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Carbon nano-fiber forest foundation for
ruthenium oxide pseudo-electrochemical
capacitorsy
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Ruthenium oxide was coated on directly grown carbon nano-fibers (CNF) on nickel foam current
collectors at different coating temperatures. The extended surface area and the porous nature of the
CNF forest along with the pseudo-capacitance nature of ruthenium oxide enhanced the performance of
the electrodes. As the ruthenium oxide coating temperature played a vital role in the charge storage
process, an ideal temperature for the oxide formation was determined to optimize the capacitance
and stability. Using 6 M KOH as the electrolyte, these samples showed a high aerial capacitance of
822 + 04 mF cm™2 at a current density of 20 mA cm™2 and retained 94% of its initial capacitance after
5000 charge—discharge cycles. The maximum energy and power density measured were 362 mW h m~2
and 957 kW m™2 respectively. Considering the facileness and the high-performance metrics, this process is
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1. Introduction

Due to the rapid depletion of fossil fuels and the increasing
severity of environmental pollution, innovation and research
towards harnessing alternative energy resources have gained
considerable attention." One of the key challenges here is the
storage and conversion of harnessed energy in an efficient
manner. Among the energy storage devices currently available,
batteries are favored by the market because of their high energy
density. Supercapacitors, on the other hand, have a relatively
lower energy density, but they offer a fast charge/discharge rate,
good stability, very long life-cycles, and have a high power
density.>* These unique advantages of supercapacitors make
them desirable as power sources either individually or com-
bined with other energy storage devices to build a hybrid power
supply system. Lower energy densities are the biggest downside
of these devices when compared to batteries. Developing
economically viable high energy density materials for super-
capacitor electrodes would be the potential solution for this
problem.

Currently, various carbon-based materials have been inten-
sively studied and proved to be excellent electrode materials for
supercapacitors, which include carbon nanotubes (CNT), car-
bon aerogels, activated carbon, fullerene, graphene and carbon
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easy to scale-up and the electrodes are promising for high-power supercapacitors.

nano-fibers (CNF).>”® The carbon materials have special advan-
tages such as a high specific surface area, an excellent thermal
and electrochemical stability, a wide operating temperature
range, as well as good compatibility with metals oxides.’

However, one common problem among most carbon-based
materials is their inherent difficulty to be used directly as an
electrode on the current collector as most carbon materials are
in powder or flake forms. Therefore, binders are needed to
produce a slurry mixture of the materials to manufacture
mechanically intact electrodes. Inevitably, the binders are
electrically non-conductive which will result in higher electric
resistance and undesired coverage of the electrode material
surface area, which will further reduce the overall performance
of a supercapacitor.’®'! Besides, the specific capacitance of
carbon-based materials is still low because of their charge
storage mechanism, which is based on the electrostatic charging/
discharging of the electrochemical double-layer.

Another category of supercapacitor is called pseudocapacitor,
which are mostly based on pseudocapacitive metal oxide/hydro-
xide materials such as RuO,, MnO,, V,0s, ZnO, IrO,, etc.'>™**
Transition metal oxides/hydroxides can provide much higher
capacitance than carbon-based materials because of the contribu-
tion of very fast reversible redox reactions during the charge
storage process on the surface and within the thin sub-surface
region.">'® Among the transition metal oxides mentioned above,
RuO, is believed to be one of the best candidates for its record-
high capacitance, excellent electrical conductivity, and superior
electrochemical reversibility and stability.'””"® However, the major
drawbacks that prevent using ruthenium oxide for commercial
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production include its high costs and loss of power density when
operating at high charge/discharge rates. A promising solution to
solve the problems mentioned above is to fabricate composite
materials that utilize the porous structure and larger surface area
of carbon materials together with transition metal oxides.'®° The
hybrid materials show strength in improving energy and power
density, as well as enhancing the cyclic stability of the electrodes
operating in various electrolytes.

In this work, we introduce for the first time, RuO, loaded on
CNF directly grown on nickel foam (Ni-f) substrates via a
thermal decomposition method. The highly active redox nature
of RuO, was fully realized by enhanced surface area from the
underlying CNF, which further provided exceptional specific
energy and specific power. The novel and facile technique
to produce binder-less electrodes are easy to scale up for
commercial production due to minimal preparation steps and
minimal use of RuO,. The effect of electrode preparation
temperature on the capacitance was carefully investigated
utilizing both surface characterization techniques and electro-
chemical measurements. This high-performance material with
superior cycling stability makes it an outstanding candidate
as pseudocapacitor electrodes for practical applications.
Compared with ruthenium oxides produced by other methods,
the capacitance of our electrodes is amongst the highest level of
state of the art pseudocapacitors.

