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Nanocrystalline Ru film is deposited on Ni foam by a chemical
replacement reaction. The deposited Ru film exhibits a mesoporous
structure comprising nanocrystallites and nanopores of 2-3 nm in
diameter. A 1.8 V symmetric supercapacitor is developed using
nanocrystalline Ru films as both negative and positive electrodes.

To meet the increasing needs for sustainable and renewable
power sources in the modern electronic industry, many efforts
have been devoted to developing flexible, lightweight and
environmentally friendly energy storage devices, such as
batteries and supercapacitors. Supercapacitors, also called
electrochemical capacitors, with higher energy density
compared to traditional electrostatic capacitors and higher
power density compared to rechargeable batteries, are prom-
ising candidates for the next-generation power devices.'
Currently, most commercial supercapacitors are based on two
symmetric activated carbon (AC) electrodes separated by a
polymeric membrane impregnated with an organic electrolyte.”
The organic electrolytes, usually with high voltage window up to
4V, have many disadvantages including low ionic conductivity,
high cost, tedious purification processes and flammability. On
the contrary, aqueous electrolytes have merits in terms of high
ionic conductivity, low cost, inflammability, and environmental
benignity, which make the supercapacitors using aqueous
electrolytes more desirable for practical applications. However,
the restriction of aqueous electrolytes is a limited operating
voltage of about 1.23 V at which water decomposes. To further
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improve the energy density of aqueous electrolyte-based
supercapacitor, widening the voltage window is the key. One
strategy is to select electrode materials that have high over-
potentials for hydrogen and/or oxygen evolutions. Another one
is to combine different positive and negative electrode materials
that have well-separated potential windows to make asymmetric
supercapacitors, enabling widening of the cell voltage.

Various types of aqueous electrolyte-based asymmetric
supercapacitors, such as AC//MnO, and AC//Ni(OH),, have
been developed to achieve a cell voltage of 1.4-2.0 V.>®* AC is
usually used as the negative electrode due to its higher over-
potential for hydrogen evolution. However, AC is relatively low
in mass specific capacitance, so exploring alternative material
with higher specific capacitance as negative electrode is critical
to further increase the device's energy density. Several studies
indicated that metal oxides could also be used as negative
electrodes in asymmetric supercapacitors.”*" Assembling
symmetric supercapacitor using the same electrode material
for both cathode and anode could simplify the fabrication
procedure. However, except for AC, symmetric supercapacitors
using metal oxides as electrode materials usually show much
lower cell voltages compared to those of asymmetric super-
capacitors. Reddy et al. reported a symmetric MnO,//MnO,
supercapacitor with a cell voltage of 0.7 V and Dubal et al
fabricated a symmetric Mn;0,//Mn;0, supercapacitor with a
cell voltage of 1 V."»* A symmetric supercapacitor based on
two nickel-cobalt oxide electrodes was fabricated by Lu et al.,
giving a cell voltage of 0.5 V.** Only recently, Xia et al. devel-
oped a high-voltage symmetric RuO,//RuO, supercapacitor
that gives a cell voltage of 1.6 V.* Although the cost is rela-
tively high, RuO, has a high capacitance, reversible charge/
discharge features, and good electrical conductivity, all of
which make it promising for high-performance super-
capacitors. Despite RuO,, nanocrystalline Ru could also be a
promising electrode material for supercapacitors as
Juodkazis et al.*® suggested the theoretical capacitance of Ru is
about 3800 F g~ ' based on the reversible faradaic process as
follows:
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Ru + 3H,O < Ru(OH); + 3H" + 3e~ (1)

In this work, nanoporous Ru thin film was deposited on the
Ni foam by a chemical replacement reaction. It was found that
the Ru film on the Ni foam exhibits high overpotentials for both
hydrogen and oxygen evolutions in the neutral electrolyte of 1 M
Na,SO, and large areal capacitance in both negative and posi-
tive windows. A 1.8 V symmetric supercapacitor, having prom-
ising supercapacitive behavior, was developed using the Ru
films as both cathode and anode.

The Ni foam has an open pore structure with an area density
of approximately 500 ¢ m~ 2, and an average pore size of 0.2 to
0.5 mm. Before being used as a substrate, the Ni foam was
washed with a solution of 1 wt% HCI for 5 min. After that, it was
cleaned with an ultrasonic cleanser in ethanol bath for 10 min.
The Ni foam was then dipped into a RuCl; solution (0.1 M) at
room temperature for 10 min for the chemical replacement
reaction as follows:"”

3Ni + 2Ru*" — 2Ru + 3Ni** (2)

Finally, the Ru/Ni-foam was washed with distilled water and
dried in a vacuum oven at 60 °C for 1 h.

