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Abstract
A formation mechanism that leads to the synthesis of rutile-phase TiO2 nanorods at high temperatures on Ti foil by NaOH-
based gel-calcination is discussed based on a series of experimental investigations. TiO2 nanostructures are prepared on Ti
foil following two steps, namely gelation and calcination. It is shown that the use of an alkali-based solution during gelation,
such as NaOH and KOH, leads to the formation of faceted TiO2 nanorods upon calcination at high temperature (~800 °C).
When an acidic solution that does not contain an alkali element, such as H2O2, is used during gelation, the shape of the
nanostructures upon calcination at high temperature does not display the faceted nanorod shape. The following formation
mechanism is suggested: the high temperature calcination of the Na based amorphous network of dendritic structures
(formed on the Ti surface during a 24-h soak in NaOH solution) converts it into Na-titanate in the shape of nanorods. This in
turn converts into nanorods of rutile-phase TiO2 when Na evaporates in the form of an oxide.
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1 Introduction

Gel-calcination is a thermochemical method used for the
production of metal oxide films, such as TiO2. The process
involves two stages: (i) gelation, during which a titanium
based hydrogel is formed on the Ti surface from corrosive
reagents such as NaOH, KOH, LiOH, H2O2, … and (ii)
calcination, during which the hydrogel is calcinated at
various temperatures, thereby forming a surface layer of
recrystallized titania (TiO2) and possibly other phases, such
as an alkali (Na, K, …) titanate, on the surface [1, 2].

The gel-calcination method has been successfully
applied to Ti foil for (i) the synthesis of TiO2 with different
nano-scale architectures (in both the anatase and rutile
phases) and for (ii) the modification of the Ti foil surface for
biomedical applications [1–7]. For instance, the formation
of a sodium titanate gel was reported on the surface of
titanium metal treated in NaOH, after calcination at
400–800 °C [2]. When pure Ti substrates were treated in a
10M aqueous solution of NaOH and subsequently heat
treated at 600 °C, Kim et al. [3] observed the formation of a
thin layer of sodium titanate and TiO2. According to Tan
et al. [4] low temperature calcination (below 600 °C) of Ti
treated in low concentration NaOH (<5M) does not leave
sufficient TiO2 to be detected by X-ray diffractometer
(XRD). Also, using hydrogen peroxide as corrosive reagent,
the formation of a titania gel with anatase nature was
reported by Karthega et al. [6]. Furthermore, Rasti et al. [7]
investigated the chemical modification of titanium foil
immersed in hydrogen peroxide, and succeeded in produ-
cing TiO2 upon nanosecond pulsed fiber laser irradiation.
However, to the best of our knowledge, there is no detailed
report that explicitly provides experimental evidence for the
formation of a hydrogel on Ti foil following NaOH-based
gelation; also, explicit experimental evidence for the for-
mation of faceted TiO2 nanorods on Ti foil using the NaOH
and KOH-based gel-calcination method has not been pub-
lished. Knowledge of the exact formation mechanism is
essential to tailor the nanoscale morphology of TiO2 for
specific applications. For example, arrays (or reasonably
well-ordered arrays) of nanorods would be preferable to
clustered rods (and other nanoscale morphologies like par-
ticles) for applications like photo-catalysis, due to the larger
surface area offered for catalysis by the former morphology.

Since nanostructured TiO2 is a material with potential
applications in energy conversion [8] and drug delivery [9],
the aim of the present investigation is to explore the for-
mation mechanism that leads to the synthesis of faceted
TiO2 nanorods on Ti foil by gel-calcination. Furthermore,
this study provides detailed experimental evidence for the
formation of a hydrogel on Ti foil following NaOH and
KOH-based gelation, as well as morphological studies of
TiO2 prepared by gel-calcination.

