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ABSTRACT

By use of the membrane-templated synthesis route, hydrous RuO 2 (RuO2‚xH2O) nanotubular arrayed electrodes were successfully synthesized
by means of the anodic deposition technique. The desired three-dimensional mesoporous architecture of RuO 2‚xH2O nanotubular arrayed
electrodes with annealing in air at 200 °C for 2 h simultaneously maintained the facility of electrolyte penetration, the ease of proton exchange/
diffusion, and the metallic conductivity of crystalline RuO 2, exhibiting unexpectedly ultrahigh power characteristics with its frequency “knee”
reaching ca. 4.0 −7.8 kHz, 20−40 times better than that of RuO 2 single crystalline, arrayed nanorods. The specific power and specific energy
of annealed RuO 2‚xH2O nanotubes measured at 0.8 V and 4 kHz is equal to 4320 kW kg -1 and 7.5 W h kg -1, respectively, demonstrating the
characteristics of next generation supercapacitors.

Introduction. In development of advanced electrochemical
energy storage/conversion devices with both high-power and
high-energy densities such as fuel cells, rechargeable bat-
teries, and supercapacitors, an electrode material with three-
dimensional (3D), mesoporous, ordered/aperiodic architec-
tures is desirable for the penetration of electrolytes and
reactants into the whole electrode matrix.1-5 However, to
obtain the ultrahigh power performance but maintain a high
capacity of such devices, e.g., next generation supercapaci-
tors, the electronic resistances in the mesoporous electroactive
film and at the interface between electrode materials and
current collectors have to be carefully considered. The
electronic conductivity of electrode materials is generally
promoted by introducing electronic conductors such as
carbon black, carbon nanotubes (CNTs), carbon fibers, etc.
This action, however, not only reduces the energy density
of devices but also adds an extra contact resistance between
electronic conductors and active materials without consider-
ing the challenges in homogeneous dispersion of active
materials, reliable coating techniques, and the contact
resistance at the interface between electrode materials and
current collectors. The above concerns are especially im-
portant in developing the electrode materials of supercapaci-
tors of the next generation whose power characteristics are
designed to achieve as high as∼20 kW kg-1 or higher (based
on the mass of device). Therefore, an electroactive material
with metallic conductivity and a desirable, 3D mesoporous

structure not only reduces the diffusion resistance of
electrolytes but also enhances the facility of ion transportation
and maintains the very smooth electron pathways in the very
rapid charge/discharge reactions. Accordingly, achieving the
ultrahigh power and retaining a high capacity for next
generation supercapacitors become possible.4

Due to the unique characteristics, such as metallic con-
ductivity,6 high chemical and thermal stability,7,8 catalytic
activities,9-12 electrochemical redox properties,4,9,13and field-
emitting behavior,14 RuO2 in both crystalline and amorphous
forms is of both academic and practical importance. For
example, in electronic applications, RuO2 films showed great
promise in integrated circuit development,15 thick or thin film
resistors,16,17 ferroelectric films,18 and a buffer layer for the
high-temperature superconducting thin film.19 In catalysis,
RuO2 is the active component in dimensionally stable anodes
for chlorine generation in the chlor-alkali industry,9 oxygen
or hydrogen evolution in water electrolysis,10 CO2 reduction
in photocatalysis,11 and CO oxidation in sensors.12 In energy
storage/conversion devices, ruthenium hydroxide is an es-
sential element removing the CO-like poisoning in the Pt-
Ru anodes of the direct methanol fuel cells.20 In addition,
RuO2‚xH2O is the most promising electrode material for
electrochemical supercapacitors due to its intrinsic revers-
ibility of surface redox couples21 and the ultrahigh pseudoca-
pacitance.13,22 However, such high specific capacitance
cannot be maintained under high power operation,23 which
is commonly found for most electroactive materials. More-* Corresponding author. E-mail: chmhcc@ccu.edu.tw.
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over, the low specific capacitance of thick, crystalline RuO2

films has been attributed to the presence of inactive, bulk
crystalline RuO2 layer and the significant length of proton
diffusion.9,21,24,25On the basis of the above viewpoints, how
to simultaneously construct the smooth pathways of both
electrons and electrolytes for the extremely rapid charge/
discharge processes of the supercapacitors of the next
generation, a typical ultrahigh power device, is an unavoid-
able issue.4,26

