes has attracted significant interest [13, 25]. In this 
respect, the nanotube diameter and length determine the 
aspect ratio of these structures and influence the sensitivity 
and selectivity of nanoscale devices. Consequently, the 
ability to control these parameters by modifying the 
anodization conditions is imperative for new 
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developements in various fields. Additionaly, in the field of 
biomimetic materials and tissue implant technology, the 
importance of nanometric scale surface topography and 
roughness of biomaterials is, besides chemical surface 
modifications, increasingly becoming recognized as a 

crucial factor for tissue acceptance and cell survival [26-

28]. For example, it is known that the diameter size is the 
key factor dictating in the interactions with cells 
(mesenchymal stem cells, endothelial cells, osteoblasts, 
osteoclasts, etc.) and 15 nm diameter nanotubes enhance 
cell adhesion, proliferation and differentionation compared 
to 100 nm diameter nanotubes, which lead to cell apoptosis 

[29-32]. Moreover, it is worth mentioning that in all cases 
small diameter nanotubes improved cell interactions as 
compared to the non-nanostructured substrates (either 
untreated foil or a 50 nm thick TiO2 compact layer). 
Previous studies have also shown that surface modification 

of Ti significantly changed bacterial responses [33] and can 
influence interactions with macrophage cells (especially as 
biomaterial implantantion is often limited by macrophage-

related inflammation) [34-36]. 
Besides, nanostructured TiO2 can be used as a platform 

for various biomolecules coating/loading or growth factor 

immobilization [30, 37], Ag nanoparticle decoration         

[38, 39] or other nanoparticles showing either antibacterial 

effects or increasing osseointegration [38, 39]. As-formed 
TiO2 nanotubes grown by anodization are usually 
amorphous but depending on the anodization conditions 
(temperature, time or how high is the voltage) low 
crystallinity is observed (anatase phase). Crystallinity 
(anatase, anatase and rutile mixture) is induced by 
annealing, and showed also promising properties in terms 

of biocompatibility [21, 40, 41].  
The present study aims towards an understanding of the 

role of anodization parameters such as time, voltage and 
water content in EG based electrolytes in the synthesis of 
arrays of TiO2 nanostructures and in their corresponding  
morphologies. The purpose of optimizing the anodizaton 
parameters is to tailor the morphology of nanotubes to a 
spefific diameter size and length, which leads to an 
increased biocompatibility and outstanding cellular 
interactions. The nanotopography of TiO2 has a significant 
influence on the adherence and the cell behavior in 
biomedical applications. Though the influence of the water 
content in organic based electrolytes was previously 

investigated [42, 43], the present paper mainly           
focuses on the influence of anodization parameters in EG 
based electrolytes on the morphology of nanostructures 
with emphasis also on obtaining small diameter (15 nm) 
nanostructures. The current investigation of the effect of the 
water contact in electrolyte and other anodization 
parameters on the morphology of nanostructures is useful 
for a better tailoring of the desired morphology of the 
nanostructures (nanopores or nanotubes) TiO2 surfaces for 
bioapplications.  

 

Experimental 

Materials 

Ti-foils of 0.1 mm thickness (99.6  % purity) were obtained 
from Advent Research Materials, England. The distilled 
water used during the entire study was purified by Werner–

Reverse osmosis equipment. Hydrofluoric acid (HF) and 
the solvents, namely Ethylene Glycol (EG), ethanol, and 
acetone, were purchased from Sigma–Aldrich, Germany 
and used without further purification. 
 
Experimental 

Various TiO2 nanostructures were fabricated by 
electrochemical anodization. Prior to anodization, titanium 
foils were degreased by successive ultrasonication in 
acetone, ethanol and deionized (DI) water for 5 min each 
and dried in nitrogen stream. For anodization experiments, 
EG based electrolyte was used which contains varying 
amounts of water but with same concentration of HF. All 
the anodization experiments were carried out at room 

temperature (∼20 
o
C) in a two-electrode system with a 

titanium foil as the working electrode and platinum gauze 
as the counter electrode. Experimental parameters such as 
anodization voltage, time and composition of electrolyte 
were varied and their effect was observed on diameters and 
lengths of obtained TiO2 nanostructures. As-formed 
nanostructures were kept in ethanol for 2 hours as to 
remove all organic components from the electrolyte, 
washed with distilled water and dried in a nitrogen stream. 
 