2 Experimental

2.1 Hydrothermal synthesis in NaOH

Reagent grade sodium hydroxide (NaOH, ≥98%), and Ti
foil (0.127 mm thick and of 99.9% purity) were obtained
from Sigma-Aldrich. Ti foil samples were successively
degreased in hot trichloro-ethylene, acetone and methanol.
Each step was repeated three times for 3 min each. Finally,
the foils were washed in DI water at room temperature and
blown dry with N2. The following procedure was used to
produce a layer of hydrogel on the Ti foil surface: the
cleaned substrate was immersed in a Teflon container filled
with 5M NaOH solution, then sealed and put in a pre-
heated furnace for 24 h at 76 °C in order to produce a Na
(and Ti) based layer. Abdullah et al. [10] have reported
more details on this method based on the NaOH route. The
rather low temperature was chosen to minimize (or if pos-
sible, to avoid) the synthesis of nanocrystals during the
NaOH treatment, since Tian et al. reported the formation of
TiO2 nanotubes during a 6 h treatment of Ti foil in a 10 M
NaOH solution at 150 °C [11]. After the NaOH treatment,
the Teflon container was air-cooled to room temperature.
The sample was then washed several times in deionized
water, and two pieces were subsequently calcinated for 1 h
in flowing N2, the one piece at 600 and the other at 800 °C.
For comparison another cleaned substrate was immersed in
a Teflon container filled with 5M KOH solution (KOH
flakes, ≥90%, from Sigma-Aldrich), then sealed and put in
the pre-heated furnace for 24 h at 76 °C in order to produce
a K (and Ti) based layer, then calcinated at 800 °C for 1 h in
N2.. As a reference, a cleaned piece of Ti foil was also
oxidized for 1 h at 800 °C in air.

2.2 Hydrothermal synthesis in H2O2

In order to avoid Na (or K)-titanate formation, cleaned
Ti foil was treated in hydrogen peroxide as follows: a
substrate was immersed in a beaker filled with 35% H2O2

solution (H2O2, 35 wt%, pH= 4 max) and kept for 1 h at 80
°C to try and form a Na (or K) free Ti-based layer. More
details on hydrogen peroxide modified titanium can be
found in Refs. [6] and [12]. The H2O2 treated sample was
washed several times in deionized water and two pieces
were then calcinated for 1 h in air, the one piece at 600 and
the other at 800 °C.

3 Characterization

For structural, morphological and elemental analysis, a
Bruker D8 Discover XRD with a Cu-Kα X-ray source (λ=
1.5405 Å), a Jeol JSN 2100 LAB6 high resolution

Journal of Sol-Gel Science and Technology (2018) 85:610–620 611



transmission electron microscope, and a Jeol JSM-7001F
field emission scanning electron microscope (SEM) equip-
ped with an energy dispersive X-ray spectrometer (EDS)
were used. It is worth noting that TEM was used to confirm
the formation of a Na-based hydrogel on the Ti foil surface
following hydrothermal bath treatment in NaOH only. A
Bruker FT Ram II Raman spectrometer with integrated air-
cooled diode pumped Nd:Yag laser (1064 nm) was used to
collect room temperature Raman spectra from selected
samples to complement XRD results.

4 Results and discussion

In Fig. 1 the XRD pattern of cleaned Ti foil is compared to
that of NaOH-treated Ti. It is seen that NaOH treatment did
not lead to the formation of crystalline oxides (red spectrum
in Fig. 1a). Abdullah et al. [10] made a similar observation
after prolonged treatments (24 h at 60 °C) of Ti foil in
NaOH (0.5 M, 1.0M, and 5.0 M solutions).

Figure 2 shows Raman spectra of the same samples. The
peak around 540.6 cm−1 is a background signal from the
system, which appear in all scans that do not show other
Raman bands in that region, whereas the one around 1100

cm−1 is characteristic of carbon containing species namely
CO3

−2 [13]. Since there is no difference between the Raman
bands observed from the untreated Ti foil and NaOH-treated
Ti, it is again confirmed that the gelation step (at 76 °C for
24 h) did not cause the formation of crystalline TiO2

nanoparticles.
Figure 3 shows low and high magnification SEM

micrographs of NaOH-treated Ti. The following is
observed: a porous network of dendritic structures is formed
on the Ti foil during gelation (Fig. 3b). Based on the XRD
and Raman spectroscopy results discussed above, this por-
ous network formed during gelation is not in a crystalline
phase.

