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A B S T R A C T   

Many researchers are heavily involved in attempts to optimise the course of the electrochemical anodization for 
preparing nanostructured anatase thin-films. Particularly challenging is to prepare vertically aligned arrays of 
ordered nanotubes of anatase for application in the photovoltaic (PV) systems which require preparing larger 
homogeneous crack-free surfaces without the need for pre- or post-treatments. Having previously optimised the 
anodization cell geometry and electrical settings, here we focus on the electrolyte contribution during the 
anodization, specifically water content. It was elucidated that the water content can influence the equilibrium 
and the mechanisms behind several competing processes responsible for the formation of nanotubes (NT): (i) 
titania formation, (ii) NT formation over intermediate titanium hexafluoride, and (iii) etching of the mentioned 
phases. We employed broad structural, microstructural, electrochemical, and spectroscopic characterisation tools 
to shed more light on the development of the system with respect to water presence. Namely, water presence 
built up conductivity of the electrolyte, and consequently allowed faster oxidation of Ti and subsequently faster 
etching. Water content increase also facilitated the dissolution of the titanium hexafluoride which is the only 
water-soluble phase in the system. At moderate water content, the synergy of these processes facilitated: (I) 
forming the initial titania protective layer (titania prevented short circuits and thus eliminated the need for pre- 
deposition of protective layers), (II) growth of NT (upgraded the charge transfer), and (III) diminishing the re
sidual nanoformations at the surface of residual titanium oxide or hydroxide phases (fewer nanoformations at 
surface and fewer residues increased charge transfer and apparent transparency and thus eliminated the need for 
post-treatment). The highest water content promoted excessive oxidation/etching where first NT with expanded 
tip were formed (crown-like NT), and then wormholes arose. Similarly, disproportioning in dissolution/oxida
tion/etching occurred at the lowest water contents resulted in less perfect NTs. The bottlenecks of the whole 
anodization process were identified proving the feasibility of the compositionally novel preparing procedure for 
obtaining perfect NT. Specifically for the solar cell application, 12% of water in the electrolyte will facilitate 
growth of the large-scale crack-free TNTs, with other parameters constant. In the course of the investigation, it 
was evidenced electrolyte can be utilised as a useful tool for controlling anatase to rutile occurrence and vertical 
distribution.   

1. Introduction 

The insight in recent investigations of titanium dioxide shows the 
material is maybe the most extensively studied semiconducting material 
with application in areas of solar cells [1,2], gas sensors [3,4], water 
splitting [5], biological and biomedical applications [6–9] and other. 
The reason for that lies behind titania abundance, stability, and 

photoactive electronic structure. In terms of photovoltaic contribution, 
titania is favourable for the generation, transport, and recombination of 
photo-induced electron-hole pairs under direct light illumination. 
Therefore, it is worth considering upgrades of its key parameters like 
bandgap, photoconductivity and carrier lifetime. 

It is already well known that recombination consequences may be 
reduced by enhancing the texture of the irradiated surface, where the 
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discovery of 1D materials was shown to be quite promising. 1D TiO2 
nanotube formations were first time successfully prepared using a hy
drothermal method by Kasuga [8] and electro-chemically by Zwilling 
[9,10]. Our focus is the electrochemical potentiostatic process of titania 
anodization using DC power supply and a platinum counter electrode, 
which was described in details [11]. The successful anodization of ti
tanium substrate yields unique ordered hollow 1D nanostructures. The 
tubes display large specific surface area, high mechanical strength, and 
allow high electron mobility, quantum confinement effects, and direct 
pathways for fast electron transport through ordered nanotube walls 
[12,13]. The as-prepared anodized TNTs can be described as a 
ready-to-use membrane of ordered vertical tubes attached to titanium 
foil. Their ordered organisation offers functional advantage over 
randomly distributed tubes achieved by the hydrothermal process [14]. 
The process often used to achieve ordered titania nanotubes (NT) can be 
simplified as field-assisted growth and etching over an intermediate 
phase. It is critical to mention that even nowadays the mechanisms of 
the anodization process are not without discrepancies, to be specific, the 
several available theorems only partially describe the full course of the 
process [13,15–17]. Three simultaneous field assisted processes may be 
held responsible for the process: (i) oxidation of Ti and formation and 
growth of titania, (ii) oxide dissolution occurring near metal/oxide 
interface, and (iii) chemical dissolution of titanium and titania phases, 
due to etching by fluoride ions, occurring near oxide/electrolyte inter
face [18,19]. Soon after the start, the metal cations are released and 
subsequently, compact oxide is formed at the metal/electrolyte interface 
(Eq. (1)). The processes continues through the oxide layer due to applied 
voltage [20], yet in presence of the fluoride ions the soluble titanium 
hexafluoride complex is produced. The literature offers discrepancies 
from that point. Specifically, it is possible that the titanium hexafluoride 
complex is formed at oxide/electrolyte and metal/oxide interface as well 
as the oxide/electrolyte interface (due to direct complexation (Eq. (1))).  

