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The three-dimensional (3D) nanoporous hydrogenated TiO2 (denoted as H-TiO2) network film on
titanium substrate was fabricated by a novel and controllable method. The fabrication process involved
dealloying, alkaline reflux and hydrogenation. The dealloying produced the 3D nanoporous titanium film
with open pores and interconnected nanoflakes nearly perpendicular to the substrate. The oxidation of
the 2D titanium nanoflakes in the alkaline reflux resulted in the formation of the TiO2 nanotubes with
an inner diameter of 5–10 nm and a length larger than 1.5 lm. The 3D nanoporous TiO2 network film
was formed by the self assembly of these long and thin TiO2 nanotubes. Hydrogenation induced the for-
mation of oxygen vacancies and more hydroxyl groups on the H-TiO2 surface. The 3D nanoporous H-TiO2

network film presented a capacitance of 1.05 mF cm�2 at the scanning rate of 100 mV s�1. Furthermore,
the H-TiO2 network film electrode also showed remarkable rate capability as well as excellent electro-
chemical cycling stability with a capacitance reduction of less than 7% after 1000 charge–discharge cycles
at the current density of 100 lA cm�2. The prominent electrochemical capacitance properties of the 3D
H-TiO2 network film electrode could be attributed to its unique structural characteristics.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Electrochemical capacitors (ECs), also called supercapacitors or
ultracapacitors, are regarded as promising power sources for
hybrid electric vehicles and portable electronic devices due to their
long cycle life and great power densities [1–6]. In general, based on
their charging mechanisms, ECs fall into two categories, electro-
chemical double layer capacitor (EDLC) and pseudocapacitors.
The former is based on the separation of charges at the interface
between the electrode and electrolyte. The latter utilizes the fast
faradic process involving reversible redox reactions [3].

Over the past decade, numerous substances have been explored
as possible supercapacitor electrode materials such as carboneous
materials [7], conducting polymers [8], hybrid composites and
transition metal oxides [9]. In recent years, more attention has
been devoted to synthesis of nanoporous materials. Many investi-
gations have demonstrated that the hierarchical structures with
highly porous characteristics may improve the performances of
materials [10–15]. To date, numerous 3D porous structured mate-
rials, such as VO2 [16], MnO2 [17], Co3O4 [18], Nb2O5 [19] and
Ni(OH)2 [20], have been intensively explored as supercapacitor
materials, and these studies have resulted in significant enhance-
ment of capacitance storage. In all these cases, the controllable
synthesis of 3D nanostructures plays an important role to achieve
the application targets of advanced materials.

Titanium dioxide has been considered as a promising electrode
material for supercapacitors because of its low cost, natural
abundance, high chemical stability and environmental friendliness
[21–23]. In general, TiO2 contributes a very low non-faradic capac-
itance (10–40 lF cm�2) in the charge–discharge process [24–26]. It
is widely believed that the low electrochemical capacitance results
from the low specific surface area and high electric resistance of
TiO2. Various synthetic strategies [27–33] have been probed to
improve the electrochemical capacitance of TiO2. Ramadoss et al.
[27] prepared vertically aligned TiO2 nanorod arrays on fluorine
doped tin oxide substrate using a hydrothermal method, and
the as-prepared electrode exhibited a maximum specific capaci-
tance of 85 lF cm�2 at a scan rate of 5 mV s�1 and a capacitance
retention ratio of 80% after 1000 cycles. Salari et al. [28,33] found
that the specific capacitance value (911 lF cm�2) of the TiO2 nano-
tube array heat-treated under argon atmosphere was much higher
than that (30 lF cm�2) of the corresponding TiO2 sample heat-
treated under air atmosphere. Recently, it was demonstrated that
the donor densities and electrochemical activity of TiO2 nanostruc-
tures can be significantly improved by the thermal treatment in
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Fig. 1. Schematic illustration for the fabrication process of three-dimensional (3D) nanoporous H-TiO2 network film.