Figure 4 shows electron diffraction patterns of the sur-
face region of the NaOH-treated Ti foil. The porous net-
work of dendritic structures was scraped off the surface and
then suspended in methanol. Finally, it was captured on a
coated grid for (TEM) analysis. From the diffraction rings it
is clear that the material developed on the Ti foil (the porous
network of dendritic structures reported above) during
gelation is predominantly amorphous, a gel. However, weak
diffraction spots seen in Fig. 4 suggest the presence of a
small amount of unidentified nanocrystalline material. Fig-
ure 5a shows a typical annular dark field transmission
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Fig. 1 XRD patterns of Ti foil treated in different ways: cleaned but
untreated and NaOH-treated
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magnification SEM micrographs
of NaOH-treated Ti

Fig. 2 Raman spectra of Ti foil treated in different ways: cleaned but
untreated and NaOH-treated
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electron microscopy image of the gel (amorphous network
of dendritic structures) synthesized on NaOH-treated Ti foil,
and Fig. 5b the corresponding EDS spectrum. The follow-
ing elements were present: Ti, O, Na, Cu, C, Ca, K, S, and
Cl. Ti and Na are present due to the formation of a Ti (and
Na)-based gel during gelation. Carbon is a surface con-
taminant from the atmosphere, while Cu is the main com-
ponent of the TEM grid. Cl, Ca, K, and S are believed to
originate from trace elements in NaOH obtained from the
supplier. Therefore, it is concluded that a titanium-based gel
has formed on the surface of the Ti from the corrosive
effects of NaOH during gelation.

In Fig. 6a the XRD pattern of cleaned Ti foil is compared
to those of NaOH-treated Ti, without and with a subsequent
calcination step for 1 h at either 600 or 800 °C in N2. Figure
6b compares the XRD pattern of Ti foil annealed at 800 °C
for 1 h in air to that of NaOH-treated Ti calcinated for 1 h at
the same temperature in N2. The following observations are
made: (1) calcination of the NaOH-treated foil at 600 °C
yielded a mixture of both anatase- and rutile-phase TiO2

(orange spectrum in Fig. 6a); (2) calcination at 800 °C

Fig. 4 Electron diffraction pattern of the surface of NaOH-treated Ti
foil

1µm (a) (b) 

Fig. 5 a Annular dark field TEM image of the hydrogel synthesized on Ti foil through gelation treatment; b the corresponding EDS spectrum

Fig. 6 a XRD patterns of Ti foil treated in different ways: cleaned but
untreated; NaOH-treated, and calcinated NaOH-treated; b XRD pat-
terns of Ti foil, calcinated for 1 h at 800 °C in air and of NaOH-treated
Ti foil calcinated for 1h at 800 °C in N2. XRD patterns of NaOH-
treated is given again for comparison purpose
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yielded only rutile-phase TiO2 (blue spectrum in Fig. 6a);
and (3) a 1 h calcination of Ti foil in air at 800 °C also
resulted in the formation of rutile-phase TiO2 (black spec-
trum in Fig. 6b).

From observation (1) it is primarily understood that the
mixture of anatase and rutile-phase TiO2 produced by
annealing at 600 °C is a result of the calcination of a Ti (and
Na) based amorphous network of dendritic structures
formed on the surface during gelation [2, 14]. Furthermore,
the rutile-phase TiO2 synthesized at 800 °C is also the result
of the calcination of the amorphous network of dendritic
structures on Ti surface as well as anatase to rutile-phase
transformation [2, 14–16]. Using pure anatase, Czanderna
et al. [16] investigated the transition to rutile-phase by
means of XRD. The anatase-phase TiO2 was prepared by
oxidation of titanium metal in hydrogen peroxide [16],
which yielded coarse anatase crystals. These authors found
that below 610 °C the phase transformation is immeasurably
slow; but above 730 °C it occurs extremely rapidly. They
also deduced that the phase transformation is of second-
order with respect to the remaining anatase in the initial
sample, and characterized by an activation energy of 100
kcal/mole [16].

Knowing that calcination of clean Ti at 800 °C in air also
yields rutile-phase TiO2 (observation (3)), it cannot be
concluded at this stage that the calcination of a Ti (and Na)
based gel formed on NaOH-treated Ti foil surface is the
only origin of the TiO2 synthesized at 600 and 800 °C as
observed from XRD (even though calcination was con-
ducted in a N2 environment).