Ti → Ti4+ + 4e− + 2H2O → TiO2 + 4H+ + 4e− → TiO2 + Ti4+ + 6HF + 6F−

→ 2[TiF6]2-                                                                                    (1)  

Ti4+ + (2 + n)H2O → TiO2-n(OH)2n + 4H+ (2) 

For the compositional equilibrium, it is important to notice that in 
the reaction with water or fluoride hydrolysis product; hydroxide ion, 
the surface may yield: (I) different microstructural parameters due to 
different growth/etching parameters/conditions, and more important 
(II) residual titania on all interfaces or hydroxides or oxyhydroxides (TiO 
(OH)2) on the oxide/electrolyte interface (Eq. (2)) [21,22]. The final 
porous oxide layer is formed as a result of the continuous process, which 
involves competition between the chemical dissolution of oxide and 
anodic oxide formation [23]. At the onset of anodization shallow pores 
are formed leaving an untreated metallic surface between the pores. 
Later, as the pores become deeper, the electric field at the untreated 
metallic regions that stick out increases, enhancing the field-assisted 
oxide growth and dissolution at the site. This yields the simultaneous 
formation of pores and voids, i.e. tubular structure [19]. The outcome is 
a structure consisting of adjacent, parallel, vertically oriented nano
tubes, separated from the unreacted part of the foil by a varied thin 
titania barrier layer. The thickness of the titania layer initially is in the 
range of titania NT radius [3]. 

Subsequently, the NT can be annealed at temperatures above 400 ◦C 
to yield a primarily crystalline anatase phase, with possible rutile 
presence primarily at the barrier layer, which may be beneficial for 
chemical sensors [24–26]. Characteristics of the nanotubes are primarily 
under the control of the anodization parameters [3,27]. Normally their 
length may be increased under acidic conditions and voltage, where 
higher pH values and higher voltages yield longer NT. The wall thickness 
and pore diameter are also under the influence of anodization voltage as 
well as anodization electrolyte temperature. 

Also for obtaining longer NT, it is necessary to minimize water 
content in the anodization electrolyte to less than 5%, because water 

will, among others, favour the dissolution. Excess water may allow 
increased oxygen gas evolution for the growth of anodic oxide film and 
in general leads to an exponential increase in electrolyte conductivity 
[28,29]. Higher water content also leads to oxygen evolution (side re
action) at the anode, which doesn’t occur at lower water % but does at 
higher (above 10%) and can affect the morphology of the NTs, i.e. lead 
to the formation of the ribs on the outer walls [30]. So the tubes will best 
grow at optimal water content, whereas the most important question 
remains: What is the optimal water content? Normally literature offers 
values on the minimum of water necessary for the growth of NT in the 
EG electrolyte. Water in the minimal amount of about 0.2% is necessary 
but it is often fixed at still relatively low amount of ~2%. The increase in 
water % leads to the transition from nanoporous to nanotubular, as well 
as larger diameter, shorter lengths and thinner barrier layer. While in 
contrast, an increase in NH4F leads to a smaller diameter and larger 
lengths of the tubes. The effect of ammonium fluoride is mainly due to 
the incorporation of fluoride ions that decrease the barrier layer resis
tance. An increase in fluoride ions leads also to higher growth rates. In 
general, it can be said that both increase in H2O and NH4F concentration 
leads to an increase in the chemical attack of the formed oxide layer The 
different roles of both constituents in the formation of the thin film of 
titania nanotubes can also be associated with the presence of non
stoichiometric oxides forming during the reaction [29]. A broad inves
tigation of water contents (in the ranges of 1–50%) in anodization 
electrolytes for titania system shows the majority of authors stick with a 
safe range of around 2% of water and only scarcely the water is utilised 
as a major tool for TNT optimisation [31,32]. 

Findings in the area of optimisation of the anodization parameters 
are often empirical. Having all other parameters already optimised (such 
as geometry and power settings), we focus in optimisation of the water 
content in the fluoride-based ethylene glycol electrolytes, in order to 
benefit from it (among other growth and etching phenomena in the 
system). Instead of just offering another optimising of the water content 
in the anodization electrolyte, this work focuses on understanding the 
equilibrium between mechanisms responsible for the anodization to 
successful TNTS and extrapolates the functional performance of the 
TNTs towards different applications as a function of the wide-range 
changing of the water content. 

2. Materials and methods 

2.1. Synthesis 

Porous titania structures were derived at room temperature by 
potentiostatic anodization process in a conventional two-electrode cell 
(Pt foil as the counter electrode and titanium foil as the anode) using a 
direct current power supply of 60 V for 180 min on previously 3-step 
cleaned titanium foils, exposing radial surface in diameter of 1 cm to 
the electrolyte. For the whole time of anodization, the current was 
monitored and recorded in the form of I-t graphs. In order to enhance the 
change of current curves were first derived (d I-t). After anodization, the 
samples were cleaned using isopropyl alcohol (IPA, (C3H8O, p. a. 
Kemika, Croatia) and MilliQ H2O and dried in a nitrogen gas stream, 
subsequently samples were later thermally treated under the same 
conditions of at 450 ◦C for 1 h with the rate of 2 ◦C/min to induce titania 
crystallisation. 