Fig. 2. XRD patterns of the annealed alloy film (a), dealloying film (b) and final
product films annealed in air (c) and the hydrogen-containing argon (d). Symbols A
and R represent anatase and rutile phases (JCPDS card no. 71-1166 and 89-6975),
respectively.

Fig. 3. EDX analysis of the dealloying film.
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hydrogen atmosphere [34–36]. Although the above investigations
have been conducted, the controllable fabrication of 3D nanopor-
ous TiO2 films with prominent electrochemical capacitance proper-
ties still remains a great challenge.

In this investigation, we report a novel strategy for the fabrica-
tion of a 3D nanoporous hydrogenated TiO2 network film on tita-
nium substrate, as illustrated in Fig. 1. Attractively, it is found
that the 3D nanoporous network consists of thin TiO2 nanotubes.
The fabrication mainly includes dealloying, alkali reflux and
annealing in hydrogen-containing atmosphere (hydrogenation). It
is demonstrated that the as-prepared 3D nanoporous TiO2 network
film exhibits large specific capacitance, excellent rate capability
and high electrochemical-cycling stability. The reasons that the
3D nanoporous TiO2 network film shows prominent electrochemi-
cal capacitance performance are discussed in detail.

2. Experimental

2.1. Electrode preparation

The porous Ti film was first fabricated by a dealloying method. A zinc film was
prepared by a cathodic electrodeposition in the electrolyte solution containing
0.6 M ZnSO4, 0.1 M (NH4)2SO4 and 10 mM sodium dodecyl sulfate (SDS) at room
temperature. A titanium foil (99.5%, 1.0 cm � 2.0 cm � 0.25 mm, Alfa Aesar) was
assembled as the working electrode. Prior to deposition, the titanium foil was pol-
ished with 2000# grit waterproof abrasive paper, and ultrasonically cleaned in ace-
tone and deionized water for 10 min, respectively. The deposition was conducted in
a two-electrode cell with a platinum counter electrode at a constant current density
of 10 mA cm�2 for 30 min. After rinsed extensively with deionized water and dried
in a nitrogen stream, the titanium foil with the electrodeposited zinc layer was an-
nealed at 150 �C for 2 h in an Ar-filled tube furnace. The selective dissolution of zinc
from the annealed film was carried out in 1 M KOH solution at 60 �C for 10 h. The
obtained porous Ti film was refluxed in a three-necked flask with 6 M KOH solution
at 110 �C for 12 h. After the refluxing, the sample was washed in deionized water
and immersed in 0.5 M hydrochloric acid for 12 h. After rinsed with deionized
water and dried in a nitrogen stream, the resulting sample was annealed at
630 �C in air and the 20% hydrogen-containing argon for 2 h, respectively. In the fol-
lowing discussions, the samples annealed in air and the 20% hydrogen-containing
argon were designated as air-TiO2 and H-TiO2, respectively.

2.2. Physical characterization

The X-ray diffraction (XRD) patterns of film electrodes were recorded using a
Rigaku D/Max 2550 X-ray diffractometer with Cu Ka radiation at 40 kV and
300 mA. The X-ray photoelectron spectroscopy (XPS) analysis of film electrodes
was performed by a PHI 5000C X-ray physical electronics photoelectron spectrom-
eter with Mg Ka radiation at 15 kV and 500 W. The morphologies and microstruc-
tures of various film electrodes were observed with scanning electron microscopy
(SEM, SIRION-100, FEI Co. Ltd.) and transmission electron microscopy (TEM/HRTEM,
JEM-2010, JEOL), respectively. The surface composition of the Ti film was analyzed
by energy dispersive X-ray (EDX) spectroscopy (GENE IS 4000).