Raman spectroscopy was conducted in order to confirm
the presence of anatase and rutile phases inferred from the
XRD results. Figure 7 shows Raman spectra of untreated Ti
foil, NaOH-treated Ti, and of NaOH-treated Ti, calcinated
for 1 h at 800 °C in N2. The assignment of the peaks is

based on literature [17–19]. The rutile structure has two
TiO2 molecules in the unit cell with the space group D14

4h

(P42/mnm). There are six atoms in the unit cell, implying a
total of 15 (=3N—3) vibrational modes [17]. Group theory
analysis shows that these 15 modes have the following
irreducible representations: A1g+
A2g þ A1u þ B1g þ B2g þ 2B1u þ Eg þ 3Eu.

From Fig. 7, the following Raman bands are observed in
the spectrum of the calcinated NaOH-treated sample: 236.3
cm−1 (Rutile), 280.5 cm−1, 351.5 cm−1 (Rutile), 446.8 cm−1

(Rutile), and 611.0 cm−1 (Rutile) [17, 19, 20]. It is con-
firmed again that calcination for 1 h at 800 °C in N2 yields
only rutile-phase TiO2 in agreement with the XRD results.

Figure 8 shows low and high magnification SEM
micrographs of NaOH-treated Ti with a subsequent calci-
nation step in N2. A porous network of dendritic structures
is again observed in Fig. 8a, b, which implies that calci-
nation for 1 h at 600 °C does not change the morphology of
the NaOH-treated substrate. Finally, faceted nanorods form
during the calcination of the NaOH-treated Ti foil at 800 °C
as seen in Fig. 8c, d. These nanorods are crystalline TiO2

having the rutile structure, as shown by the relevant XRD
pattern in Fig. 6a.

Figure 9 compares the morphology of a clean Ti foil
calcinated for 1 h at 800 oC in air to that of the NaOH-
treated Ti foil, calcinated for 1 h at 800 °C in N2. The SEM
micrograph shown in Fig. 9c was taken from an area of the
sample where the gel coverage was presumably not com-
plete. Figure 9d shows a high magnification SEM micro-
graph of NaOH-treated Ti calcinated for 1 h at 800 °C for
direct comparison. Figure 9b shows that annealing (at 800 °
C) of cleaned Ti in air also produces nanostructures, albeit
not with a rod-like morphology. Interestingly, similar
structures were observed in some areas for the NaOH-
treated sample calcinated at the same temperature (encircled
in red in Fig. 9c). In places where the gel coverage was
complete, a rod-like morphology is observed, as shown in
Fig. 9d. Therefore, it is concluded that the faceted nanorods
observed after calcination of NaOH-treated Ti, develop
from the gel (an amorphous network of dendritic structures)
produced on the Ti surface during the gelation step. These
structures do not develop through the oxidation of the metal
in the calcination environment.

Another set of experiments was conducted in order to
understand the role of alkali elements in the formation of
faceted rutile-phase TiO2 nanorods on Ti foil. Ti foil was
treated in KOH in order to establish if the procedure fol-
lowed for the NaOH-based treatment yields the same results
when using another alkali-based solution.

Figure 10a shows XRD patterns for Ti foil treated as
follows: cleaned but untreated; KOH-treated, and calcinated
KOH-treated. Fig. 10b compares the XRD patterns of
both KOH and NaOH-treated Ti after calcination for 1 h at

Fig. 7 Raman spectra of cleaned, untreated Ti foil, NaOH-treated Ti,
and of NaOH-treated Ti calcinated for 1 h at 800 °C in N2 flow. Raman
spectra of NaOH-treated Ti is given again for comparison purpose
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Fig. 8 Low and high
magnification SEM micrographs
of a, b NaOH-treated Ti,
calcinated for 1 h at 600 °C in
N2, and c, d NaOH-treated Ti,
calcinated for 1 h at 800 °C in N2

Fig. 9 a, b Low and high
magnification SEM micrographs
of clean Ti foil calcinated for 1 h
at 800oC in air and c, d NaOH-
treated Ti foil, calcinated for 1 h
at 800 °C in N2. This image was
obtained from a different part of
the sample compared to the ones
shown in Fig. 8c, d
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800 °C in N2. It can be seen that rutile-phase TiO2 indeed
formed on the surface of calcinated KOH-treated Ti foil,
and that the two different alkali-based treatments yield very
similar XRD patterns.