Characterization 

The morphology of the as-formed TiO2 nanostructured 
surfaces was observed using a field-emission scanning 
electron microscope – Hitachi FE-SEM S4800. 
Mechanically cracked samples were used to obtain cross-
section images. The chemical composition of as-formed 
nanostructures was investigated by X-ray photoelectron 
spectroscopy (XPS) (PHI 5600, spectrometer, USA) using 
AlKα monochromatized radiation and peaks were 
calibrated to C1s peak at 284.8 eV. The crystallinity of the 
TiO2 nanostructures was evaluated by X-ray diffraction 
(XRD) patterns using a X‘pert PhilipsMPD with a 
Panalytical X‘cel-erator detector, Germany (graphite mono-

chromized Cu K radiation, wavelength of 1.54056 Å). 
 

Results and discussion 

In the following sections, the influence of different 
anodization parameters on the morphology of 
nanostructrures (diameter, length, and the type of obtained 
nanostructure – nanopores or nanotubes) as well as their 
chemical composition and crystallinity are evaluated. It is 
well known that the morphology of TiO2 nanotubes can be 

easily tailored to specific diameter size or length [13]; 
nevertheless, to establish a good control ensuring all the 
desired morphological characteristics as well as an open top 
morphology (no initiation layer or nanograss formation) an 
anodization parameters screening is helpful. 
 
Influence of applied voltage on the diameter and length of 
the nanostructures 
 
First of all, the influence of the applied voltage on the 
growth and morphology of the nanostructures was 
evaluated for EG based electrolyte containing 8 M water 
and 0.2 M HF. At the same time, we also evaluated similar 
aspects using a 6 M water content electrolyte. 
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Fig. 1. Current profiles for nanostructrures obtained in EG based 
electrolytes (8 M water content) at different anodization potential (10, 20 
or 58 V) for an anodization time of 2.5 h. A current profile for 

nanostructures grown in 6 M water content at 10 V for 2.5 h is also shown 
for comparison.  

 

Fig. 1 presents the current profiles (I-t curves) for 
selected samples, for an anodization time of 2.5 h in 8 M 
(10, 20 and 58 V) and in 6 M (10 V). It is evident that the 
I-t plots present typical curves for a highly organized oxide 
pore arrangement or nanotube formations, where formation 
and chemical dissolution of the oxide are in optimum range 

[13]. The typical I-t curve can be divided into three regions, 
with region I – current decreases exponentially due to the 
coverage of the surface with an oxide film, region II – a rise 
in the current due to the surface area increase (as a result of 
porosification), and region III – steady-state conditions 
where the oxide is formed continuously at the bottom. In 
our case, the three regions are observed for all studied 
nanostructures, even for potentials as low as 10 V (inset in 

Fig. 1). Furthermore, it is clearly evident that higher 
applied potentials lead to higher current densities, and 
while a similar trend is observed for the water content 
inside the electrolyte (comparing the 6 M and 8 M 
anodization at 10 V) one can see that 8 M has a higher 
current value in beginning and that, after 1.5 hours of 
anodization, the same steady-state value of the current, as 
for 6 M, is reached. 

 

 

 
 
Fig. 2. Top view and cross-section SEM images for nanotubes grown in 
EG based electrolyte containing 8 M water, anodization time was fixed at 
2.5 h (Scale bar is 500 nm), at different anodization potentials of a) 10 V, 
b) 20 V, c) 30 V, d) 50 V, e) 58 V and f) 70 V. 

 

Fig. 2 presents top-view and cross-section SEM images 
for nanotubes obtained in EG based electrolyte with 8 M 
water content and fixed time (2.5 h), emphasizing on the 
influence of applied potential on the nanotubes’ diameter 
and length. From the top view images, it is evident that 

diameters of nanotubes increase with the applied potential 

(in the range of 10 -70V as shown in Fig. 2) and the cross-
section images of the nanotubular layer show that the 
applied voltage has a clear effect also on lengths of 
nanostructures, increasing with increasing applied potential. 
To note, that in all cases there is no initiation layer and in 
these conditions no nanograss formation on the top of the 
nanostructures, meaning that it is an open-top morphology. 
The fact that the nanotubes are initiation layer free can be 
due to the presence of HF in the electrolyte which makes it 
more acidic and etches much faster the initiation layer (for 
example, for shorter anodization times of 1.5 h, an 
initiation layer was also observed), while in NH4F EG 
based electrolytes it is difficult to obtain initiation layer free 

nanotubes [44]. 
 

 

 

 
 

Fig. 3. (A) Top view and cross-section SEM images for selected 
nanostructures grown in EG based electrolyte containing 6 M water, 
anodization time was fixed at 2.5 h (Scale bar is 500 nm) (B) Influence of 
the anodization voltage on the diameter and length of nanotubular 
structures for EG based electrolyte containing 8 M and 6 M water 
(anodization time of 2.5 h). 