The electrolyte was 0.3 wt% ammonium fluoride (NH4F, p. a. 
Kemika, Croatia) and 2, 6, 9, 12, 14, 16, 18 and 24 wt% MilliQ water in 
ethylene glycol (C2H6O2, p. a. Kemika, Croatia). The only process 
parameter different was the water content in the electrolytes. Anod
ization parameters are given in Table 1, while the process scheme is 
given in Fig. 5a. Samples were denominated as PtW2, PtW6, PtW9, 
PtW12, PtW14, PtW16, PtW18 and PtW24 (Table 1). 
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2.2. Characterisation techniques 

IR spectra of the electrolyte samples were recorded using the Fourier 
transform infrared spectrometer Bruker Vertex 70 in ATR (attenuated 
total reflectance) mode. The absorbance data was collected between 400 
and 4000 cm− 1 with a spectral resolution of 1 cm− 1 and an average of 64 
scans. The obtained spectra were deconvoluted using Gaussian peak 
function in order to assign the specific bands. 

Grazing incidence X-ray diffraction (GIXRD) measurements were 
performed on the thin films samples at the Material characterisation by 
X-ray diffraction beamline (MCX) of the Elettra synchrotron radiation 
facility (Trieste, Italy), on a Huber 4-axis goniometer equipped with a 
fast scintillator detector in grazing incidence setup (GIXRD) using 2.4 
GeV synchrotron radiation, with an incident beam energy of 8 keV 
(corresponding to CuKα1 radiation). The thin film samples were fixed on 
flat sample holder and adjusted on position using theta-scan and z-scans. 
Patterns were collected in a broad ◦2θ range, with steps of 0.01◦2θ, 
collecting time of 1 s per step, and incidence angles from 0.25 to 3.00◦θ, 
at ambient temperature and relative humidity of 20%. Diffraction data 
embed signals from surface beyond the anodized region. 

Morphology of the surfaces was investigated using field emission gun 
scanning electron microscopy (FEG-SEM) device JEOL model 7000F 
equipped with an energy dispersive spectroscopy (EDS) system. 

Cyclic voltammetry (CV) and electrochemical impedance spectros
copy (EIS) were used to compare the electrolytes. The cyclic voltam
mograms were recorded first in mixtures of common electrolyte and 
anodization-bath electrolytes under a wide potential range to deter
mine the optimum. Finally, CV spectra were recorded using a EG&G 
M263A potentiostat in anodization-bath electrolytes in a potential range 
− 1 to 1 V at the scan rate 0.05, 0.10 and 0.20 Vs− 1. All scans were 
repeated 3 times. The EIS spectra were taken in the same solutions at 
potentials corresponding to the current peak obtained during the posi
tive direction sweep. The superimposed sinusoidal voltage signal of ±5 
mV amplitude was applied. Data were collected within the frequency 
range of 105 to 10− 2 Hz, taking five points per decade. For impedance 
measurements, PAR lock-in amplifier M5210 was used in the combi
nation with the potentiostat M263. The three-electrode setup was used 
with Pt as the working electrode (A = 0,07 cm2), Ag/AgCl reference 
electrode and Pt-foil (2 cm2 area) as an auxiliary electrode. All potentials 
in this work are quoted in reference to Ag/AgCl electrode. 

3. Results and discussion 

3.1. Spectroscopic characterisation as a function of electrolyte 
composition 

The IR scans of all different electrolytes (not the anodized films) were 
recorded in ATR reflectance mode (Fig. 1). We analysed freshly prepared 
electrolytes and the electrolytes after use in the anodization experiment. 
The idea was to get a better understanding of the possible changes in the 
electrolyte composition and the subsequent effect on the resulting NTs 
parameters. Scans show bands typical for ethylene glycol and water 

presence while bands for ammonium fluoride were noticed only in 
traces [33,34]. Interestingly, carbon dioxide bands were observed as 
well [35]. The abovementioned was expected for the fresh and used 
electrolytes. No frequency shifts were observed. However, the observed 
intensity of the bands related to water and EG suggests that with the 
increase of water content, the intensity of ethylene glycol bands 
decreased, while the intensity of ammonium fluoride remains unaf
fected. As expected, the trend of the intensity increase of the bands 
related with water (OH stretching and bending) follows water content 
increase. In addition to that, with water content increase, a stronger 
intensity of carbon dioxide bands was observed. Having the 
above-mentioned in mind it may be interesting to look further into the 
role of carbonaceous constituents of the electrolyte on the electric 
behaviour. Namely, the differences in the course of the electrochemical 
dissolution of the ethylene glycol phase as a function of the water con
tent may be responsible for the differences in the mechanisms of the 
electrochemical growth of the titania nanoformations. This will be 
further examined by voltammetry measurements. 