2. Materials and methods

2.1. Electrode preparation

CNF were grown on Ni-f (80 uM thick, MTI corp.) using the
method described in our previous article.® Briefly, Ni-f was cut
into 1 cm X 1 cm squares and cleaned in 0.1 M acetic acid and
then sonicated in ethanol for 10 minutes. Further, these pieces
were dried and weighed (ultramicro balance Sartorius S4).
Then, these cleaned foam pieces were placed on a ceramic boat
and positioned at the center of a horizontal split furnace
(Lindberg-Blue HTF5500; 120V/30A). Argon at a flow rate of
500 sccm was flown throughout the process. The Ni-f structure
was preheated at 410 °C for 30 min and then 50 sccm of
acetylene was passed for 5 min (injection phase), followed by
a 30 min growth phase, and later the furnace was cooled down
to the room temperature. The Ni-f was weighed before and after
the growth of CNF to determine the carbon mass accumulation.

The carbon accumulation was found to be 3.88 + 0.07 mg cm >,

Ni-f
Fig. 1 Schematic of the electrode preparation, from Ni-f to RuO,—CNF.
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The ruthenium oxide layer was coated on the CNF by the
thermal decomposition method. The precursor solution of
0.15 M RuCl;-xH,O (Sigma Aldrich 206229) was carefully
applied on the CNF substrate using a pipet. A total of 3 drops
(22.5 pL in total) of the precursor solution were deposited on
the surface of CNF substrate to ensure the surface was fully
covered. After applying the first coat, the CNF substrate was
placed into the furnace in air and was annealed for 15 min at
different temperatures (200 °C, 250 °C, 300 °C, 350 °C, 400 °C -
experimental parameter). Then, the CNF substrate was
removed from the furnace and placed at room temperature
for cooling for 10 min before another layer was applied. Three
layers of RuCl;-xH,O precursor solution was applied in total
and the last layer was annealed in the furnace for 1 h in order to
fully oxidize the precursor. This method was determined as
being optimal, following several experiments using variations
in coating layers (results not discussed in this article).
A schematic of the electrode preparation is shown in Fig. 1.
Error bars in the graphs or the measure of variability reported
in this work represent standard deviation with n = 3, unless
specified with a different n value.

2.2. Material characterization

Hitachi Cold FE SU-8000 SEM (scanning electron microscope)
along with energy-dispersive X-ray spectroscopy (EDX) was used
to evaluate the surface topography and elemental composition.
Transmission electron microscope (TEM) images were captured
using Talos-F200X from Thermo Fisher scientific. S160 carbon
film-200 mesh copper grids from Agar Scientific were used
to mount the sample. The RuO,-CNF electrode was simply
scraped off the Ni-f, and then acetone (optima, Fischer chemical)
was added onto the scraped power and pipetted onto the grid.
This method was adopted to ensure the presence of RuO, on
the grid. For imaging uncoated CNF, the whole CNF forest
(including Ni-f) was sonicated in acetone for two minutes and
drop cast on the grid. K-Alpha X-ray Photoelectron Spectro-
meter system (XPS) from Thermo Fisher Scientific was used
with an aluminum X-ray source to find the elemental surface
composition. An X-ray spot size of 400 pm and a pass energy of
20 eV were used for high-resolution HR-XPS curves and the
dwell time was set at 50 ms with energy step size 0.10 eV.
A dwell time of 10 ms and pass energy of 200 eV with an energy
step size of 1.00 eV was used to acquire the survey spectrum.
Avantage v5.932 software was used for curve fitting. The back-
ground of each spectrum was corrected using the Shirley-type

RuO2-CNF

This journal is © The Royal Society of Chemistry 2020
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background subtraction and the mixed Gaussian-Lorentzian
line shape functions were used to fit all HR-XPS. Thermal
gravimetric analysis (TGA, TA Instruments Q500) was per-
formed at a ramp rate of 5 °C min ™' in air. The whole electrode,
including the Ni-f current collector, was used for the analysis.
A small piece of the electrode (including the Ni-f current
collector) was loaded onto the platinum pan and loaded into
the analysis chamber. Raman spectroscopy measurements were
obtained using a DXR3 Raman (Thermo Fisher Scientific) with
a laser wavelength of 532 nm, and a laser power of 5 mW.