 
Further, we also evaluated the morphology of 

nanostructures grown in an EG based electrolyte containing 

6 M water and Fig. 3(A) presents the top view and cross-
section SEM images of selected nanostructures (grown at 
10, 58 and 70V). Similar trends were observed as in case of 
structures obtained in 8 M water. The influence of the 
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anodization voltage on the diameter and length of 
nanotubular structures for EG based electrolyte containing 
8 M and 6 M water content (anodization time of 2.5 h) is 

summarized in Fig. 3(B). From Fig. 3(B) it can be 
observed that for both 6 and 8 M water content, the applied 
potential has a defined effect on the diameter and lengths of 
nanostructures, significantly increasing with increasing 
anodization voltage. However, at voltages higher than 80 V 
for an anodization time of 2.5 h, the nanostructures get 
etched and nanograss is formed (that is, at the anodization 
time of 2.5 h, the growth rate of nanotubes at the 
metal/oxide interface is already smaller than the chemical 
dissolution occurring at the nanotube top/electrolyte 
interface); for such high voltages in the range of 80-100 V 
and using 6 or 8 M water EG electrolytes, shorter 
anodization times are needed (around 1h) – data not shown.  
 

 
 
Fig. 4. Influence of water content on the nanostructures’ surface, 
evaluated at a fix applied potential of 10 V and anodization time of 2.5 h 
for a water content of a) No water, b) 2 M, c) 4 M, and d) 8 M water 
(Scale bar is 500 nm). 

 
Influence of water content and anodization time on the 
morphology of TiO2 nanostructures 
 
It was previously observed that the amount of water inside 
the electrolyte dictates the obtained morphology of the 
nanostructures (either nanopores or nanotubes), and 
nanotube surfaces (NTs) are formed through a pore-wall-
splitting mechanism from the nanopores (NPs) structures 

[45]. Nanotube formation is assigned to the selective 
dissolution of the fluoride rich layer present at the cell 
boundaries of ordered porous structures formed in fluoride 

electrolytes [45]. The nanopores have a honeycomb like 
structure with no tube to tube separation, as opposed to 
nanotubes.  

To evaluate this aspect, the anodization voltage and 
anodization time were fixed to 10 V and 2.5 h respectively, 
but the electrolyte composition was varied, namely, the 
water content was varied between no added water, up to a 
water content of 8 M. The resulting structures are presented 

in Fig. 4, and the key influence of the water content on the 
morphology of the nanostructures is evident as for the 
electrolyte with no added water the self-organized anodic 
growth conditions are not established, while for 2 M and 4 
M nanopores are obtained and for 8 M the resulting 
nanostructure is nanotubular (a water content of 6 M leads 
to a mixture of both, as in some parts the structure is 
nanoporous while in others it is nanotubular – these aspects 
will be further discussed in next section). The lengths of the 

nanostructures were of 142 nm, 379 nm and 370 nm, 
respectively with 2 M, 4 M and 8 M water content in the 
electrolyte. Furthermore, a similar trend was observed for   
5 h experiments, where a 2 M water content led still to NPs, 
while 4 M and 6 M lead to NTs (data not shown). The 
lengths of nanostructures for 5 h experiments were 324 nm, 
350 nm, 495 nm and 590 nm respectively for 2, 4, 6 and 8 
M water content in the electrolyte.  
 

 
 
Fig. 5. (A) Top view SEM images of nanostructures obtained at 10 V in a 
6 M water content EG based electrolyte (Scale bar is 500 nm), (B) 
influence of anodization time on morphology of nanostructures grown at 
10 V in a 6 M water content EG based electrolyte. 

 
One more key parameter influencing the formation and 

type of obtained nanostructure is the anodization time. 
Therefore, we fixed the anodization potential at 10 V, and 
using a 6 M water content electrolyte, we evaluated the 
influence of the anodization time on the resulting 

nanostructure morphology – Fig. 5 presents the SEM     
top-view images and an overview of the morphology data. 
At lower anodization times, nanopores are formed and have 

small diameters (13 nm) and with increasing anodization 

time, the diameters slightly increase (15 nm). With a 
further increase of the experimental anodization time, the 
transition from nanopores to nanotubes was observed at 2.5 
h and then at even longer anodization time (5 h) the tubes 

get slightly etched at the top (as seen in Fig. 2(d), there are 
small remnants on the top of the nanotubes) and the tube 
wall thickness is further etched resulting in a small increase 
in the diameter size. 

   
Chemical composition and crystallinity of as-formed TiO2 
nanostructures 
 
To verify the chemical composition and the crystallinity of 
the different nanostructrures, selected samples were 
examined by XPS and XRD. For XPS, we evaluated the 
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following nanostructures: nanopores (obtained in 8 M water 
content EG based electrolyte, by anodizing at 10 V for 1 h), 
and nanotubes diameter of 15 nm, 50 nm, and 100 nm - that 
were all obtained in 8 M water content EG based 
electrolyte by anodizing for 2.5 h at 10, 20 and 58 V, 
respectively.  