The crystalline structure of the Ru/Ni foam was characterized
by X-ray diffraction (XRD, Shimadzu X-ray diffractometer 6000,
Cu-Ko. radiation) with a scan rate of 2° min~'. The surface
morphology of Ru/Ni foam was investigated by field emission
scanning electron microscopy (FESEM, Hitachi, S-4300). A small
amount of Ru film sample was obtained from the Ru/Ni-foam by
ultrasonic vibration for 10 min in ethanol. The collected Ru
sample was further investigated by transmission electron
microscopy (TEM, JEOL, JEM-2010). The Ru/Ni-foam with a
geometric area of about 1 cm” was used as the electrode for
electrochemical characterization. The electrochemical perfor-
mance of Ru/Ni-foam was investigated by cyclic voltammetry
(CV) and galvanostatic charge/discharge using a Solatron 1287
electrochemical interface. The electrochemical performance of
individual Ru/Ni foam electrode was tested using a three-elec-
trode cell with a platinum foil counter electrode and an Ag/AgCl
(saturated KCl) reference electrode. The symmetric super-
capacitor was tested in a two-electrode cell using two Ru/Ni
foam electrodes. For both three-electrode and two-electrode
cells, 1 M Na,SO, was used as the electrolyte.

It is difficult to see any difference from the XRD patterns of
the Ni foam and the Ru/Ni-foam (Fig. S1, ESIt). For both XRD
pattern, three peaks located at 26 = 44.3, 51.7, and 76.4° can be
attributed to the characteristic (111), (200) and (220) crystallo-
graphic planes of metallic nickel with a fec structure (JCPDS
card no. 65-0380). It is possible that the diffraction peaks from
Ni foam are too strong so that the diffraction peaks from the
nanocrystalline Ru film are too weak to be observed. Moreover,
some diffraction peaks of metallic Ru with hcp structure (like
(101)) could be overlapped with the Ni diffraction peaks. The
insets in Fig. S11 show the photo images of the Ni foam and Ru/
Ni-foam. After the chemical replacement reaction, the color of
the Ni foam changes from sliver to black, indicating successful
deposition Ru on Ni foam. The deposition of Ru film on Ni foam
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was further investigated by energy-dispersive X-ray spectrometry
(EDS) analysis. The EDS spectra of the Ni foam before and after
Ru deposition are shown in Fig. 1. A strong peak of Ru was
clearly detected after the deposition, confirming the successful
deposition of Ru on the Ni foam.

Fig. 2a and b show the low-magnification FESEM images of
the Ni foam before and after the chemical replacement reaction.
After the chemical replacement reaction, the surface
morphology of the Ni foam appears even smoother, indicating
the successful deposition of a uniform Ru film. The inset in
Fig. 2b shows the cross-section view of the film from a peeling
area, where we can estimate the thickness of the film to be
about 500 nm. Fig. 2c and d show the FESEM images of the Ni
foam after Ru deposition with high magnifications. It can be
seen that the film is highly porous, consisting of very fine
nanoparticles. The microstructure of the film was further
investigated by TEM. As shown in Fig. 2e, the Ru film presents a
fine-porous structure with continuous three-dimensional
framework porosity (also see Fig. S2, ESIT). The average particle
size for the Ru particles is about 2-3 nm and similar size is
observed for the pores. At higher magnification, the TEM image
(Fig. 2f) reveals the spherical nanoparticles are single crystalline
exhibiting lattice fringes characteristic for metallic Ru. The
lattice fringes with an interplanar spacing of 0.234 nm corre-
spond to the Ru (100) planes (Fig. S2, ESIf). The electron
diffraction pattern of the Ru nanoparticles (inset in Fig. 2f)
shows broad rings with the d-spacings, of hcp Ru metal. The
broadening of the diffraction rings suggests that the particles
are small and/or are of low crystallinity."®
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Fig. 1 EDS spectra of bare Ni foam (a) and Ru/Ni foam (b).
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Fig. 2 Low-magnification FESEM images of (a) Ni foam and (b) Ru/Ni
foam. High-magnification FESEM images (c and d) of Ru/Ni foam. TEM
images (e and f) of Ru thin film sample. Inset in (b) is the cross-section
FESEM image for the Ru film. Insets in (f) are the interplanar spacing for
the lattice fringes and the electron diffraction pattern for the Ru
nanoparticles.

