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ABSTRACT: One-dimensional, hydrous ruthenium oxide nanotubes (RuO,-
1.84H,0) have been successfully achieved using a template-free, microwave-
hydrothermal process. These were found to be amorphous in nature and have
a large specific surface area of 250 m*-g™!, producing a specific and volumetric
capacitance of 511 F-g~" and 531 F-cm ™, respectively, at a discharging current
density of 0.5 A-g™". When used as an electrode material in an electrochemical
capacitor or ultracapacitor, they produced a significant improvement in o Bgy
capacitance, rate capability, and cyclability that can be attributed to the hollow
nature of tubes allowing greater contact between the active surface of the

electrode and the electrolyte.
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B INTRODUCTION

The high charging/discharging rate, good stability, and long
cycling life of electrochemical capacitors (otherwise known as
supercapacitors or ultracapacitor or ECs)'™’ makes them
ideally suited for use as a power source for the memory backup
of mobile devices or high-power applications such as hybrid
electric vehicles. Depending on the particular charge storage
mechanism used by an EC, there are two possible processes
that can occur at the electrodes. The first of these is the
electrical double layer capacitance which arises from the charge
separation at the electrode/electrolyte interface. The second
one is pseudocapacitance. In pseudocapacitors, the fast and
reversible reactions take place.s’g’9 In the case of the latter, the
electrode is usually made from a conducting polymer or
transition metal oxides;'™' however, ruthenium oxide (RuO,-
xH,0), despite being expensive, tends to be the preferred
option as it provides a high specific capacitance and high rate
capability.

The electrochemical performance of an EC is highly
dependent on the size and shape of its electrodes at a
nanometer scale, making the design and fabrication of
nanomaterials with a well-defined morphology of crucial
concern.'” Nanostructured materials such as zero-dimensional
(0D) nanoparticles and one-dimensional (1D) nanotubes offer
a means of achieving the high surface area and large surface-to
volume ratio needed to allow effective contact with the
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electrolyte and sufficiently reduce the ion diffusion path to
ensure rapid electron/ion transfer.'®'” However, such particles
also tend to be prone to agglomeration, which drastically
reduces the surface-to-volume ratio and electrochemical
utilization of the active material.”® This has led to significant
effort being directed toward the synthesis of metal oxide/
carbon nanocomposites;”' ~>® however, a potential limitation of
such nanocomposites is the use of carbon for the synthesis,
which lowers the volumetric capacitance and gravimetric (or
specific) capacitance owing to its low density and low specific
capacitance.'®*® This is of particular significance in practical
applications where space is a concern, as the volumetric
capacitance and volumetric energy density in such cases are just
as important, if not more, than the gravimetric energy density.27
Despite this, supercapacitors are frequently classified as high
performance based on their gravity capacitance rather than
volumetric capacitance.

Clearly, any further enhancement of the electrochemical
behavior of EC electrodes requires the rational design of
electroactive materials with well-defined nanostructures.” To
this end, the use of nanotubes offers a number of advantages in
terms of offering greater packing density, electron transport
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along the vertical axis, electrolyte access, and electrical contact
without agglomeration; these ultimately lead to a higher rate
capability and greater cyclic stability.””™** Of the various
methods available for synthesizing nanotubes, solution-based
chemical methods tend to provide the best combination of
quality, quantity, and reproducibility.”*~** Therefore, up until
now, most 0D RuO, structures have been prepared by using
either sol—gel or hydrothermal methods.>” However, previous
reports of RuO, nanotubes have relied on a template-based
method that relies on anodic aluminum oxide (AAO) or
manganese oxide nanorods and, therefore, requires additional
steps to remove the template.”” The development of a simple,
template-free method of producing RuO, nanotubes is
therefore of great interest to large-scale preparation and
application.

In this study, we use a microwave-hydrothermal process to
carry out, for the first time, the template-free synthesis of 1D
RuO, nanotubes. We hope to produce EC electrodes with an
improved gravimetric and volumetric capacitance, which would
make them ideally suited for use in electrochemical capacitors.
The mechanism behind the morphological evolution of these
nanotubes' ~® is discussed in relation to the effect this has on
the capacitance and rate capability.