Fig. 6(a) presents the XPS survey patterns with, typical 
peak signals of Ti (Ti3p at ≈38.4 eV, Ti2p at ≈458.4 eV, 
Ti2s at ≈565 eV), O (O1s at at ≈530 eV), F (F1s at ≈682 
eV), and C (C1s at ≈284.8 eV) – also, a weak N peak signal 
is observed at ≈402 eV (N1s). The high-resolution scan of 

the Ti2p   (Fig. 6(b)) with the Ti2p3/2 position at 458.4 eV 
indicates the Ti

4+
 state in the TiO2. The O1s peak at 530 eV 

confirms this. Furthermore, due to the presence of the 
fluoride in the electrolyte, F1s is also present in the sample 

(see F1s peak at 684 eV, in Fig 6(c)). 
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Fig. 6. XPS characterization of the selected nanostructures, nanopores 
and different diameter (15, 50 or 100 nm) nanotubes: a) survey patterns 
and high-resolution scans for c) Ti2p, c) O1s and d) F1s. 

 
Table 1. Atomic percent (%) composition determined from XPS 
measurements. 

 
Sample C at.% N at.% O at.% F at.% Ti at.% F/Ti  

ratio 

nanopores 23.30 1.78 49.06 7.63 18.23 0.42 
15 nm  34.42 2.50 49.50 3.94 9.64 0.41 
50 nm  23.24 1.07 52.93 7.48 19.69 0.38 
100 nm 10.99 1.29 54.95 9.33 23.43 0.39 

 
 

 

Table 1 shows the atomic percent (at. %) composition 
of the samples determined from XPS measurements (the 
XPS detection depth is only few nanometers). The 
composition of the samples is quite similar, although there 
is some C contamination on the samples surface 
(adventitious C and organic remnants from the electrolyte, 
in the form of C-C, C-O and C=O bonds), if one evaluates 
the F/Ti ratio, quite similar results are obtained. 

The crystal structure of different morphologies of 

nanostructures was examined by XRD (see in Fig 7). For 
the same morphologies evaluated by XPS, we observe no 
difference in the XRD patterns; namely, layers are 
amorphous and there is no sign of crystallinity (no anatase 
peaks are detected, including the main peak ≈25.4°), for 

various water content in the electrolyte (6 or 8 M) and 
different applied voltages in the 10 to 58 V range, for 
anodization times of up to 2.5 h. We further investigated 
the influence of anodization time on crystallinity  and we 
evaluated a nanoporous layer (diameter ≈13 nm) obtained 
in 5 h and by further increasing the anodization time to 24 
h, the resulting nanotubular layer (diameter ≈20 nm). 
Interestingly, even though at 5 h we notice a very small 
anatase peaks (that can also be due to background noise), 
for the 24 h anodization we observe distinct anatase peaks: 
the main anatase peak at ≈25.4° and the lower intensities 
peak at ≈47.5° and ≈53.8°. So, for longer anodization 
times, the as-grown layer contains anatase crystals in the 
amorphous TiO2 lattice, but the amorphous phase is not 
fully converted to a crystalline one. 

 

 
 
Fig. 7. XRD patterns of the selected nanostructures, nanopores and 
different diameter (15, 50 or 100 nm) nanotubes (a. to d.) and for 
nanostructures obtained at different anodization time, of 5h and 24h (e. 
and f., respectively). 

 

Conclusion 

The present work reports on the key factors influencing the 
morphology of self-organized TiO2 nanostructures obtained 
by electrochemical anodization of Ti foils in HF containing 
EG based electrolytes. The resulting nanostructures, either 
nanopores or nanotubes, have an open top morphology with 
a hexagonal, uniform arrangement. Further investigations 
were performed for establishing the effect of water content 
in the electrolyte on the nanostructured surface morphology 
and the effects on the pore-wall-splitting mechanism 
converting nanopores to nanotubes. XPS measurement 
confirmed that there is no significant difference in the at % 
composition at the top of nanostructures, either nanopores 
or nanotubes. XRD patterns confirm the amorphous 
structure of the as-grown layers, however, for longer 
anodization times (e.g. 24 h) there is low crystallinity in the 
form of anantase phase. Improvement in the morphology 
and uniformity of TiO2 nanostructures (nanopores or 
nanotubes of desired morphology) impacts their use for 
specific bioapplications, for which surface morphology 
sensitivity or high aspect ratio are required. 
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