CVs of the Ru thin film electrode in various voltage windows
in a three-electrode cell at a scan rate of 50 mV s~ are shown in
Fig. 3. As shown in Fig. 3a and b, the CVs of the Ru thin film
electrode exhibit similar rectangular shape in both negative
voltage window (—1 to 0 V vs. Ag/AgCl) and positive voltage
window (0-1 V vs. Ag/AgCl), indicating ideal capacitive behavior.
Due to the loss of Ni during the chemical replacement reaction,
it is difficult to calculate the mass specific capacitance of the Ru
thin film electrode. The areal specific capacitances of Ru thin
film electrode in the negative and positive voltage windows are
0.25 and 0.27 F cm ™2, respectively. Fig. 3c shows the CV of the
Ru thin film electrode between —1 and 1 V vs. Ag/AgCl at a scan
rate of 50 mV s~ ". It can be seen that the Ru thin film electrode
has good electrochemical stability in a very broad potential
window of about 2 V in 1 M Na,SO, aqueous electrolyte. Based
on the operating voltage widow determined by the CV results, a
symmetric supercapacitor using two Ru thin film electrodes is
expected to have a high working voltage up to 2 Vin 1 M Na,SO,.
The high working voltage of the Ru//Ru symmetric super-
capacitor is due to the broad voltage window of Ru electrode in
the neutral aqueous electrolyte. As observed from the CV
results, it is clear to see that water starts to decompose on the
Ru electrode when the voltage increases to 1 V or decreases to
—1 V. The CV results indicate that the Ru/Ni foam has high
overpotentials for both hydrogen and oxygen evolution in the
neutral aqueous electrolyte. CVs of the bare Ni foam in various
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Fig. 3 CV curves of the Ru/Ni foam electrode in various voltage
windows: (a) —1to 0V, (b) 0-1V and (c) —1to 1V vs. Ag/AgCl at a scan
rate of 50 mV s%.

voltage windows were measured for comparison purpose
(Fig. S3, ESIf). It was found that CVs of the bare Ni foam have
currents 10 times smaller than those of the Ru/Ni foam, indi-
cating that the capacitance was mainly contributed by the Ru
nanocrystallines.

A symmetric Ru//Ru supercapacitor was assembled in the
two-electrode Swagelok cell. Fig. 4a shows the CVs of the full cell
between 0 and 1.8 V at various scan rates between 20 and
200 mV s~ '. However, the operating voltage of the Ru//Ru
symmetric supercapacitor cannot be extended to 2 V due to a
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Fig. 4 (a) CV curves of the Ru//Ru symmetric supercapacitor at
different scan rates from 20 to 200 mV s~ (b) Charge/discharge
curves of the full cell at different current densities. (c) The specific areal
capacitance of the device at different current densities. (d) Cycle
performance of the Ru//Ru symmetric supercapacitor.

sudden current leap occurs at voltage beyond 1.8 V, which is
probably due to the water decomposition (Fig. S4, ESIt). The CV
curves of the full cell exhibit quasi-rectangular shape with a
mirror image feature even at a high scan rate of 200 mv s,
indicating highly reversible charge/discharge responses and
good rate capability for the device. The galvanostatic charge/
discharge curves of the symmetric supercapacitor at different
current densities are shown in Fig. 4b. The linear relationship
between the voltage and time indicates a typical capacitor
behavior. The specific areal capacitances of the fabricated Ru//
Ru symmetric supercapacitor can be calculated based on the
charge/discharge curves. As shown in Fig. 4c, the highest areal
capacitance of the Ru//Ru symmetric supercapacitor can reach
about 67 mF cm ™ at a current density of 1 mA em™>, which is
larger than the values reported for other symmetric super-
capacitors, such as MnO,//MnO, (~26 mF cm™>) and carbon//
carbon (~31 mF cm™?) supercapacitors,’®* Even at a high
current density of 10 mA ecm ™2, the Ru//Ru symmetric super-
capacitor can still deliver a high areal capacitance of 48 mF
cm?, indicating excellent rate performance. Fig. 4d shows the
cycle performance of the Ru//Ru symmetric supercapacitor
charged and discharged at a current density of 2 mA cm > for
2000 cycles. The initial increase of the capacitance for the first
200 cycles is due to the electrode activation process, which
involves the electrolyte penetration into the Ru film, resulting in
an increase of the electrode-electrolyte interface. The decrease
of the capacitance for the following cycles is probably due to the
dissolution and detachment of the active material into the
electrolyte during the long time cycling. No capacitance loss was
achieved by the device after 2000 cycles, indicating great cycling
stability of the Ru//Ru symmetric supercapacitor.

In summary, nanoporous Ru thin film consisting of ultrafine
nanoparticles was deposited on the Ni foam by chemical
replacement reaction. The Ru thin film electrode exhibited high
electrochemical stability in 1 M Na,SO, aqueous electrolyte and
large areal capacitances in both negative and positive voltage
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windows. A 1.8 V symmetric supercapacitor has been developed
by using two Ru thin film electrodes. The Ru//Ru symmetric
supercapacitor exhibited large areal capacitance up to 68 mF
cm 2 at a current density of 1 mA cm™? and good rate capability.
Moreover, no capacitance loss was achieved for the Ru//Ru
symmetric supercapacitor after 2000 charge/discharge cycles,
indicating excellent cycle performance. The present results
indicate the nanocrystalline metals could be promising electrode
materials to develop high voltage symmetric supercapacitors.
This work was supported by National Natural Science
Foundation of China (no. 51102134), Natural Science Founda-
tion of Jiangsu Province (no. BK20131349), China Postdoctoral
Science Foundation (no. 2013M530258), and Jiangsu Planned
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