2.3. Electrochemical measurements

Electrochemical measurements were performed at room temperature in a typ-
ical three-electrode glass cell with a platinum counter electrode and a Ag/AgCl ref-
erence electrode. Various film electrodes were used as the working electrode. 0.5 M
Na2SO4 aqueous solution was employed as electrolyte. Cyclic voltammetry (CV) was
measured at various scan rates using a potentiostat (CHI 660C). Electrochemical
impedance spectroscopy (EIS) measurements were carried out by an electrochem-
ical analyzer (Parstat 2273), with the frequency range of 100 kHz to 0.01 Hz and a.c.
signal amplitude of 5 mV. Galvanostatic charge/discharge tests were performed at
various current densities by a potentiostat (Arbin BT-2000, USA).

The average specific capacitance (C, F cm�2) from the CV curves is calculated
according to the following integral equation (1). The average specific capacitance
(C0 , F cm�2) from the charge/discharge curves can be calculated in terms of Eq.
(2) [28].

C ¼ 1
v � DV � S

Z
IðVÞdV ð1Þ
C0 ¼ I � Dt
DV � S ð2Þ

where S (cm2) is the geometric area of the working electrode, v (mV s�1) is the po-
tential scan rate, DV (V) is the sweep potential window, I(V) (A) is the voltammetric
current on CV curves, I (A) is the applied current, and Dt (s) is the discharge time.
3. Results and discussion

Fig. 2 illustrates the XRD patterns of various films. As shown in
Fig. 2a, the annealed alloy film consists of a mass of zinc (JCPDS
card no. 65-3358) and a small quantity of titanium (JCPDS card
no. 44-1294). The mutual diffusion of Zn and Ti during the heat
treatment results in the formation of Zn–Ti alloy surface film,
which is similar to the formation process of Zn–Ni alloy film
[37]. The XRD pattern of the dealloying film in Fig. 2b shows that
the XRD peaks of zinc disappear and the XRD peaks of Ti appear,
indicating that the porous Ti film is obtained through the selective
etching of zinc from the annealed film in the alkaline solution [37].
The EDX result in Fig. 3 reveals that a large amount of Ti and a
small quantity of oxygen exist in the dealloying film, suggesting
that titanium is covered with a thin oxide layer. As shown in



Table 1
XPS data for O 1s.

Sample Binding energy
(eV)

Area
(%)

Binding energy
(eV)

Area
(%)

Ti–OH%

H-TiO2 529.31 70.42 531.59 29.58 29.58
Air-TiO2 529.31 84.63 531.92 15.38 15.37
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Fig. 2c and d, the final product films annealed in both air and the
hydrogen-containing argon are composed of anatase and rutile
phases of TiO2. That is, the hydrogenation treatment does not alter
the phase structure of TiO2. The transformation from metallic Ti to
Ti (IV) generally results from the oxidation of oxygen during the
refluxing treatment. In energy storage applications such as batter-
ies and supercapacitors, it has been demonstrated that the elctro-
chemical properties of titania particles mostly depend on the
particle size rather than the phases, and no significant differences
are found beween rutile and anatase [23,38].

The effect of hydrogenation on the chemical composition and
oxidation state of the TiO2 film was obtained from XPS measure-
ments. Fig. 4a shows the XPS spectra of Ti 2p signal for H-TiO2

and air-TiO2 samples. The two peaks at 465.1 and 458.9 eV can
be attributed to the characteristic Ti 2p1/2 and Ti 2p3/2 peaks
[34,35], respectively. Compared to those of air-TiO2, the peaks of
H-TiO2 show a shift towards the lower binding energy. This indi-
cates that the Ti atoms in two samples have different chemical
environments, suggesting the existence of Ti3+ (oxygen vacancies)
inside H-TiO2 [36]. Fig. 4b and c compare the O 1s core level XPS
spectra of air-TiO2 and H-TiO2 samples. The XPS peaks at 529.8
and 531.3 eV are the typical peaks of Ti–O–Ti and Ti–OH species
[34–36], respectively. Deconvolution and curve fitting of the O 1s
2p spectra were performed by CasaXPS software, and the corre-
sponding data are given in Table 1. It can be seen that the content
of Ti–OH species in the H-TiO2 sample is substantially higher than
that in air-TiO2 sample, indicating that the H-TiO2 surfaces are
functionalized by hydroxyl groups.