The addition of water (even considerable amounts of water) to the 
electrolyte do not induce any fundamental changes of the electrolyte, as 
shown by the FTIR spectra. From the FTIR point of view, electrolytes 
recorded before use and after use show no significant differences. This 
may suggest electrolytes can be considered stable and used for multiple 
anodizations. However, FTIR results do suggest that the increase of 
water content in the electrolyte influences the electrical mobility of 
species in the system by means of affecting the dissolution capabilities of 
certain constituents, most probably the intermediate titanium hexaflu
oride. Namely, the differences in the yield nanoformations can be 
reasonably explained only in the case of titanium hexafluoride being 
affected by the water-governed changes of the electrolyte system, which 

Table 1 
Anodization parameters and sample denomination.  

Ti-foils Anodization Electrolyte Heating 

Voltage 
/V 

Time 
/min 

Temp. 
/◦C 

Diam. 
/cm 

MilliQ 
/wt% 

NH4F 
/wt% 

Dwell 
/◦C 

Rate/◦C/min 

PtW2 60 180 22 1 2 0.3 450 2 
PtW6 60 180 22 1 6 0.3 450 2 
PtW9 60 180 22 1 9 0.3 450 2 
PtW12 60 180 22 1 12 0.3 450 2 
PtW14 60 180 22 1 14 0.3 450 2 
PtW16 60 180 22 1 16 0.3 450 2 
PtW18 60 180 22 1 18 0.3 450 2 
PtW24 60 180 22 1 24 0.3 450 2  

Fig. 1. ATR FTIR scans of the selected fresh electrolytes and electrolytes used 
for anodizations. 
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were expected due to the solubility of titanium hexafluoride in water 
[30]. 

3.2. Electrochemical characterisation as a function of electrolyte 
composition 

Normally researchers try to demystify the behaviour of the system 
during the course of processing that is not completely known. In order to 
mitigate any uncertainty during the titanium anodization we refer to 
platinum working and reference electrodes. Namely, titanium anodiza
tion is always a somewhat ambiguous process while by using 2 Pt 
electrodes we should avoid such uncertainty. Therefore, any interesting 
phenomena observed must be the consequence of the medium used, i.e. 
electrolytes with different compositions. So, we investigated the elec
trolyte properties by using CV method and platinum working electrode 
(Fig. 2). 

From the obtained results it is evident that at potentials more posi
tive than 0 V two anodic current peaks are formed. The positive sweep 
peak, registered from 450 mV to 340 mV, is related to EG oxidation 
while the current increase above 600 mV represents EG oxidation at 
oxidised Pt surface. The negative sweep peak, registered from 450 mV to 
0 mV, is related to the oxidation of EG at the activated platinum surface 
following the reduction of platinum oxide [36–39]. The CV results 
indicate that the current values of positive and negative sweep peaks 
increase by water addition up to 18% (Table 2). This behaviour is a 

result of higher rate of EG degradation in the solution that is charac
terised by better conductivity. However, the amounts of water higher 
than 18% decrease EG degradation rate and consequently the corre
sponding current. The electrolyte resistance also influences the potential 
of the current peak in the positive sweep direction, and by water addi
tion the potential decreases. The trend is less regular for negative sweep 
peak. The current obtained at potentials more negative than 0 V is 

Fig. 2. Cyclic voltammetry results. For each electrolyte containing; (a,b) 2% of H2O; (c,d) 6% of H2O; (e,f) 9% of H2O; (g,h) 12% of H2O; (i,j) 14% of H2O; (k,l) 16% 
of H2O; (m,n) 18% of H2O; (o,p) 24% of H2O first we show 3 cycles taken at a rate of 20 mV s− 1, and then comparison of the 3rd scan for rates of 5, 10 and 20 mV s− 1. 

Table 2 
Current and potentials for CV measurements at different scan rates.  

water content 20 mV s− 1 10 mV s− 1 5 mV s− 1 

Ep/mV Ip/mA Ep/mV Ip/mA Ep/mV Ip/mA 

2% 218 0.006 191 0.004 209 0.002 
533 0.030 516 0.021 507 0.014 

6% 163 0.007 174 0.003 220 0.001 
493 0.040 449 0.019 476 0.012 

9% 191 0.008 177 0.007 151 0.006 
489 0.041 467 0.032 463 0.025 

12% 244 0.019 189 0.011 147 0.007 
533 0.062 524 0.043 465 0.025 

14% 231 0.033 191 0.013 102 0.005 
493 0.075 478 0.046 507 0.024 

18% 302 0.048 183 0.018 138 0.009 
571 0.116 485 0.063 462 0.043 

24% 236 0.017 120 0.01 130 0.005 
493 0.075 475 0.050 449 0.02  
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related to redox reaction of hydrogen. As evident hydrogen redox re
action current decreases by cycle number due to platinum poisoning by 
CO [40]. The best scan rate in terms of the resolution was 20 mV s− 1, 
which is expected for the solution-type fast processes. 