Background. We design a desired schematic structure
(shown in Figure 1), i.e., a RuO2‚xH2O nanotubular arrayed
electrode, for such an application. In this scheme, the
crystalline RuO2‚xH2O nanotubes (NTs) (and the RuO2‚xH2O
underlayer) with metallic conductivity will provide the
electron “superhighways” for charge storage and delivery.
The arrayed, porous architecture of RuO2‚xH2O NTs sub-
stantially reduces the resistance of electrolyte penetration/
diffusion. Moreover, the hydrous nature of RuO2‚xH2O
promotes the rate of proton exchange (very different from
the anodic aluminum oxide assisted, anhydrous RuO2 nano-
tubes prepared by means of thermal decomposition27) since
the superficial redox transitions of RuO2 involve the proton
and electron double injecting/expelling process, expressed
as follows21,28

Accordingly, this desired 3D mesoporous architecture will
definitely reduce the equivalent series resistance (ESR, a
lumping parameter considering the whole charge/discharge
impedance) by simultaneously maintaining the facile elec-
trolyte penetration, fast proton exchange, and the metallic
conductivity.

In general, materials with nanostructures in high aspect
ratios, such as nanowires and NTs, have been widely
prepared by means of membrane-templated synthesis routes,
including electroless deposition, sol-gel synthesis, chemical
vapor deposition, layer-by-layer method, and electrochemical
deposition,29,30etc. Among these methods, anodic deposition

of RuO2‚xH2O NTs is employed due to its simplicity, one-
step process, reliability, low cost, versatility, and the hydrous
nature of oxides, especially due to the fact that electrochemi-
cal deposition is a powerful method for the large-scale
production. Although anodic deposition has been widely used
to prepare various transition metal oxides, to the best of our
knowledge, this work is the first report successfully dem-
onstrating the anodic deposition of RuO2‚xH2O from its
chloride precursor. Moreover, nanowires are generally
preferred to form through filling of the pores within templates
by means of electrochemical deposition because most
templates are insulators (e.g., anodic aluminum oxide (AAO)
and track-etched polymer membranes) although the formation
of H2 bubbles within the templates was proposed to depress
the filling of nanopores, resulting in the presence of tubular
structure during the cathodic deposition of metals.31 The
above two challenges have been overcome, and ideal
capacitive performances (e.g., ultrahigh specific capacitance
of ca. 1300 F g-1, excellent charge/discharge behavior at
1000 mV s-1, and high-frequency (4.0∼7.8 kHz) capacitive
responses) of RuO2‚xH2O NTs plated by anodic deposition
have been obtained in this work.

Textural Characterization of RuO2‚xH2O Nanotubular
Arrayed Architecture Prepared by Anodic Deposition.
Hydrous ruthenium oxides were successfully deposited onto
Ti substrates from aqueous ruthenium chloride solutions by
using the potentiodynamic (CV) deposition technique in our
laboratory,32 while it is not easy to directly deposit RuO2‚xH2O
onto carbon (due to oxidative attack)33 or Ti (due to
passivation of substrates) under the anodic, potentiostatic/
galvonostatic plating modes. The above issues can be
effectively overcome by using a conductive binder, consisting
of 95 wt % RuO2‚xH2O nanocrystallites prepared by a
hydrothermal synthesis method4 and 5 wt % polyvinylidene
difluoride (PVdF), between the AAO membrane and sub-
strates. The maximum deposition rate can be promoted by
adding excess acetate ions as the complex agent into the
RuCl3‚xH2O solution. Parts A and B of Figure 2 show the
scanning electron microscopic (SEM) top images of
RuO2‚xH2O NTs prepared by anodic deposition at 1.0 V for
20 min after removing the AAO template. The homogeneous
opening reveals the success in the formation of a nanotubular
arrayed structure. The opening surface of these NTs is very
rough, which implies the adherent stacking of RuO2‚xH2O
particulates from bottom of pores within the AAO membrane,
resulting in the formation of these NTs. Due to the metallic
conductivity, the length of RuO2‚xH2O NTs can be controlled
by monitoring the variation in the deposition current density
(Figure 2C). During the deposition, a gradual increase in the
current density is observed at the onset of overfilling due to
the extension of effective surface area, which is clearly found
from the onset-overfilled morphology (Figure 2D).

