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a b s t r a c t
TiO2(B) nanowires have shown excellent capacitance and energy density with a very low charge transfer
resistance in 80-μm thick lithium ion capacitor electrodes. Nanowires hydrogenated by heat treatment at
500 °C showed improved Li ion diffusion and an increase in capacitance from 148 to 194 F/g as well as energy
density from 23 to 30 Wh/kg. Hydrogenation of oxides as a way to improve their capacitance is critically
discussed.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Energy storage demand is increasing from portable electronics to the
power grid. Supercapacitors are attractive as energy storage devices due
to their high power density and good cyclability; however, the low
energy density is the limiting factor. Energy density, E, can be increased
mainly by two ways: 1) by increasing the capacitance, C, via design of
high capacity electrodes beyond carbon and 2) by expanding the
voltage window, V, of the devices (E = 1/2 CV2) [1]. Pseudocapacitive
materials, such as metal oxides [2] or organic redox-active molecules
[3], are commonly used to increase the charge storage capacity of the
capacitive electrodes via additional redox processes at the electrodeelectrolyte interface. One way to design high energy and power density
devices is to use pseudocapacitive materials (high capacitance) in organic electrolytes (large voltage window). The concept of lithium-ion
capacitor (LIC) provides high energy and power density by using a
pseudocapacitive material as an anode and activated carbon as a
cathode in an organic electrolyte [4]. LICs can accommodate both
faradaic (lithium insertion/extraction) and non-faradaic (adsorption/
desorption) processes at the same time with an expanded voltage
window in lithium-based organic electrolytes [5].
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Among various TiO2 phases, TiO2(B) bronze phase has gained attention as a lithium insertion material due to its high theoretical
capacity of 335 mAh/g and good rate capability [6]. Compared to
other TiO2 phases involving bulk diffusion-controlled mechanism,
TiO2(B) has an open structure allowing faster lithium ion uptake.
However, it still suffers from sluggish ionic transport and poor electronic conductivity. To address this problem, conductive additives
like amorphous carbon [7], graphene [8], carbon nanotubes (CNT)
[9] and conducting polymers [8,10] were added to different polymorphs of TiO2. Since addition of large amounts of conductive additives contributes little to capacitance of the device, this is not a
favorable option. Furthermore, some carbon materials like CNT and
graphene are fairly expensive to produce.
To overcome this issue, oxygen defects in the metal oxide lattice
structure can be introduced, as they have been reported to improve
the conductivity of the material by reducing the bandgap [11]. For
instance, yellowish and black TiO 2 nanoparticles after hydrogen
treatment showed a signiﬁcant increase in capacity in lithium-ion
batteries [12,13]. However, the origin of this improved electrochemical activity has not been fully understood and even the
increase of capacitance has not been supported with sufﬁcient
evidence.
Metal oxides (e.g., MnO2, RuO2, Nb2O5, etc.) are well-known
pseudocapacitive materials, which have been studied in various conﬁgurations [2,14]. However, only a few reports are available on the
TiO2(B) phase as a lithium insertion electrode [15–17], and particularly,
the effect of hydrogenation of TiO2(B) on electrochemical performance
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for lithium-ion capacitor is not well studied. Recently, partially reduced
oxides have shown improvement in photocatalytic activity and electrochemical properties in both lithium-ion batteries and supercapacitors
[11,12]. In all cases, the improved electrochemical performance of the
oxides was attributed to the defect-induced conductivity due to decrease
in the bandgap. Hydrogen plasma treatment [18], sodium borohydride
(NaBH4) reduction [19], vacuum annealing [20] and heat treatment
under H2 at atmospheric pressure [21] have been used to make oxygendeﬁcient oxides.
Herein, one-dimensional TiO2(B) nanowires were synthesized
via hydrothermal method followed by heat treatment under hydrogen
gas for the introduction of Ti3 + to create oxygen deﬁciency. The
resulting TiO2 NW and H2-TiO2 NW were tested in organic electrolyte
as an anode for LICs. Electrochemical performance is compared with
other hydrogenated oxides and the challenges to achieve higher capacity
via the hydrogenation method are elaborated.

to 20 mV/s. Electrochemical impedance spectroscopy (EIS) was run in
the frequency range of 200 kHz to 10 mHz at a sine wave signal amplitude of +/−10 mV centered at 0 V vs. open circuit potential.
The speciﬁc capacitance (Csp) was calculated according to Eq. (1):
Z
C sp ¼

i dV
1
ΔE νm

ð1Þ

where, ΔE is the voltage window, i is the discharge current, V is the
voltage, v is the sweep rate, and m is the mass of active material in
one electrode. The energy density and power density were obtained
from Eq. (2):
E¼

1 2
CV
2

P¼

E
t

ð2Þ

where, E, C, V, P and t represent energy density, capacitance, voltage
window, power density, and discharge time, respectively.