CV results are supported by EIS results (Fig. 3), charge transfer 
resistance decreases up to 18% water, and for the amounts of water 
higher than 18%, it increases again. On the other hand, electrolyte 
resistance decreases from 2% to 24%. The diameters of impedance arcs 
represent charge transfer resistance and the first intersection of the 
semicircle represents the electrolyte resistance. The IS scans confirm the 
water is contributing to the charge transfer effect in the electrolyte. The 
mobility of the charge-carrying species increases with the water content, 
thus electrolytes show higher conductivities. 

3.3. Structural characterisation of TNTs as a function of the electrolyte 
composition 

The electrodes (anodized foils) prepared using different electrolytes 
were first structurally characterised at a synchrotron facility by means of 
grazing incidence X-ray diffraction at various incidence angles from 
0.25◦ to 3.00◦ theta (Fig. 4). Structural characterisation normally 

enables qualitative determination of the average crystalline composi
tion. In the GIXRD setup the change of incidence angle enables depth 
profiling of the samples, i.e. the crystal composition may be monitored 
as a function of the depth qualitatively, but also with some semi- 
quantitative information. Normally, for the thermally treated samples 
the expected composition near surface is porous titania while in-depth 
dense titanium. When we specifically talk about TNT formation then 
the porous titania actually consists of three layers: (i) a thin titania layer 
at the bottom, (ii) following layer with long ordered TNT, and (iii) 
finally porous titania on top. However, is seems that the different 
compositions of electrolytes used in anodization promotes somewhat 
different yields of the mentioned titania layers. Basically, the composi
tion of the titania at the top can be changed, the thickness of the titania 
that reposes in the middle can be changed, and the occurrence or 
observation of the titania that reposes at the bottom is conditional. 
Under moderate thermal treatment conditions (450 ◦C for 1 h) all titania 
layers should crystallise to anatase (with possibly some rutile). It is not 
possible to differentiate between them by means of volume average 
diffraction. Therefore, it is important to utilise the depth profiling 
capability of the GIXRD to shed more light at the system. 

The most important observation arises as a consequence of the 

Fig. 3. Complex plane impedance plots of Pt electrode in EG containing different amount of water at potentials in the range from 150 to 700 Mv, for electrolytes 
containing; (a) 2% of H2O; (b) 6% of H2O; (c) 9% of H2O; (d) 12% of H2O; (e) 14% of H2O; (f) 16% of H2O; (g) 18% of H2O; (h) 24% of H2O. 
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different anodization conditions that may yield oxygen-deficient or 
oxygen-rich surface titania layer. Therefore, the possibility of formation 
of for example titania hydroxides or oxyhydroxides is monitored. The 
species were however not observed (at least the crystalline species were 
not observed). The confirmed phases in the system are titanium (ICDD 

PDF#44–1294) anatase (ICDD PDF#21–1272), and rutile (ICDD 
PDF#21–1276). 

At a grazing angle of 0.25◦θ (which collects information only from 
the very top surface) all samples yield only anatase pattern resembling 
surface-based porous-layer. The only samples that do not show any 

Fig. 4. Synchrotron quality of GIXRD scans for all thin-film samples at different grazing angles.  

Fig. 5. Left to right; scheme of the anodization at titanium foil; high magnification FESEM micrographs of the investigated films prepared using electrolytes con
taining 2, 6, 12, 18 and 24% of H2O; low magnification FESEM micrographs were added as insets to illustrate macroscopic quality of the film surface. 
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pattern at this angle are samples PtW9 and PtW12. This actually points 
out that the tips of the TNTs are substantially flat and almost completely 
free of porous-surface-titania. Such a flat top surface actually shows the 
0.25◦ theta actually is lower than the grazing angle for a layer that is 
equivalent to a planar layer. As previously explained in the introduction 
such accessible TNT are interesting for photovoltaic application (easier 
infiltration, better transparency, cumulatively higher solar cell effi
ciency). Obviously, the top titania is negligible upon anodization in 
electrolytes containing near 12% of water, while for any higher or lower 
water contents it is clearly present. If anywhere, one would expect to 
find some titania hydroxides or oxyhydroxides in this case. Yet, the 
presence of the above-mentioned phases was not confirmed, however, 
their presence cannot be excluded beyond a reasonable doubt. Namely, 
they may exist in minute quantities in very thin nanometre-thick layer 
which surpasses the resolution of the diffraction setup, or their organi
sation is not crystalline. 

At grazing angles of 0.5◦θ and 1.0◦θ (which collects information from 
the surface and slightly below) anatase is the dominant phase in all 
samples. This pattern primarily arises from TNT or TNT-like structures. 
One can observe that for samples anodized in electrolytes containing 
between 6 and 18% of water (so for low and high quantities) titanium 
pattern emerges. That points out to higher thickness of the nano
structured anatase in samples anodized in electrolytes containing nearly 
12% of water. Obviously hierarchical growth of 1D tubular structures 
allows for achieving higher thickness in comparison to non-hierarchical 
growth of isotropic porous structures. 