The nanotubular structure is more clearly found in the
TEM images of RuO2‚xH2O NTs annealed at 200°C for
2 h (Figure 3A). The very uniform wall thickness of these
RuO2‚xH2O NTs is∼40 ( 5 nm which is very desirable for
the supercapacitor application (see below), although some
particulates adherent to the wall are visible. The outer

Figure 1. An ideal design of the electrode material for next
generation supercapacitors, RuO2‚xH2O nanotubular arrayed elec-
trode. The mesoporous architecture, hydrous nature, and metallic
conductivity provide the proton and electron “superhighways” for
the extremely rapid charge/discharge processes.

RuOa(OH)b + δH+ + δe- T RuOa-δ (OH)b+δ
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diameter of NTs is about 200( 20 nm corresponding to the
diameter of AAO templates used, supporting the idea that
RuO2‚xH2O grains are adherently stacked to form the tubular
structure. The selected area electron diffraction pattern
reveals the polycrystalline structure in the rutile form for
the annealed RuO2‚xH2O NTs (see inset of Figure 3A). The
interplanar spacing of crystalline grain was calculated to be
∼0.25 nm, corresponding to the same orientation of atomic
plane (101) in the rutile form of RuO2 (see Figure 3B). On
the basis of the thermogravimetric analysis results (see
Supporting Information), the as-deposited and annealed
oxides correspond to RuO2‚1.8H2O and RuO2‚0.78H2O,
respectively.

Electrochemical Characterization of RuO2‚xH2O Nan-
otubular Arrayed Electrodes. The ordered, 3D, porous
architecture is favorable for the penetration of electrolytes
into the whole oxide matrix, and the hydrous structure
shortens the proton diffusion distance. Therefore, high
specific capacitance of 740 F g-1 for the as-deposited
RuO2‚xH2O NTs is obtained, where the specific capacitance
of RuO2‚xH2O reported in this work is based on the total
mass of RuO2‚xH2O NTs and RuO2‚xH2O + PVdF binder
on the electrodes. In order to simultaneously construct the
“superhighways” of protons and electrons for the redox
transitions of oxyruthenium species between various oxida-
tion states, annealing is a necessary step to promote the
capacitive performances of RuO2‚xH2O.28 In addition, the

stability of RuO2‚xH2O has been found to further improve
by the formation and growth of RuO2 crystallites.4,21-23,28

The total specific capacitance of RuO2‚xH2O is promoted
from 740 to 1300 F g-1 when these NTs are annealed in air
at 200°C for 2 h. This ultrahigh value of specific capacitance
in never found for a pure, bulk, nanostructured RuO2‚xH2O
electrode although the theoretical value of RuO2‚xH2O
nanoparticulates was estimated to range from ca. 1300 to
2200 F g-1 and the maximum utilization of RuO2‚xH2O
within carbon-RuO2 composites was found to reach as high
as 1580 F g-1 in our previous work.22,34The above ultrahigh
specific capacitance, indicative of a full utilization of
RuO2‚xH2O, is reasonably attributed to the thin (∼40 nm)
but uniform walls of RuO2‚xH2O NTs, resulting in the
absence of a rigid, crystalline RuO2 layer.24,25

The rectangle-like shape of alli-E curves measured at
various scan rates in 1.0 M H2SO4 (Figure 4A) for the
annealed RuO2‚xH2O NTs reveals the perfect electrochemical
reversibility of the Faradaic redox transitions on these oxide
NTs. This ideal pseudocapacitive behavior at very high scan
rates cannot be found for most RuO2‚xH2O, with the
exception of RuO2‚xH2O nanocrystallites prepared by a
hydrothermal synthesis technique4,35 or anhydrous, single-
crystalline RuO2 nanorods formed by a chemical vapor
deposition (CVD) process.36 For both cases, unfortunately,
the specific capacitance of RuO2‚xH2O is much lower than
that of RuO2‚xH2O NTs. Actually, the poor capacitive