Figure 11 shows SEM micrographs of KOH-treated Ti,
before and after calcination for 1 h at 800 °C in N2. For
comparison, a NaOH-treated sample, calcinated identically,
is shown in Fig. 11d. Figure 11a shows a porous network of

Fig. 10 a XRD patterns of Ti foil treated in different ways: cleaned but untreated; KOH-treated, and calcinated KOH-treated; and b XRD pattern of
KOH and NaOH-treated Ti, calcinated for 1 h at 800 °C in N2

Fig. 11 SEM micrographs of Ti
after a KOH-treatment; b, c
KOH-treatment followed by
calcination for 1 h at 800 °C in
N2 and d NaOH-treatment
followed by a similar calcination
as the KOH-treated sample
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structures for the KOH-treated sample, similar to those
observed for a NaOH treated foil (Fig. 3b). Upon calcina-
tion, this porous network converts into faceted nanorods as
seen in Fig. 11b, c. These nanorods are crystalline rutile-
phase TiO2, as shown by the relevant XRD pattern in Fig.
10a. Comparing Fig. 11c, d, it is concluded that the rutile-
phase TiO2 following the alkali-based (NaOH and KOH)
gel-calcination route have a faceted rod-like morphology.

Ti foil was also treated in hydrogen peroxide in order to
avoid the formation of an alkali-based (Na or Ki) titanate.
Figure 12 shows (a) XRD patterns of Ti foil treated in dif-
ferent ways: cleaned but untreated; H2O2-treated, and H2O2-
treated and calcinated at 800 °C in air for 1 h; and (b) XRD
patterns of H2O2-treated Ti calcinated for 1 h at 800 °C in air
and NaOH-treated Ti calcinated at the same temperature in
N2 for comparison purpose. From the XRD patterns, it is
seen that (1) rutile-phase TiO2 nanostructure formation took
place efficiently on the surface of calcinated H2O2-treated Ti
foil (upon a 1 h calcination at 800 °C in air); and (2) the
XRD patterns of calcinated NaOH and H2O2-treated Ti both
contain the same peaks, and hence confirm the presence of
nanocrystals of the rutile-phase TiO2 (see Fig. 12b).

Figure 13 shows Raman spectra of the same samples
discussed in Fig. 12(a). The Raman bands observed for the
calcinated H2O2-treated sample are the same as those
observed in Fig. 7 for the calcinated NaOH-treated sample,
illustrating that the material formed on the Ti foil upon
calcination at 800 °C, is indeed rutile-phase TiO2.

Figure 14 shows low and high magnification SEM
micrographs of uncalcinated (a, b) and calcinated (c, d)
H2O2-treated Ti. For comparison, a high magnification SEM
micrograph of calcinated (800 °C) NaOH-treated Ti is
shown in (e). The morphology of the uncalcinated H2O2-
treated Ti (see Fig. 14a, b) is highly porous. This mor-
phology transforms into nanostructures of TiO2 upon

calcination (see Fig. 14d). These nanostructures are not
faceted nanorods as in the case of NaOH and KOH-treated
samples (see Fig. 11c, d).

The mechanism that leads to the synthesis of rutile-phase
TiO2 nanorods on Ti foil surface by NaOH-based gel-cal-
cination is discussed below. A schematic representation
summarizing the surface structural/chemical changes of Ti
foil during the NaOH-based gel-calcination process is given
in Fig. 15. The high temperature calcination of the Na based
amorphous network of dendritic structures (formed on the
Ti surface during a 24-h soak in NaOH solution) converts it
into Na-titanate in the shape of faceted nanorods [21]. In
turn, Na-titanate faceted nanorods convert into faceted

Fig. 12 a XRD patterns of Ti foil treated in different ways: cleaned but untreated; H2O2-treated, and calcinated H2O2-treated; and b XRD pattern of
H2O2-treated Ti calcinated for 1 h at 800 °C in Air and NaOH-treated Ti in N2

Fig. 13 Raman spectra of cleaned, untreated Ti foil, H2O2-treated Ti,
and of H2O2-treated Ti, calcinated for 1 h at 800 °C in N2 flow
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nanorods of rutile-phase TiO2 when Na evaporates in the
form of an oxide.