Titanium is continuously observed in all samples at an angle of 3◦θ. 
This angle definitively allows monitoring of the bottom titania layer. 
Interestingly, for all samples here we observe also the rutile phase. 
Normally such phase is not expected upon thermal treatment at 450 ◦C 
for 1 h, yet thermodynamic conditions crystallisation may have obvi
ously been fulfilled locally [41,42]. Again samples near 12% (PtW9, 
PtW12, and PtW14) show rutile only at an angle of 3◦θ while PtW6 at 1 
and 3◦θ, PtW18 on all angles. The strong conditions obviously favour 
not only to the local formation of rutile. The presence of titanium 
throughout the sample PtW18 probably can be attributed to the bent 
substrate. Also at an angle of 0.5◦θ a non-assigned peak occurs. It can be 
said that the rutile presence is obviously initiated from the in-depth of 
the sample. The higher the water content the more rutile will be evi
denced near the surface. Also higher the water content the more rutile 
will be semi-quantitatively evidenced. It is well known that anatase with 
some rutile can boost charge transfer and derivatively boost efficiencies 
of the systems that utilise such behaviour. Therefore, the ability to 
control the rutile presence may actually be a much more interesting tool 
for controlling the system performance in comparison to the existence 
and properties of the oxygen-deficient or oxygen-rich surface titania 
layer (for example titania hydroxides or oxyhydroxides), which obvi
ously cannot be easily controlled. 

3.4. Microstructural characterisation of TNTs as a function of the 
electrolyte composition 

Electron microscopy micrographs show the typical appearance of 
several NT samples prepared using electrolytes with different water 
contents. All samples resemble to titania NT, and differ in homogeneity, 
uniformity, geometry, residuals and decomposition. One can observe a 
trend in how certain TNT parameters change with varying the water 
content (Fig. 5). It can be confirmed that water content in electrolytes 
contributes to the increase in the NT diameter. 

First, at the lowest water content (sample PtW2) well-formed or
dered NT appears to be covered with so-called residual nanoformations 
at the surface (Fig. 5). The residual nanoformations at the surface do not 
have exact chemical composition. The composition is often attributed to 
titanium oxyhydroxides [11] but actually may be considered a mixture 
of titanium oxide and titanium hydroxide as previously shown by EDS 
(Fig. 6). This material has comparatively low mechanical properties and 

it is normally removed by ultrasonic tip previous to photovoltaic 
application. 

The residual nanoformations at the surface reduce dramatically at a 
water content of 6% (PtW6) revealing more homogeneous surface with 
NT. Defects exist scarcely at macroscale while at microscale somewhat 
wider NT are not really uniform. 

At a water content of 12% (PtW12) the surface and NT resemble 
perfectly ordered uniform and homogeneous NT without any debris or 
residual nanoformations at the surface. Fig. 5 depicts exactly how 
desirable NT should look. Shown NT are approximately 150 nm in outer 
and 120 nm in inner diameter and 1500 nm in length. The specific 
surface of the tubes was approximated to be more than 50 cm2 cm− 2 

(surface area of hollow cylinder normalised over surface SS = nTNT⋅2π⋅ 
[(R + r)⋅h+(R2-r2)/2]. 

At a higher water ratio (18%) other features will dominate, and this 
is the decomposition of the NT, starting from the top, yielding a crown- 
like NT. In the case of control over the process, crown-like microstruc
ture may be favourable due to increased specific surface. The surface is 
very rough yet homogeneous. 

That cannot be said for the morphology which appears at the highest 
water content (24%), which resembles wormhole microstructure, as NT 
does not form at all or decompose completely. The surface roughness 
gets reduced and remains homogeneous. 

In Fig. 6 residual nanoformations at surface were indicated with EDS. 
Having in mind the emission of the characteristic X-rays takes place from 
considerably large volume of the samples, the similarity of all spectra 
comes as no surprise. We can only confirm general (titanium and oxygen 
as well as traces of fluoride from the electrolyte) elemental composition, 
while for further differentiation of the specific surface features, the EDS 
method doesn’t offer sufficient spatial nor energy resolution, and 
therefore doesn’t allow sample cross-correlation. 

3.5. Anodization curves and derivative anodization curves 

The current density and the water content of the electrolyte affected 
the O:F atomic ratio and the ionic transport in the films [43]. The 
electrolyte behaviour is important for TNT growth, namely one can say 
that ion conduction is responsible for the growth of an oxide, while 
electron conduction is responsible for the availability of the oxygen from 
the anode surface. 

When we start the anodization process and the initial porous titania 
layer is formed, the transferring of the electrons becomes impossible. 
The remaining ion conduction dominates the flow of the current. The 
field distribution is the function of the surface morphology. The thin 
bottom titania layer may increase the strength of the field locally and 
thus increase current density which consequently allows the growth of 
the pores. Namely the simultaneous oxidation and dissolution processes 
are field-enhanced. As fluoride ions diffuse through the oxide layer 
faster than the oxygen ions [30] a boundary layer is formed near the 
metal-to-oxide interface, resembling water-soluble fluoride-rich layer. 
Thus, nanoparticles from that area can easily dissolute and further 

Fig. 6. EDS profile for a selected sample.  
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enhance gaps between them, and facilitate the shift from the porous to 
tubular morphology [32]. To reach the conditions for stable 
self-organisation, competing processes have equally shared anodic cur
rent to reach equilibrium [30,32]. 