Figure 2. (A, B) SEM top images of an RuO2‚xH2O NTs arrayed electrode. (C) Thei-t curve of anodic deposition measured at 1.0 V
from a 10 mM RuCl3‚xH2O + 0.1 M CH3COONa solution. (D) A SEM image showing the onset-overfilled morphology of a RuO2‚xH2O
NT arrayed electrode. All NTs were deposited at 1.0 V from a 10 mM RuCl3‚xH2O + 0.1 M CH3COONa solution.
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performance at very high scan rates is a common issue for
all electroactive materials in the application of supercapaci-
tors, usually due to the significant barrier for the penetration
and diffusion of electrolytes into a relatively thick film and/
or the relatively poor electronic conductivity of active
materials. Moreover, the loss in specific capacitance upon
increasing the scan rate is very obvious (e.g., see ref 37,
59% loss as the scan rate varied from 2 to 100 mV s-1 for
the case of 0.25 mg cm-2), which becomes more serious
with increasing the loading of active materials (reaching 85%
is possible). For thick, crystalline RuO2 layers, the depen-
dence of specific capacitance on the scan rate of CV has
been schemed as a three-layer model consisting of a bulk
layer of rigid, crystalline RuO2, an inner layer of partially
hydrated RuO2 being less proton accessible, and an outer,
proton-accessible layer of hyperextended oxyruthenium spe-

cies.24 Therefore, ultrathin electroactive films or a tiny
amount of active particles (e.g., for MnO2 with mass≈5
µg)38 dispersed onto an electrode generally show extremely
high specific capacitance while their very low capacity is
practically unacceptable. The above drawback is relatively
minor for annealed RuO2‚xH2O NTs (Figure 4B for the
electrode with 0.19 mg cm-2, only 40% loss as the scan rate
varied from 10 to 1000 mV s-1). The above excellent
performance is reasonably attributed to the novel nanotubular
arrayed structure of RuO2‚xH2O, which not only reduces the
diffusion distance of protons (maximal length≈20 nm) but
also increases the facility of ion transportation during the
rapid charge/discharge reactions. In addition, the metallic
conductivity of annealed, crystalline RuO2‚xH2O NTs pro-
vides the “superhighways” for electron hopping.

The perfect performances of annealed RuO2‚xH2O NTs
in supercapacitors are further demonstrated by the unexpect-
edly high-frequency capacitive responses (see Supporting
Information, the “knee” frequency reaches ca. 4.0-7.8 kHz
in Figure S3(A) and a phase angle at-45° reaches ca. 5-8
Hz from Figure S3(C)) measured in a three-compartment
cell. The former characteristic, about 20-40 times better than
that of anhydrous, single-crystalline, metal-conductive RuO2

nanorods formed by a CVD process,36 indicates the extremely
low ESR of annealed RuO2‚xH2O NTs, revealing their
ultrahigh power nature for supercapacitors of the next
generation. The latter property is somewhat better than that
of RuO2‚0.5H2O and ruthenium acid nanosheets (ca. 2-5
Hz at-45°), which have been demonstrated to exhibit ideal
capacitive performances.13,23,26Moreover, the total specific
capacitance measured at 4 kHz and 100 Hz (corresponding
to a scan rate of 160 and 4 V s-1, respectively) at 0.8 V is
as high as 54 and 550 F g-1 (Figure 4D), respectively. The
specific power and specific energy of annealed RuO2‚xH2O
NTs measured at 0.8 V and 100 Hz is equal to 1100 kW
kg-1 and 76.4 W h kg-1, respectively, which corresponds to
4320 kW kg-1 and 7.5 W h kg-1, respectively, when the
applied frequency is equal to 4 kHz. The above achievements
reveal the perfect performances of annealed RuO2‚xH2O NTs
for supercapacitors of the next generation.

Conclusions.We successfully designed and tailored an
advanced electrode material with a 3D, arrayed, nanotubular
architecture;annealed RuO2‚xH2O NTs which achieve the
performances (ultrahigh-power characteristics and high ca-
pacity) required for next generation supercapacitors by using
a very simple, one-step, reliable, cost-effective, anodic
deposition technique. This unique structure not only reduces
the diffusion resistance of electrolytes but also enhances the
facility of ion transportation and maintains the very smooth
electron pathways for the extremely rapid charge/discharge
reactions. The specific power and specific energy of
RuO2‚xH2O nanotubular arrayed electrodes (with annealing
in air at 200°C for 2 h) measured at 0.8 V and 4 kHz is
equal to 4320 kW kg-1 and 7.5 W h kg-1, respectively,
achieving the perfect performance for next generation
supercapacitors, which is never found in the literature. On
the other hand, from parts A and B of Figure 2, the number
density of RuO2‚xH2O nanotubes in the array layer is not

Figure 3. (A) The bright-field and (B) high-resolution TEM images
of RuO2‚xH2O NTs annealed in air at 200°C for 2 h. The inset of
electron diffraction pattern shows typical diffraction rings of RuO2

polycrystals in the rutile form.
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high, which usually results in a low volumetric specific
capacitance (in F cm-3). The number density of RuO2‚xH2O
nanotubes, unfortunately, depends on the pore density of
AAO templates, which is believed to greatly improve by
controlling the pore size and density of templates since the
high volumetric specific capacitance is as important as the
high gravimetric specific capacitance (in F g-1) for most
applications.