B EXPERIMENTAL SECTION

Synthesis. Synthesis of the nanotubes was achieved by a
microwave-hydrothermal process, in which 1.0 g of RuCl;-nH,0
(Sigma-Aldrich) powder was first added to 100 mL of a 10 M NaOH
aqueous solution (Sigma-Aldrich). This solution was then stirred at
room temperature for 3 days, during which time a black precipitate
was formed. Next, the solution and precipitate were transferred into a
Teflon vessel, which was sealed and placed in a microwave system
(MARS-5, CEM). This was then heated to 200 °C in less than 10 min
and maintained at this temperature for 0.5, 2, or 4 h. Once the reaction
was completed, the Teflon vessel was removed from the microwave
system and cooled to room temperature. The resulting suspension was
then filtered, and the residue collected was washed with water and
freeze-dried.

Characterization. The morphology and structure of the nanotubes
produced were characterized by transmission electron microscopy
(TEM: JEM-3010, JEOL), X-ray diffraction (XRD: Rigaku, Cu Ka, 40
kV, 20 mA), and Raman spectroscopy (T64000, Jobin Yvon). X-ray
photoelectron spectroscopy (XPS: Thermo Electron, ESCA 2000) was
used to analyze elemental composition. Thermogravimetric experi-
ments were carried out on a thermogravimetric analyzer (Mettler
Toledo) in flowing air by increasing the temperature from room
temperature to 800 °C at a rate of 10 °C-min™".

Electrochemical measurements were performed using a three-
electrode electrochemical cell, in which a platinum plate and saturated
calomel electrode were used as the counter and reference electrodes,
respectively. The working electrode was fabricated from a mix of 75 wt
% nanotubes, 15 wt % carbon black, and 10 wt % polyvinylidene
fluoride dissolved in N-methylpyrrolidone. This slurry was coated onto
a titanium foil and dried overnight at 80 °C. The area of the resulting
working electrode was 1 X 1 cm” and contained approximately 1—2
mg of nanotubes. For comparison, the initial precipitate sample, RuO,-
120 min sample, and commercial RuO,-H,0 nanopowder (Sigma-
Aldrich) electrodes were also prepared with the same weight ratio of
75:15:10.

Cyclic voltammetry (CV) and charge/discharge testing was
performed in a 1 M H,SO, solution within a potential window of
0.0—1.0 Vg using a potentiostat/galvanostat (VMP3, Princeton
Applied Research). The current response in the CV curves was
normalized with respect to the mass of the nanotubes, while the total
electrode weight and volume were used to calculate the specific
capacitance (C,) and volumetric capacitance (C,), respectively. All
current rates were set on the basis of the RuO, nanotube in the

working electrode, allowing the volumetric capacitance to be calculated
as

C,(F-em™) = C(F-g™") X d(g-cm™) (1)

where d is the typical density of the electrode. The density is calculated
by dividing the mass with the volume of the electrode (area X
thickness, measured).

Bl RESULTS AND DISCUSSION

The black-colored precipitate produced by the addition of
RuCl;-nH,0 to NaOH was identified as RuO,-2H,0, while the
green supernatant was found to contain RuO,~ anions due to
the disproportionation reaction of ruthenate, RuO,*”, accord-
ing to the redox potential—pH diagram.'”*"**

3RuO,>” + (2 + x)H,0 — 2Ru0,” + RuO,-xH,0 + 40H"
@)
The precipitate was deemed to be amorphous because its
XRD pattern lacked any discernible peaks, and so XPS analysis
was used to determine its oxidation state. This revealed two
peaks, one at 280.8 eV for Ru 3ds,, and one at 285.5 eV for Ru
3dy),, indicating the presence of RuO,*** (Figure Sla,
Supporting Information). The diameter of this initially formed
RuO, particle was 300—400 nm (Figure Slb,c, Supporting
Information).
Microwave-hydrothermal treatment of the solution at 200 °C
for 4 h produced 20—60 nm long nanotubes of RuO, with a
diameter of ca. 5—7 nm, as shown in Figure la. The high

Figure 1. TEM images of ruthenium oxide nanotubes. (b) is a
magnified image of (a) (Inset: selected area electron diffraction
(SAED) of ruthenium oxide nanotubes).