In the literature, morphological transformation processes
of products obtained from hydrothermal reaction of TiO2

with different alkali (NaOH, KOH, LiOH, etc.) have been
intensively discussed [21, 22]. For instance, Kolen’ko et al.
[21] investigated the formation process of titania-based
nanorods during hydrothermal synthesis starting from an
amorphous TiO2 nH2O gel. These authors hydrothermally

prepared Na tri-titanate (Na2Ti3O7) particles with a rod-like
morphology in the presence of a concentrated NaOH aqu-
eous solution. They proceeded with an ion exchange reac-
tion of synthetized nanorods with HCl under ultrasonic
treatment in order to promote a complete sodium substitu-
tion and the formation of H2Ti3O7 nanorods [21]. Calcina-
tion of the as-produced nanorods of Na2Ti3O7 and H2Ti3O7

led to the formation of metastable TiO2-B phases [21].
Specifically, nanorods of TiO2-B were obtained upon

Fig. 14 Low and high
magnification SEM micrographs
(a, b) of H2O2-treated Ti; (c, d)
of H2O2-treated Ti calcinated for
1 h at 800 °C in air; and high
magnification SEM micrographs
(e) of NaOH-treated Ti
calcinated for 1 h at 800 °C in N2
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calcination at 500 °C in air for 10 h, [21]. Chen et al. [23]
made a similar observation using the following alkali-
containing agents: NaOH, KOH and LiOH. The authors
noticed that a high concentration of Na+ and K+ was
necessary for the production of nanorods of TiO2.

Consequently, it is deduced that TiO2 nanorods as
observed in Figs. 8d and 11c inherited their rod-like mor-
phology from Na (K) titanates. Firstly, Ti foil and its natural
surface layer of TiO2 reacts with dissolved NaOH (KOH) in
DI water, at 76 °C [24]. During this process (gelation), the
natural TiO2 layer partially dissolves in the alkaline solution
because of the attack by hydroxyl groups as follow: TiO2+
NaOH → HTiO3−+Na2+ [24]. Secondly, some of the
Ti–O–Ti bonds are broken during gelation. Thus, with all
the all the Ti atoms thus available, a layered titanate con-
taining titanium–oxygen octahedral separated by Na+ ions,
will form [24]. Finally, upon calcination at 800 °C, this
gelatinous layer (layered titanate containing
titanium–oxygen octahedral separated by Na+ ions) will
convert into Na-titanate faceted nanorods [21]. In turn, Na-
titanate faceted nanorods convert into faceted nanorods of
rutile-phase TiO2 when Na evaporates in the form of an
oxide. When no alkali is present during the initial surface
treatment, by following for instance the H2O2 route, the
nanostructures obtained in the present work were not
faceted, supporting the mechanism discussed above.

5 Conclusion

A formation mechanism for the synthesis of rutile-phase
TiO2 nanorods at high temperatures (800 °C) on Ti foil by

NaOH-based gel-calcination was discussed based on a
series of experimental investigations. Rutile-phase TiO2

nanostructures were prepared on Ti foil following a two-
step gel-calcination method, which involves gelation and
calcination. It has been shown that the use of an alkali-based
solution during gelation, such as NaOH and KOH, leads to
the formation of faceted nanorods of rutile-phase TiO2 upon
calcination at high temperature. When a solution that does
not contain any alkali element, such as H2O2, was used
during gelation, the shape of the newly formed nanos-
tructures, upon calcination at high temperature were not
faceted nanorods, but rather of clustered nanoparticles.
Therefore, the mechanism for the formation of rutile-TiO2

nanorods on Ti foil by NaOH-based gel-calcination was
suggested as follow: the high temperature calcination of the
Na based amorphous network of dendritic structures
(formed on the Ti surface during a 24-h soak in NaOH
solution) converts it into Na-titanate in the shape of faceted
nanorods, which in turn converts into faceted nanorods of
rutile-phase TiO2 when Na evaporates in the form of an
oxide.
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