Methods. Deposition of RuO2‚xH2O Nanotubular Array
and Electrode Preparation.Hydrous ruthenium oxide
(RuO2‚xH2O) NTs were electrodeposited onto AAO-coated
graphite (10× 10× 3 mm) or Ti substrates (10× 10× 0.5
mm). The pretreatments corresponding to graphite and Ti
substrates completely followed our previous work.22,32 For
comparison purposes, all data shown in this work are based
on the graphite substrate. Following the pretreatments of
substrates, a mixture consisting of 95 wt % RuO2‚xH2O
nanocrystallites prepared by a hydrothermal synthesis method
and 5 wt % polyvinylidene difluoride (PVdF) was used as
the binder between the AAO membrane and substrates. These
electrodes were carefully coated with a thick film of epoxy
resin with an exposed surface area of 1 cm2, and then RuO2‚
xH2O NTs were electroplated from RuCl3 + CH3COONa
aqueous solutions (a typical solution consisting of 10 mM
RuCl3‚xH2O (Alfa Aesar)+ 0.1 M NaAcO (Merck)) at 1.0
V for 10-30 min. After deposition, AAO and epoxy resin

were removed and RuO2‚xH2O NTs were repeatedly de-
greased with pure water and finally dried at room temperature
under a reduced pressure. Some of these electrodes were
subjected to annealing at 200°C for 2 h tofurther enhance
the capacitive performances of RuO2‚xH2O NTs. The specific
capacitance reported in this work is based on the total mass
of RuO2‚xH2O NTs and RuO2‚xH2O+PVdF binder on the
electrodes. The total oxide loading (∼0.12-0.3 ((0.01) mg
cm-2) is the weight difference of an electrode without epoxy
resin and AAO before and after the application of oxide
deposition, obtained with a microbalance with an accuracy
of 10µg (Sartorius BP 211D). All electrodes have an exposed
surface area of 1 cm2 for electrochemical characterization.

Characterization.The surface morphology of RuO2‚xH2O
NTs was observed through a field emission scanning electron
microscope (FE-SEM, Hitachi S-4800). The nanostructures
of oxides were examined by means of a field emission gun
transmission electron microscope (FE-TEM, Philips Tecnai
G2 F20). Electrochemical characteristics of RuO2‚xH2O NTs
were examined by means of an electrochemical analyzer
system, CHI 633A (CH Instruments, USA), in a three-
compartment cell. The impedance spectrum analyzer, IM6
(ZAHNER), with Thales software was employed to measure
and analyze the EIS data. The potential amplitude of ac is
equal to 10 mV, meanwhile its frequency region is from 0.1
to 100 kHz. An Ag/AgCl electrode (Argenthal, 3 M KCl,

Figure 4. (A) Cyclic voltammograms measured at (1) 1000, (2) 750, (3) 500, (4) 250, and (5) 100 mV s-1, and (B) dependence of the
capacitance loss on the scan rate of CV from 10 to 1000 mV s-1 for an annealed RuO2‚xH2O NT arrayed electrode (0.19( 0.01 mg cm-2).
(C) Electrochemical impedance spectra measured at various potentials with potential amplitude of 10 mV. (D) Frequency dependence of
specific capacitance for an annealed RuO2‚xH2O NT arrayed electrode (0.21( 0.01 mg cm-2). The electrolyte for electrochemical analyses
is 1.0 M H2SO4.
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0.207 V vs SHE at 25°C) was used as the reference, and a
piece of platinum gauze was employed as the counter
electrode. A Luggin capillary was used to minimize errors
due toiR drop in the electrolytes. All solutions used in this
work were prepared with 18 MΩ cm water produced by a
reagent water system (Milli-Q SP, Japan).
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