Fig. 5a and b shows the SEM images of the porous Ti film ob-
tained by the dealloying. The Ti film exhibits a 3D nanoporous
Fig. 4. XPS spectra of Ti 2p peaks (a) and O 1
structure with open pores and interconnected nanoflakes that are
nearly perpendicular to the substrate. In the dealloying proecess
of the annealed Ti–Zn film in the alkaline solution, the more active
zinc atoms are selectively dissolved, and the more noble titanium
atoms are chemically driven to aggregate into two-dimentional
(2D) nanoflakes by a phase separation process [37,39]. As illus-
trated by the top-view SEM images in Fig. 5c and d, the as-prepared
H-TiO2 film exhibits a 3D nanoporous network structure. The TEM
images in Fig. 6a–c clearly show that the 3D nanoporous network
film consists of many long TiO2 nanotubes with an inner diameter
of 5–10 nm and a wall thickness of 2–4 nm. The selected area elec-
tron diffraction (SAED) pattern in Fig. 6d shows the five sets of
obvious diffraction rings that can be indexed as the A(101),
R(110), A(112), A(200) and R(211) planes of TiO2 from the inner
to the outer, confirming that the as-prepared film is composed of
anatase (A) and rutile (R) phases. As illustrated by the cross-sec-
tional SEM image of H-TiO2 film in the inset of Fig. 5c, the oriented
TiO2 nanotubes perpendicularly grow on Ti substrate, and the
thickness of the H-TiO2 film is about 1.5 lm. These long and thin
TiO2 nanotubes are prone to bend and enlace with each other, thus
the top-view SEM images of as-prepared H-TiO2 film exhibit a
s peaks for Air-TiO2 (b) and H-TiO2 (c).



Fig. 5. SEM images of the porous Ti film obtained by dealloying (a, b) and H-TiO2 film (c, d). The inset in c shows the cross-sectional SEM image of H-TiO2 film.

Fig. 6. TEM images (a–c) and SAED pattern (d) of H-TiO2 network film. Symbols A and R in d represent anatase and rutile phases, respectively.
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nanoporous network structure. That is, the as-prepared 3D nano-
porous H-TiO2 network film is formed by the interconnected TiO2

nanotubes perpendicularly growing on Ti substrate. It should be
pointed out that the transformation from the 2D titanium
nanoflakes to the titania nanotubes could result from the oxidation
of oxygen and a wrapping process during the alkali refluxing treat-
ment [40,41]. The corresponding rolling-up mechanism involves
the wrapping of multilayered nanosheets into nanotubes, where
the driving force for the curving of multilayered nanosheets may
be the mechanical stress induced during the oxidation/peeling of
nanosheets [42].

Fig. 7a shows the cyclic voltammetric (CV) curves of the 3D
nanoporous TiO2 network films in 0.5 M Na2SO4 aqueous solution
at the scan rate of 100 mV s�1. The two CV curves exhibit nearly
symmetrical rectangular shapes, indicative of electrical double-
layer capacitance behavior. In comparison to the 3D air-TiO2 net-
work film, the 3D H-TiO2 network film shows substantially larger
capacitive current densities, suggesting its higher electrochemical
activity. As illustrated in Fig. 7b, all the CV curves of the 3D
H-TiO2 network film at various scan rates exhibit quasi-rectangular
shapes, and no significant change in the CV shapes appears as the
scan rate increases from 2 to 1000 mV s�1. This indicates the good
capacitive behavior and high-rate capability of the 3D H-TiO2 net-
work film. Fig. 7c shows the calculated areal capacitances of the 3D
nanoporous TiO2 network films as a function of scanning rate. The
areal capacitances of the 3D H-TiO2 network film are much larger
than the corresponding values of the 3D air-TiO2 network film.
For example, the 3D H-TiO2 network film displays a capacitance
of 1.05 mF cm�2 at the scanning rate of 100 mV s�1, which is a
14-fold enhancement compared to the air-TiO2 film
(0.07 mF cm�2). The areal capacitance of the H-TiO2 network film
is also substantially higher than those capacitance values recently
Fig. 7. (a) CV curves of the H-TiO2 and air-TiO2 network films obtained at a scanning rat
rates. (c) Areal capacitance of H-TiO2 and air-TiO2 network films measured as a function
reported for TiO2 electrodes [22–33,38]. Although our H-TiO2