2.3. Electrochemical characterization

The electrodes were assembled into a 2-electrode symmetric
setup using a stainless-steel split cell, and the electrodes were
separated using a filter paper (P8 Fisher scientific) soaked in 6 M
KOH (electrolyte). Autolab PGSTAT30 (Metrohm, Netherlands)
with NOVA software (v. 2.3; Metrohm, the Netherlands) was used to
perform cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS) analysis.
Experiments were also repeated using a three-electrode setup for the
best performing sample in 6 M KOH, using Hg/HgO (1 M KOH,
—129 mV vs. saturated calomel electrode) reference electrode and a
graphite rod as the counter electrode. The working electrode was
housed in a PTFE holder (WonATech Co., Ltd, South Korea) with a
working area of 1 cm”> exposed to the electrolyte, and the graphite
rod was placed in a glass frit to separate it from the working
electrode (Ace glass, Inc., USA).

3. Results and discussion

3.1. Surface and material composition analysis

Fig. 2a and b shows the SEM images of Ni-f prior to CNF growth
and RuO, coatings. The Ni-f shows a 3D architecture with
different sizes and shapes of pores. When examined under
higher magnification (Fig. 2b), we can notice that the surface
of pure Ni-f is rather smooth and no special micro/nano-
structures can be observed apart from the grain boundaries.
Uncoated CNF grown on Ni-f is shown in Fig. 2¢, and the bright
dots are nickel particles which are formed during the CNF
growth process. Such spots do not show up on the subsequent
images which are CNF coated with RuO,. Fig. 2d-h show RuO,-
CNF prepared at 250 °C. Fig. 2d indicates the CNF-forest
coverage with RuO, coat is quite uniform over the Ni-f, including
inside the foam open structure. Fig. 2e shows the dense structure
of the CNF-forest providing a high surface area and porosity scales
in the order of pm and below. Fig. 2f shows the RuO, coating
having a smooth and uniform coverage on the CNF structures,
with the highly porous and ultrafine 3D network being preserved.
The tubular-shaped CNFs coated with ruthenium oxide are
observed to have an average diameter of 66 + 8 nm (n = 20).
Clusters of RuO, coating on CNF can be observed in the
backscattered-electron (BSE) image in Fig. 2g, and the corres-
ponding secondary-electron (SE) image is shown in Fig. 2h. BSE
and SE images showing a preserved open structure of the
underlying CNF even after oxide coating along with the EDX

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of (a and b) Ni-f before the growth of CNF, and
(c) uncoated CNF. (d—f) Secondary electron images recorded at different
magnifications, (g and h) BSE and the corresponding SE image of RuO,—
CNF prepared at 250 °C (i and j) EDX map showing the distribution of
elemental ruthenium and the corresponding SE image of RuO,-CNF
prepared at 250 °C, respectively.

spectra are shown in SFig. 1 (ESIt). Fig. 2i and j show the
distribution of elemental ruthenium exhibiting uniform distri-
bution of ruthenium oxide over CNF forest and the corres-
ponding SE image, respectively. EDX mapping of all the
involving elements of the electrode is shown in SFig. 2 (ESIf).

HR-TEM of the CNF (uncoated) in Fig. 3a shows a mixture of
graphitized and amorphous regions. We also see a narrow
hollow core in this image, however not all CNF have shown
such tubular structure (SFig. 3, ESIt). A small region in Fig. 3b
indicated by the white square is digitally magnified and shown
Fig. 3b. These graphitized pockets are disorganized in orienta-
tion amidst the amorphous region. The spacing between the
graphitic lattice is about 0.34 nm. Graphitic layers here are
wavy, discontinuous and the crystallite size appears to be small.

Mater. Adv., 2020, 1, 215-227 | 217
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Fig. 3

(@) HR-TEM image of uncoated CNF showing a large number of zones having graphitic layer structures when viewed in high resolution,

(b) enlarged image of the white-box in Fig. 3b, showing one example of such zone. The white lines and the arrow depict the spacing between the
graphitic layers, which is found to be ca. 0.34 nm, characteristic of graphite. (c) TEM image of RuO,—-CNF electrode prepared at 250 °C. Arrows show

some RuO; sheets (dark regions).