That does not happen all the time, whereas inhomogeneities occur 
when the electric field is perturbed and the balance of dissolution and 
oxidation is disrupted. The properties of the electrolyte are critical in the 
mitigation of disruptions. While the decrease of the viscosity of the 
electrolyte by the addition of the water does cause higher diffusivity, on 
the other hand, it decreases the current densities making the process 
more diffusion controlled. 

The growth of the NT can be monitored using current-time curves 
obtained during anodization (Fig. 7). I-t curve at a water ratio of 2% 
should resemble common anodization curve in the case of perfect NT 
growth, which is not the case here. Namely, a relatively low starting 
current is an indicator that the charge is poorly delivered to the sample 
which is due to electrolyte properties. In a few moments the resistance 
increases due to the formation of titania layer, which serves as a resistor 
(and electric field enhancer). Very gradual decay points out in relatively 
controlled average etching of the titanium at the scale of the whole 
exposed surface, but noisy signal points out in charge transfer differ
ences at the local level primarily on behalf of the differences in local 
titanium microstructure. Subsequently, In the case of Ti thin films, some 
current increase may be observed. This occurs as the Ti is almost 
breached, and normally is considered as one of the indicators the 
anodization should be stopped. Here we basically observe low onset 
current and a noisy but continuous moderate decay. Several features 
change with more water:  

(i) First, linear increase of onset current may be observed with water 
content increase, pointing out water increases total mobility of 
the species in electrolyte, i.e. increases effectivity of the electro
lyte as more charge can be delivered to the sample surface.  

(ii) Second, the period where current remains relatively high gets 
shorter with water content. More charge will induce abrupt for
mation of the titania at surface, whereas less time is required for 
related increase of surface resistance.  

(iii) Third, the more the water, the faster the formation of titania, the 
strongest is the relative decay of current due to increase of 
resistance. This is better visible from the anodization curve de
rivatives (Fig. 8).  

(iv) Fourth, is maybe the most critical part of the NT anodization; it 
can be considered as the inflection point (or even section of the 

constant current) after the stronger current decay due to titania 
layer formation. 

At this point it is worth mentioning that all anodization basically 
comprises three processes; (a) one is the formation of titania layer; (b) 
second is the formation of titania NT over intermediate titanium hexa
fluoride phase and (c) the third is the etching of the titania phases 
(dissolution of intermediate phase including). The NT anodization 
basically requires onset titania and etching conditions, so it may be 
concluded that the margin of parameters where the NT anodization 
process will dominate is narrow. As primary parameters influencing the 
outcome of electric conditions, electrode geometry, and electrolyte 
composition are nominated. With all other parameters constant, the 
water content in electrolyte may influence two things.  

a) First, the higher water content may increase the mobility of the 
charge carriers in the electrolyte, subsequently delivering more 
charge to the sample surface, intensifying first the titania formation 
and subsequently the etching conditions.  

b) Second, the higher water content might facilitate the dissolution of 
the only water soluble species in the system, the titanium hexafluo
ride. Previously we observed the occurrence of the change in con
ductivities of the electrolytes with different amounts of water, which 
suggests synergy of both mechanisms. This complex behaviour may 
be simplified as follows. 

In lower water curves (2%) the anodization process is long and noisy. 
The oxidation-growth and the oxidation-etching are normally consid
ered to be continuously competing processes. Here the processes hardly 
interfere; basically allowing simultaneous and barely dependent growth 
of NT as well as residual titania oxyhydroxides. The process can be 
considered non-equilibrium. This consequently yields NT and titania 
based residuals on top (and bottom). Considerable underlying titania 
may contribute to macroscopic cracking, as shown in Fig. 9a. On behalf 
of charge penetration due to cracks, the current remains until the end of 
the process. 

With water increase (6%) the constituent processes can already be 
distinguished. A more potent electrolyte will allow faster oxidation. This 
shortens the constant current stage (first of all this prevents thick un
derlying titania and thus prevents cracks) and subsequently the NT 
anodization dominates over titania formation. Finally, NTs are faced 
with less residual titania material, yet the NT achieved are still not 
macroscopically homogeneous and microscopically uniform (minor 
current remain). 

Further increase of water (12%) yields the optimum conditions for 

Fig. 7. It curves for anodization for all TNT thin film arrays; top figure – shown 
as a function of the water content in a broad range, middle figure – shown as a 
function of the fluoride content, bottom figure – shown as a function of the 
water content in a narrow range (near optimal). Fig. 8. Derivation DIt curves for anodization for selected TNT thin film arrays.  
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NT growth. Almost immediately after the onset titania layer has been 
formed the NT anodization dominates over titania formation and excess 
etching. The constant current stage is infinitesimal (actually only an 
inflection point) and obtained NT’s are perfect (homogeneous and uni
form). The process was stopped after the current reached minimum 
values. 