magnification image in Figure 1b confirms the hollow nature of
these tubes. In Figure 1, numerous one-dimensional products
(nanotubes and nanorods) are observed and most of them are
nanotubes. In the initial stage of the microwave-hydrothermal
process, the nanosheets are generated on the surface of RuO,
precipitates and from perruthenate (RuO,”) solution. We
believe that the nanosheets grow with an increasing tendency of
curling, leading to the formation of nanotubes. We will discuss
the formation mechanism later. The nanotubes are entangled
with each other, forming mesopores due to the formation
mechanism of the nanotube. Fortunately, the high capacitance
values can be obtained for mesoporous networks of entangled
nanotubes with an open central channel. The inset of Figure la
shows the corresponding selected area electron diffraction
(SAED) pattern. The corresponding SAED patterns in Figure
la confirm that these hierarchical architectures are polycrystal-
line.

The formation process of these nanotubes was investigated
by varying the synthesis reaction time. Nanosheets were found
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Figure 2. Schematic illustrating the proposed nanotube formation mechanism and TEM images of nanotubes formed for different reaction times: (a)
reaction time = 0.5 h, (b) reaction time = 2 h, and (c) reaction time = 4 h.

to form on the surface of irregular particles within the first 0.5 h
(Figure 2a); however, when the reaction time was increased to
2 h, nanoflowers composed of multiple nanosheets were
formed (Figure 2b). The mechanism of the formation of
different nanostructures with time has been proposed in a
previous study.”' Closer inspection of these nanoflowers reveals
that they have a tendency to curl into tubes, and so as the
reaction proceeds, more and more nanotubes are observed
(Figure 3). These observations suggest that nanotube-like

Figure 3. TEM images of curling sheets at the nanoflowers produced
after 2 h of microwave-hydrothermal treatment.

products are first generated on the surface of RuO, precipitates
during the initial stages of the hydrothermal reaction, though
there are a number of possible mechanisms by which nanotubes
could be formed from nanosheets. The mechanism considered
most likely in this instance is shown in Figure 2. In this case,
the driving force for rolling is provided by surface forces
generated by localized regions of high surface energy and
mechanical tension created by the high temperature and
pressure of the process.”” The exact mechanism for the
formation of tubular nanostructures in our study is still under
investigation. However, on the basis of our observations, we
proposed the rolling mechanism for the conversion from
nanosheets to nanotubes.

It is clear that the much more open structure of the RuO,
nanotubes would allow faster H" ion diffusion, leading to an
improved high rate capability when used as an EC electrode.
This nanoscale structure also affords several other advantages,
such as its 1D nature allowing for a substantially higher tap
density by increasing the volumetric energy density.”® For
example, the tap density of RuO, nanotube powders is around
0.88 g-cm™>, while that of commercial RuO, powder is about
0.55 g-cm™>, making the former a more attractive candidate for
the positive electrode in ECs designed for a high energy
density. This concept of using a 1D nanostructure to maximize
tap density has been demonstrated in the past with carbon,
silicon, and various other materials.”™* The use of a 1D
nanotube has also been shown in previous studies to reduce the
tortuosity of electron and ion transport, thereby improving the
rate capability.”*"

The X-ray diffraction (XRD) pattern of the RuO, nanotubes
formed after 2 and 4 h (Figure 4a) reveals two broad, low-
intensity peaks at 32° and 37° that are concordant with the
(110) and (101) reflections of rutile RuO, (JCPDS No. 43-
1027). As reaction time increased, we can observe that the
intensity of peaks is slightly higher. The broadening of these
peaks suggests that the sample is in a poorly crystalline state,
and so, Raman spectroscopy was used to examine the
microstructure further (Figure 4b). This identified only a
single broad peak at 470 cm™' attributable to hydrated
RuO,,””"** and so given the clearly nanocrystalline nature of
the nanotubes, XPS was used to determine their composition.
As can be seen in Figure 4c,d, this revealed Ru 3d;,,, Ru 3d;),,
and O 1s peaks at 281.2, 285.4, and 530.0 eV, respectively. This
corresponds to the binding energy of Ru*', thus confirming the
presence of RuO,.”**

Since the electrochemical properties of RuO, are highly
dependent on its degree of hydration,” thermogravimetric
analysis was performed to estimate the hydration number (x) of
the RuO,-xH,O present in the nanotubes formed after 4 h. The
nanotubes exhibited a continuous weight loss of approximately
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Figure 4. (a) XRD patterns, (b) Raman spectra, and (c) Ru 3d and (d) O 1s XPS spectra of nanotubes synthesized using a microwave-hydrothermal

process.