network film shows slightly lower areal capacitance value than
the anodized TiO2 nanotube array calcined in pure hydrogen gas
[43], it is fabricated by a novel and controllable method, and its
thermal treatment is conducted in the less hydrogen atmosphere.
It is noted in Fig. 7c that the areal capacitance of the 3D H-TiO2 net-
work film drops from 1.21 to 0.70 mF cm�2 when the scanning rate
increases from 2 to 1000 mV s�1, with a capacitance retention ratio
of 58.0%. In comparison, the air-TiO2 network film shows a capac-
itance retention ratio of 28.6%. This suggests that the 3D H-TiO2

network film has an enhanced rate capability.
The electrochemical properties of the 3D nanoporous H-TiO2

network film were further investigated by galvanostatic charge/
discharge measurements. Fig. 8a exhibits the charge/discharge
curves of different TiO2 film electrodes at the current density of
100 lA cm�2. Compared with those of the pristine-TiO2 and air-
TiO2 film electrodes, the charge/discharge curves of the H-TiO2 film
electrode are substantially prolonged, revealing an enhanced
capacitive behavior. The areal capacitance of the H-TiO2 film elec-
trode is calculated to be 0.89 mF cm�2, which is significantly larger
than the corresponding values of the pristine-TiO2 (0.06 mF cm�2),
air-TiO2 (0.12 mF cm�2) and the previously reported TiO2 elec-
trodes [22–33]. Fig. 8b shows the charge/discharge curves of the
H-TiO2 network film electrode at the current densities ranging
from 100–1000 lA cm�2. It can be seen that the charge curves
are clearly symmetrical to their corresponding discharge counter-
parts, and the charge/discharge potentials linearly vary with time.
This shows the non-faradaic capacitance behavior and good rate
capability of the 3D H-TiO2 network film, which is in good agree-
ment with the CV results. Fig. 8c presents the cycle performance
of the pristine-TiO2, Air-TiO2 and H-TiO2 network film electrodes
at the current density of 100 lA cm�2. The H-TiO2 network film
e of 100 mV s�1. (b) CV curves collected for the H-TiO2 network film at various scan
of scan rate.



Fig. 8. (a) Galvanostatic charge–discharge curves of pristine-TiO2, air-TiO2 and H-TiO2 network films collected at a current density of 100 lA cm�2. (b) Galvanostatic charge–
discharge curves of H-TiO2 network film collected at current densities of 100–1000 lA cm�2. (c) Cycle performance of pristine-TiO2, air-TiO2 and H-TiO2 network films at a
current density of 100 lA cm�2. (d) Nyquist plots for air-TiO2 and H-TiO2 film electrodes at open circuit state and the corresponding equivalent circuit in the inset.

Table 2
Parameter values obtained by the simulation of the Nyquist plots in Fig. 8d.

Sample Rs (X cm2) Rc (X cm2) CPE1 (lF cm–2) n1 CPE2 (lF cm–2) n2

H-TiO2 3.32 101.30 31.60 0.87 465.9 0.76
Air-TiO2 4.97 231.60 13.38 0.78 60.96 0.72
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electrode exhibits only 6.2% deterioration of the initial capacitance
after 1000 cycles. While the capacitance losses of the pristine-TiO2

and Air-TiO2 film electrodes after 1000 cycles are 35.96% and
21.63%, respectively. This demonstrates the enhanced electro-
chemical cycling performance of the H-TiO2 network film
electrode.