More water (18%) reduces the previously established anodization 
equilibrium. First, it takes a longer time for the titania layer to grow (and 
increase resistance). Then it takes long time until anodization stabilizes. 
Finally, the subsequent etching process (of both titania and NT) will be 
the dominating mechanism over the onset titania layer formation and 
the NT anodization. Specifically, it seems that all of the stages of the 
constituent processes (including the intermediate stage of the constant 
current) increase as each of them can hardly dominate, while finally, the 
etching phase of the process dominates. Distorted NT will form. With 
some luck, this lack of control may be shown as favourable for additional 
NT specific surface increase due to flower like endings. However, this is 
hardly reproducible. Here we observe some residuals on top but this 
time not the resisting titania oxyhydroxides type, only the NT debris. 
This residual cannot be easily removed with post-treatment. There is no 
residual resistance. 

Finally, the highest water content (24%) allows domination of the 
etching where only a small intermediate constant current stage is 
observed. Titania is formed fast and anodization occurs only locally. The 
wormhole-like structure is obtained rather than NT. Homogeneous 
uniform not ordered porous microstructure is formed, the resistance of 
the layer is high quickly. Electrolyte is too potent. High-resolution 
FESEM micrograph from Fig. 9b allows observing of wormhole micro
structure at the highest water content.  

(v) Fifth, for lower water content the current decay does not reach 
the minimum. This occurs on behalf of the non-equilibrium 
anodization. 

In other words, some titania or titania hydroxide residual nano
formations at the surface are formed on top of already formed NT and act 
as a resisting layer further interfering with anodization process. This 
layer was found as unwanted for the SC application and is commonly 
removed using an ultrasonic tip due to comparatively weak mechanical 
properties. Despite evidenced success in removal is it still unwanted and 
points out in a non-equilibrium process. 

The geometry properties of just the as-obtained nanotubes were 
compared with the literature [43–45]. Something like 3% of water was 
reported as a content where tube length reduces and where inner 
diameter grows. The roughness of the nanotube walls reduces at some
what higher water content. The results are only to an extent comparable 
with ours, due to the specific details of the reactors and particularly 
large water content range we investigated. The fluoride content also 
affects NT growth, where first of all small and high fluoride diffusion 

prevent NT formation, while an increase of the moderate fluoride acts 
similarly as the water content increases. This is something we will report 
next. While we focus at the overall properties of the as-formed com
posite, including other layers and not just the nanotubes, observation of 
just the nanotube-related behaviour suggests that the properties follow 
the reported behaviour. However, we think that we addressed a much 
more comprehensive level of the changes. 

Finally, having in mind acidic environment promotes titanium oxide 
while basic titanium hydroxides it would be interesting to see if pro
moting basic conditions would reduce the bottom titania layer and 
therefore reduce cracking, or if promoting acidic conditions would 
reduce transient titanium oxyhydroxides at the top and therefore reduce 
the presence of debris. 

4. Conclusions 

The anodization procedure for the preparation of ordered nanotubes 
of anatase for the photovoltaic application has been optimised to yield 
large homogeneous crack-free surfaces without the need for pre-or post- 
treatments. Having previously optimised the electric conditions and cell 
geometry, here we focus on the electrolyte properties, specifically water 
content. 

The water content generally can influence the equilibrium of the 
several competing processes responsible for the NT formation: titania 
formation, NT formation over intermediate titanium hexafluoride, and 
etching of the phases. 

Water increase adds to the conductivity of the electrolyte conse
quently allowing faster oxidation of Ti and subsequently etching. Also, 
water increase contributes to the dissolution of the only water-soluble 
phase in the system; the titanium hexafluoride. 

At moderate water increase, these processes facilitate the initial 
titania protective layer formation (prevents short circuits and thus 
eliminates the need for pre-deposition of protective layers), facilitate NT 
growth, and diminish the residual nanoformations at the surface of re
sidual titanium oxide or hydroxide phases (increases charge transfer and 
transparency and thus eliminates the need for post-treatment). 

The highest water content promotes excessive oxidation/etching 
where first NT with expanded tip (crown-like NT), and then wormholes 
arise. 

Structural and microstructural characterisation of the NT’s and 
electrochemical and spectroscopic measurements of the electrolytes 
were used to identify mechanisms and bottlenecks of the anodization; 
the exact preparation procedure of perfect NT is enclosed. 

Interestingly, the tailoring of the electrolyte via water content 
proved less useful tool for control of the presence of oxygen-deficient or 
oxygen-rich surface titania but proved very useful for the control of the 
anatase with some rutile presence and vertical distribution. 

Fig. 9. (a) FESEM micrograph showing an example of macroscopic defect; (b) FESEM micrograph showing an example of wormhole microstructure at highest 
water content. 
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