20.0% of their initial weight (Figure S2, Supporting
Information) up to 200 °C; from this, we determined the
chemical composition to be RuO,-1.84H,0.”

To further research the specific surface areas and the porous
nature of RuO, nanostructures, nitrogen adsorption—desorp-
tion isotherms are shown in Figure S3, Supporting Information,
and the inset illustrates the corresponding Barrett—Joyner—
Halenda (BJH) pore size distribution plots. Subsequent
measurements of the nanotubes produced a Type IV isotherm
with H3 hysteresis. The morphology of the nanotubes resulted
in a high BET surface area of approximately 250 m*-g™', which
is a value that is comparable to that of ruthenium oxide/carbon
composites.”® The average pore diameter was 3—4 nm,
according to the BJH plot calculated from the nitrogen
isotherms of the nanotubes. The pores may correspond to the
pores inside the nanotubes. This result is in good agreement
with the results of TEM, indicating the nanotubes are mainly
formed. This is advantageous when it comes to enhancing the
performance of an EC, as the combination of a large specific
surface area and open tubular structure ensures a short ion
diffusion path and rapid ion transport."’

To evaluate the electrochemical properties of an electrode
based on the synthesized RuO, nanotubes (RuO,-240 min
samples), cyclic voltammograms (CVs) were measured within a
0.0—1.0 Vgcg potential window at various scan rates in 1 M
H,SO, to evaluate its rate capability. In the resulting CV curves
(Figure Sa,b), the current has been normalized with respect to
the mass of the electrode. Note that in Figure 5a only a single
broad peak was obtained in both the anodic and cathodic scans,
which is typical capacitive behavior of RuO,«H,0O and
indicates that the capacitance is produced by both a Faradaic
mechanism and double-layer mechanism. The electrode
exhibited a featureless CV for scan rates as high as 100 mV-
s7!, indicating its superior high rate capability, which was
because the electrolyte had greater access to the electrode’s
active surface.

In Figure 5b, the charge—discharge tests of synthesized RuO,
nanotubes (RuO,-240 min samples) performed at current
densities of 0.5—-50 A-g™' also revealed that no significant
voltage (IR) drop occurs at the beginning of the discharge cycle
at densities between 0.5 and 16 A'g_l, suggesting that the
electrical conductivity of the electrode is reasonably high. The
specific capacitance of the electrode was calculated to be 511,
506, 505, 495, and 393 F'g_1 at discharge current densities of
05, 1,2, 4, and 50 A-g_l, respectively, indicating a decrease in
specific capacitance of only 23% over this current density range
(black solid circles, Figure Sc). We investigated the electro-
chemical properties of materials prepared in a shorter reaction
time, the initial precipitates, and RuO,-120 min. The specific
capacitances of initial precipitate and RuO,-120 min sample
were 337 and 501 F-g™" at discharge current density of 0.5 A-
g~!, respectively. The low specific capacitance of initial
precipitates can be attributed to its large and irregular particle
size. The specific capacitance of RuO,-120 min sample is
similar to that of RuO,-240 min sample at low current density.
However, the specific capacitances of initial precipitates and
RuO,-120 min sample were decreased rapidly, and the voltage
(IR) drop increased with a higher discharging current density
(Figure S4, Supporting Information). We cannot evaluate the
specific capacitance initial precipitates and RuO,-120 min
sample over 8 and 16 A-g~', respectively, due to its rapid drop.
It suggests that the crystallinities of the initial precipitates and
RuO,-240 min sample were very poor and increased with an
increase in the hydrothermal reaction time to 240 min. This
observation is consistent with the results obtained from the
XRD measurement, too (in Figure 4a).

The factors that contribute most to this high specific
capacitance and good high-rate capability are the easy access to
the interior afforded by the open ends of the nanotubes and the
fast mass transport of H' ions to electrochemically active sites.
The hydrous nature of the nanotubes may also play an
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Figure S. (a) Cyclic voltammograms (CVs) at scan rates of 10—100
mV-s™" (inset: 2 mV-s™"). (b) Discharge curves (current density: 0.5—
S0 A-g™') (inset: charge—discharge curve at 0.5 A-g™') of RuO,
nanotube electrode. (c) Specific capacitances of materials with
different reaction times. Circles: Ru0,-240 min (RuO, nanotube)
electrode; stars: RuO,-120 min electrode; triangles: initial precipitate
electrode.

important role, however, in promoting the mass transfer of
protons and accelerating the redox transitions of RuO,.