The mean crystallite size (La) can be estimated from the Raman
spectra (SFig. 4, ESIt) using a formula proposed by Mallet-
Ladeira et al.,”" and was evaluated to be 2.21 + 0.08 nm (1 = 4).
Raman spectra showed only faint peaks centered around
640 cm ™' and 520 cm ! in the case of RuO,-CNF, in addition to
the standard D (~1344 cm™ '), G (~1586 cm™ '), G’ (~2681 cm™ %)
peaks, and a peak at ~2390 cm™ ', which is a combination
scattering peak of D and G'.>*?* It is reported in the literature
that Ru crystallites show peaks centered at ~520 cm ' and
~640 cm™'.>* In this study these peaks are hard to decipher
mostly due to the shadowing of the peaks intensity with the
background from the bulk CNF forest underneath it. The defect
ratio (Ip/Ig) of the as-grown CNF is found to be 2.28 + 0.08
(n = 4), indicating a relatively high disorder in the structure.”
The curve fitting parameters of the D and G peaks are shown in
STable 1 (ESIf). A TEM image of the prepared RuO,-CNF
sample shows sheet-like RuO, formation (Fig. 3c). It is to be
noted that samples prepared for the TEM imaging were
scrapped off the electrode. Thus, it does not really represent
the topography of the actual electrode structure. It can be
observed that these RuO, sheets are randomly present on top
of the CNF. A TEM at higher magnification showing the
ruthenium oxide deposits, an HR-TEM and the associated
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EDX and XPS. n = 3.
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EDX spectra confirming the presence of RuO, are shown in
SFig. 5 (ESIY).

An XPS-survey spectrum confirms the presence of ruthe-
nium, carbon, oxygen, and chloride on the electrode surface
(Fig. 4a). The elemental composition determined from the EDX
(SFig. 1, ESIt) and the XPS is shown in Fig. 4b. Fig. 5a-c show
the HR-XPS for CI 2p, Ru 3p and O 1s, respectively. Ru 3p core-
level spectra are analyzed instead of Ru 3d to avoid peak
overlapping with C 1s core level spectra, which could deter
the identification of Ru species appropriately. NIST database
was used to assign the majority of the fitted peaks®® and the
fitted peak values of all the elements are shown in STable 2
(ESIY).

In Fig. 5a, the peaks at 198.29 + 0.02 and 199.99 £ 0.02 eV
correspond to the Cl 2p3/, and Cl 2p,,, respectively, due to the
presence of chlorides remained from the hydrous RuCl; pre-
cursor after the thermal decomposition (0.95 £ 0.05 atom% of
Cl in the coating, Fig. 4b). Fig. 5b shows Ru 3p spectra with a
doublet fitted with curves assigned to the same chemical states
as in Ru 3d spectra. In the Ru 3p;/, part of the spectra, the
curves with peaks at 462.87 + 0.22, and 466.02 £ 0.30 eV were
assigned to RuO,, and RuCl; respectively. Spin-orbit splitting
(SOS) between Ru 3p;/, and Ru 3p,), is found to be ~22 eV.

90
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(a) XPS survey scan of the RuO,—CNF electrode prepared at 250 °C. (b) The elemental composition of the RuO,—-CNF electrode determined using

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Fitted HR-XPS of the RuO,—-CNF electrode surface prepared at

250 °C (a) Cl 2p, (b) Ru 3p, and (d) O 1s. Black dots, olive and orange line
represents, experimental data, background and fitted data respectively.

In the O 1s core spectra shown in Fig. 5¢, RuO, is assigned to
the curves with a peak centered at 530.35 & 0.09 eV. Addition-
ally, the peak at 532.43 + 0.15 eV can be assigned to C=0.%’
TGA was performed in air to further investigate the electrode
composition (electrode prepared 250 °C), and the change in the
electrode weight percentage in the temperature range 30 °C
to 650 °C is shown in SFig. 6a (ESIt). The bare CNF structure on
the Ni-f shows a sharp decline in the mass percentage beyond
450 °C, which is mainly due to the decomposition of the
CNF. This behavior is consistent with the literature where
CNF were prepared using different techniques.”**° Thermal
decomposition of hydrous RuCl; can be represented by eqn (1).

This journal is © The Royal Society of Chemistry 2020
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Interestingly the TGA curve for RuO,-CNF has an initial gradual
slope due to the loss of physically adsorbed water at lower
temperatures, followed by the loss of water in the crystal.>* This
is followed by the early onset of carbon combustion at
ca. 300 °C. Even though it is observed that RuO, shows no
weight loss until 1025 °C,** the weight loss for the RuO,-CNF
exclusively due to the loss of water is difficult to estimate. This
is because the carbon oxidation onset point for RuO,-CNF will
be lowered in comparison to that of pure CNF due to the
catalytic effect of the RuO, present on the CNF surface.**>*
A TGA of just hydrous ruthenium chloride is shown in SFig. 6b
(ESIT). For the CNF and the RuO,-CNF samples, the weight
increases above ca. 550 °C are due to the formation of oxides
from the underlying nickel foam substrate.