2. Experimental

2.4. Characterization

2.1. TiO2 NW/H2-TiO2 NW synthesis
3.7 g of anatase TiO2 (15 nm, Alfa Aesar) nanoparticles were stirred
with 20 ml of 15 M NaOH (Sigma) for 1 h. The suspension was put into a
Teﬂon-lined stainless steel autoclave and heated at 180 °C for 72 h,
followed by washing with 0.1 M HCl until the supernatant became
neutral. Dried powder was heated to 450 °C for 5 h in air to produce
TiO2(B) phase nanowires (TiO2 NW). Heating up to 4 h at 500 °C
under hydrogen atmosphere (Ar—10% H2), following the process conditions reported in the literature [12,21–23] led to hydrogenated TiO2 NW
(H2-TiO2 NW).
2.2. Electrode preparation
The slurry was made by mixing 80 wt% of TiO2 NW or H2-TiO2 NW
with 10 wt% polyvinylidene ﬂuoride (Alfa Aesar, Ward Hill, USA) binder
and 10 wt% carbon black (Alfa Aesar, Ward Hill, USA) in 1-methyl-2pyrrolidinone (Alfa Aesar, Ward Hill, USA). A 200 μm thick coating
was deposited on copper foil using a doctor blade and dried overnight
resulting in ~80 μm thick electrodes. The coated dried foil was punched
into 5 mm diameter disks, which were used for the electrochemical
testing.

The morphology of the samples was characterized using a transmission electron microscope (TEM) (JEOL JEM-2100, Japan) with an accelerating voltage of 200 kV. The TEM samples were prepared by placing
several drops of the sample dispersion in ethanol onto a copper grid
and drying in air. The x-ray diffraction (XRD) analysis was performed
on a powder diffractometer (Rigaku Smart Lab, USA) with Cu Kα radiation. To investigate the changes in surface area, gas sorption analysis was
carried out using quadrosorb gas sorption instrument (Qunatachrome,
USA) using N2 gas adsorbate at − 196 °C. XPS measurements were
done using a Physical Electronics VersaProbe 5000 instrument of
100 µm monochromatic Al-kα X-ray. Photoelectrons were collected by
a 180° hemispherical electron energy analyzer. Samples were analyzed
at a 45° takeoff angle between the sample surface and the path to the analyzer. High-resolution spectra were taken at a pass energy of 23.5 eV,
with a step size of 0.05 eV. The spectra were taken after the sample
was sputtered with an Ar beam operating at 4 kV and 150 µA for
15 min. All binding energies were referenced to that of free carbon at
284.5 eV. The quantiﬁcation and peak ﬁtting of the spectra were performed using CasaXPS Version 2.3.16 RP 1.6. Prior to peak ﬁtting, the
background contributions were subtracted using a Shirley function. For
all 2p3/2 and 2p1/2 components, the intensity ratios of the peaks were
constrained to be 2:1.

2.3. Electrochemical setup
3. Results and discussions
The electrodes were tested in a three-electrode conﬁguration using a
Swagelok® cell with TiO2(B) NW or H2-TiO2(B) NW as the working
electrode, activated carbon as a counter electrode and silver (Ag) wire
as a reference electrode. Two layers of Celgard separator were used
and tests were conducted in 1 M solution of lithium perchlorate
(Sigma) in 1:1 volume ratio of ethylene carbonate (Sigma) and diethyl
carbonate (Sigma) electrolyte. Cyclic voltammetry (CV) was performed
on a potentiostat (VMP3, Biologic, France) at different scan rates from 1

Fig. 1 presents a schematic of the synthesis process. Hydrothermal
synthesis was considered because it is simple, relatively inexpensive
and produces gram-scale amounts of the material [24,25]. The absence
of the anatase peaks from the x-ray diffraction (XRD) pattern (Fig. 2a)
conﬁrmed the conversion of the TiO2 anatase phase into TiO2 bronze
and the XRD pattern was found similar to previous reports [26]. Assynthesized NW were 20–40 nm in diameter and 1–5 μm in length

Fig. 1. Schematic presentation of the hydrothermal synthesis and hydrogenation of TiO2(B) NW.

A. Byeon et al. / Electrochemistry Communications 60 (2015) 199–203

201

Fig. 2. (a) X-ray diffraction pattern of TiO2(B) NW, (b–d) transmission electron microscopy (TEM) images of hydrothermally synthesized TiO2(B) NW.

(Fig. 2b-d)—thinner and longer compared to the previous reports
(100 nm thickness and 1 μm length [15]), most likely due to the use of
a nanometer scale initial precursor. Therefore, such ultra-ﬁne NW
offer large number of active sites for lithium insertion and short diffusion pathways for the improved electrochemical performance. Moreover, the open-structure NW morphology of TiO2 (B) may be favorable
for Li+ intercalation. The surface area of H2-TiO2(B) NW was found to
be 9.5 m2/g. Therefore, it is believed that surface area doesn't have
large impact on its electrochemical performance.
We have performed XPS analysis on our pristine and hydrogenated
samples (Fig. 3). For example, the oxygen content of pristine and hydrogenated TiO2(B) NW is 67.0 and 66.6 at.%. Also, the relative concentrations of Ti3+/Ti2+ of TiO2(B) NW and hydrogenated TiO2(B) NW were
3.1 and 2.7.