As the volumetric capacitance of an electrode is another
critically important concern, the specific capacitances in Figure
6 were converted to volumetric capacitances based on an
electrode density of 1.04 g-em™>. This revealed that the
volumetric capacitance of these nanotube electrodes can be as
high as 531 F-cm™ at 0.5 A-g_l, which is more than 1.8 times
the value obtained with a commercial RuO, nanopowder
electrode (289 F-cm™ = 507 F-g~! X ~0.57 g-cm™>). The right
axis of Figure 6 shows the volumetric capacity of the RuO,
nanotube electrode derived from the specific capacitance on the
left axis. It can be seen that there is an increase in the
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Figure 6. Specific (left) and volumetric (right) capacitances (circles:
RuO, nanotube electrode; squares: commercial RuO, powder
electrode).

volumetric capacitance over the gravimetric capacitance owing
to the high tap density of the nanotube powder. Thus, although
there are few references to the volumetric capacitance of RuO,
in the literature, it is useful to note that the volumetric
capacitance is comparable to the gravimetric capacitance.

The specific capacitance and high rate capability of RuO,
electrodes have been found to be highly sensitive to the amount
of water in the structure.”””” For example, when unannealed
and containing at least two water molecules, RuO, has a specific
capacitance of 527 F-g~'.*” This value reaches a maximum of
720—900 F-g~' when it is annealed at 150 °C to give an
approximate composition of Ru0,-0.5H,0;>° however, when
measured at a scan rate of S0 mV-s™', the specific capacitance
decreases rapidly to just 36% of that measured at 2 mV-s™". In
addition, although hydrous RuO, with high capacitances of up
to 1500 F-g~' and excellent high rate capabilities have been
reported, an accurate comparison is made difficult by the
ultralight mass of these electrodes.'**

A long cycle life is another critical factor to the practical
application of EC electrodes, with Figure 7 showing the
variation in specific capacitance of the nanotube electrode after
repeated cycles at a constant scan rate of SO mV-s~'. It is
evident from this that even after S000 cycles a superior
capacitance retention of 88.5% was maintained. This is in stark
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Figure 7. Cyclability of the nanotube electrode (at constant scan rate
of 50 mV s7%).
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contrast to previous reports, in which the capacitance of highly
hydrous RuO, (hydration degree x = 2.0) dropped so rapidly
that only 4% of its initial capacitance was maintained after 50
cycles.'” Moreover, even though the cyclability of hydrous
RuO, (hydration degree x = 0.5) improves after being heated
to 150 °C, its loss of capacitance is still significant (45% after
200 cycles).

The high capacitance, excellent rate capability, and good
cycling stability of RuO, nanotube electrodes can be attributed
to both their hydrous nature and the high surface area created
by their unique 1D hollow structure. The interior space created
by the tubular nanostructure allows easy penetration of the
electrolyte into both the inner region of the electrode and its
outer surface area, resulting in reduced internal resistance and
improved electrochemical performance.

B CONCLUSIONS

The template-free synthesis of 1D-ruthenium oxide nanotubes
has been made possible by the use of a microwave-
hydrothermal process. This unique morphology has been
shown to produce a greatly improved specific and volumetric
capacitance, remarkable rate capability, and superior cycle
performance when used as an electrode material in an
electrochemical capacitor. This excellent electrochemical
performance is attributed to the ease with which an electrolyte
can access the interior of the tubes through their open ends,
thereby ensuring the rapid mass transport of H' ions to
electrochemically active sites. The hydrous nature of the
nanotubes can also play an important role in promoting the
mass transfer of protons and accelerating the redox transitions
of RuO,.
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© Supporting Information

S1: (a) XPS and (b) TEM images of initial precipitates before
microwave-hydrothermal reaction and (c) a higher magnifica-
tion image of (b); S2: thermogravimetric analysis (TGA) of
nanotubes formed using a reaction time of 4 h; S3: N2
adsorption—desorption isotherms of the nanotubes formed
using a reaction time of 4 h. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b04360.
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