The EIS measurements were performed to evaluate the effects
of hydrogenation on the electrochemical kinetics of the 3D TiO2

network films. Fig. 8d shows the Nyquist plots for the electrodes
at open circuit state. The Nyquist plots of the two samples display
a similar shape. Considering that no evidence of any faradaic reac-
tion is observed in both the CV and charge/discharge curves, it is
reasonable to conclude that the depressed semicircle in the high-
frequency region can be attributed to the contact resistance (Rc)
and capacitance (CPE1) between the TiO2 nanotubes and titanium
substrate [44]. In the low-frequency region, the imaginary part of
the impedance is much larger than the corresponding real part,
which is a characteristic of the capacitive behavior [45,46]. The
loop in the low-frequency region is related to the double-layer
capacitance (CPE2). The equivalent circuit of the EIS is shown in
the inset of Fig. 8d, where Rs is the bulk solution resistance [44–
47]. It can be seen from the simulation results in Table 2 that the
H-TiO2 network film shows a much lower contact resistance (Rc)
and a much larger double-layer capacitance (CPE2) value com-
pared to the air-TiO2 network film. This implies that the electrical
conductivity and double-layer capacitance of the 3D TiO2 network
film are effectively improved by the hydrogenation treatment.

The excellent electrochemical capacitance properties of the as-
prepared 3D nanoporous H-TiO2 network film electrode can be
attributed to its unique structure characteristics. The hierarchically
nanoporous architecture assembled from long and thin TiO2 nano-
tubes not only provides easy access of the surfaces to liquid elec-
trolyte but also offers more active sites for the charge separation,
manifesting the larger specific capacitance. Hydrogenation leads
to the occurrence of Ti3+ (oxygen vacancies) in H-TiO2 phase and
the formation of more hydroxyl groups on the surface of H-TiO2

nanotubes, which improves electrical conductivity and increases
the active sites for the adsorption/desorption of ions [36]. This is
largely responsible for the excellent capacitance performance of
the H-TiO2 network film electrode, especially at a high current rate.
The titania nanotubes are in-situ formed by using the 2D titanium
nanoflakes as precursor, thus they have the robust adhesion on the
substrate, which could play an important role in ensuring the en-
hanced rate capability and excellent electrochemical cycling stabil-
ity of the H-TiO2 network film electrode. Different from the TiO2

nanotube arrays in the previous investigations [28,29,31,33], the
3D H-TiO2 network film in this work is composed of the intercon-
nected long and thin TiO2 nanotubes perpendicularly growing on Ti
substrate, thereby facilitating the transport of electrons. This has
certain contribution to the enhanced capacitance performance of
the H-TiO2 network film electrode.
4. Conclusions

The 3D nanoporous hydrogenated TiO2 network film on tita-
nium substrate has been successfully fabricated by the novel
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strategy involving dealloying, alkali reflux and hydrogenation. The
3D H-TiO2 network film consists of the interconnected long and
thin TiO2 nanotubes resulting from the oxidation of the 2D tita-
nium nanoflakes obtained by the dealloying. Hydrogenation results
in the formation of oxygen vacancies in H-TiO2 phase and more hy-
droxyl groups on the surface of H-TiO2 nanotubes, which increases
the electrical conductivity and the active sites for the adsorption/
desorption of ions. The 3D nanoporous H-TiO2 network film exhib-
its the substantially large specific capacitance, enhanced rate
capability and excellent electrochemical cycling performance. This
results from the hierarchically nanoporous network architecture,
the formation of oxygen vacancies and more hydroxyl groups,
and the robust adhesion on titanium substrate. These attractive
results are important for both developing the novel fabrication
strategy of the 3D nanostructured film and promoting the promis-
ing applications of TiO2 materials in some energy storage and con-
version systems such as supercapacitors and Li-ion batteries.
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