Cyclic voltammograms (CVs) at various scan rates were acquired in
the voltage window of 2.1 V (Fig. 4). Two broad redox peaks appeared at
about − 1.5 V and −2.0 V, which correspond to the following lithium
insertion/extraction processes:
TiO2 ðBÞ þ xLi↔LixTiO2 ðBÞ:

ð3Þ

After hydrogenation, these peaks shifted toward higher potentials
(− 1.3 V and − 1.7 V) and separation between the peaks decreased,
which may indicate a change in the electronic structure of the
TiO2(B) NW. The CV shape of H2-TiO2 NW appeared wider (more capacitive) than pristine TiO2 NW (Fig. 4a–b), most likely due to the improved
conductivity and change in the oxidation state of the Ti, as shown by insitu x-ray absorption spectroscopy study [27]. However, in order to

Fig. 3. (a) XPS spectra of TiO2(B) NW and (b) H2-TiO2(B) NW after sputtering.
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Fig. 4. (a) Cyclic voltammograms of TiO2(B) NW, (b) CVs of H2-TiO2(B) NW, (c) corresponding rate performance, (d) Nyqiust plots of TiO2 (B) NW and H2-TiO2(B) NW, and (e) cyclic stability up to 1000 cycles of H2-TiO2(B) NW.

better understand the hydrogenation induced changes in the oxidation
state of Ti and to correlate such changes with the electrochemical
performance, further in-situ studies are required, as conducted on
other pseudocapacitive materials [27–29]. The capacitance of H2 TiO2 NW was found to be 194 F/g at the lowest scan rate of 1 mV/
s—30% higher than pristine TiO2 NW at the same scan rate (148 F/g,
Fig. 4c). It is worth noting that our as-synthesized TiO2(B) NW electrodes demonstrated a higher capacitance than in various previous
reports [15,17,30]. For instance, TiO 2(B) NW@activated carbon
yielded 52 F/g at 0.1 A/g [15] and TiO2-reduced graphene oxide@activated carbon showed 89 F/g at 2 A/g [30]. Also, our 80 μm titania
electrodes (similar to commercial LIC electrodes in thickness)
showed a much higher capacitance even compared to a much thinner nanometer-scale TiO 2 ﬁlm (150 nm) [4]. Likely, thinner NW,
shorter diffusion paths and the increased surface area lead to the
higher capacitance.
Although the as-synthesized TiO2(B) NW outperformed previous reports, we did not observe a dramatic improvement in the capacitance
after hydrogenation of the TiO2(B) NW, opposed to some other hydrogenated oxides [21,31–33]. It is reported that hydrogenation induced
oxygen defects change the electronic band structure of the oxides,
which tune the optical and charge transfer properties of the oxide-

based electrodes. This, in turn, signiﬁcantly improves electrochemical
activity of the material. It is most likely that the change in the bandgap
will enhance the photocatalytic properties, which are strongly dependent on bandgap variation of oxide semiconductors after hydrogenation
[11,18]. However, the relationship between oxygen defects induced by
hydrogenation and their effect on the conductivity and capacitance
needs deeper understanding.
Nyquist plots measured by the impedance spectroscopy (Fig. 4d) of
both electrodes showed a negligible semicircle and very small charge
transfer resistance (Rct). The ohmic resistance (RΩ), of both electrodes
was comparable (0.93 Ω). Although, both electrodes appeared capacitive in the low frequency regime, the Nyquist plot of H2-TiO2 NW appeared more capacitive than pristine electrodes. This is most likely
due to the improved charge percolation and low electronic resistance
in the hydrogenated electrode [34].
Rate performance of both electrodes shows that H2-TiO2 NW exhibits a higher capacitance across the entire range of sweep rates
(1–20 mV/s). High cycling stability is critical for the lithium ion battery electrodes experiencing intercalation/deintercalation. The cycling stability was tested at 2 A/g for 1000 cycles. The H2-TiO2 NW
electrode showed a stable cycling behavior with 80% capacitance retention after 1000 cycles (Fig. 4e).
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To conclude, we have synthesized TiO2(B) NW with diameters
between 20–40 nm and 1–5 μm in length. As-synthesized TiO2(B) NW
exhibited excellent charge storage capacity of 148 F/g in organic electrolyte, which is attributed to the ﬁne NW morphology, good conductivity
and short diffusional pathways. The hydrogenation led to ~30% increase
in capacitance to 194 F/g. The corresponding energy density was 30
Wh/kg—higher than pristine TiO2(B) NW. Although hydrogenation improved the charge storage capacity, we did not observe a dramatic increase in capacitance after the hydrogenation process, which was
predicted in some studies [21,31–33]. We emphasize that more theoretical and experimental work directed toward understanding the relationship between concentration of the oxygen vacancies, conductivity
and hydrogenation conditions of titania is needed to further improve
energy storage.
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