RuCl;-xH,0 + O, - RuO,-xH,O + 1.5Cl, (1)

3.2. Electrochemical analysis

3.2.1. Cyclic voltammetry measurements. Cyclic voltam-
metry (CV) experiments were carried out for RuO,-CNF electro-
des prepared at different temperatures (Fig. 6a). In order to
reach a stable response, the two-electrode cell was initially
cycled for 20 cycles at 100 mV s, followed by five cycles at a
given scan rate and the 5th cycle was then recorded and
displayed in Fig. 6a. This stabilization was done in order to
open the pores in the electrode and remove the plausible effect
of irreversible surface functionalities which would lead to
irreversible redox peaks. Only the electrode prepared at
200 °C showed visible reversible broad peaks on the CV. SFig. 7
(ESIt) shows CV of the electrode prepared at 200 °C at different
scan rates. The broad anodic peak centered at around 0.5 V and
the corresponding cathodic peak centered at around 0.45 V
(Fig. 6a), can be deconvoluted into multiple peaks, which could
be associated with redox transitions of ruthenium, presented in
a very simplified way as:*

RuO,(OH), + zH,0 + ze~ — RuO,_,(OH),, + zZOH (2)

All other electrodes exhibit a rectangular pattern, similar to the
EDLC behavior. However, the underlying charging/discharging
processes are both of the electrostatic (electrostatic double layer
charging/discharging) and redox nature (eqn (2)). This explana-
tion is well documented in the literature.>**’

Variation of CV curves and the dependence of the peak
currents with the scan rate for the electrodes prepared at 200 °C
is shown in SFig. 7 (ESIt). As the peak currents are linearly
proportional to the scan rates, it can be inferred that the
reaction is surface area limited rather than being diffusion
controlled. This hints additional pseudo capacitance which is
mostly contributed by the fast-redox reaction in the voids and
pores which can be expected in samples prepared at 200 °C
where more hydrous content is preserved. Subsequently, the
peaks also become subdued at higher scan rates further indi-
cating the role of additional hydrous pores and voids which
would be harder for the electrolyte ions to access at higher scan
rates. Electrodes prepared at higher temperatures shows no
appearance peaks, due to the manner in which the redox peaks

Mater. Adv., 2020, 1, 215-227 | 219
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Fig. 6 (a) CV measurements of RuO,—CNF electrodes prepared at different temperatures, recorded in a two-electrode setup at 20 mV s~ (b) Specific

capacitances determined from CV curves.

overlap (Fig. 6a). As mentioned earlier, there are multiple
redox reaction happening even though, the CV appears to be
rectangle similar to EDLC behavior.

The capacitance of the material was calculated from the CVs
in Fig. 6a using eqn (3), where a factor of 2 is used to calculate
the capacitance of only one electrode.®*

Qavg

C= ZW (3)
where Qqg (As=C) is the average cathodic and anodic charge,
and AV (V) is the voltage window. Samples of RuO,-CNF
prepared at 200 °C showed the highest capacitance, 944 +
17 mF cm ™2, and the capacitance is shown to decrease with the
increase in the electrode preparation temperature (Fig. 6b). The
presence of water in the lattice of the RuO, is the plausible
reason for the increased capacitance at lower temperatures due
to enhanced protonic and electronic conduction.®® At higher
temperatures (>300 °C), RuO, is known to become more
crystalline and loses water content (SFig. 6a, ESIT), which leads
to proton (or hydroxyl ion) diffusion limitation causing reduced
capacitance.'”**** Additionally, the decreased capacitance
could be associated with the reduced electrolyte accessible
surface area due to the loss of water in the inter-particle (both
carbon fibers and metal-oxide) voids, and increased particle
aggregation at higher oxide forming temperatures.

Fig. 7a shows CV recorded at different scan rates for the
electrodes prepared at 250 °C. The shape of the CV remains
semi-rectangular even at higher scan rates, signifying the easy
access of ions into the porous structure of the electrode to
rapidly form a double layer along with lower series resistance.
The linear dependence of the anodic current recorded at 0.5 V
with varying scan rates (Fig. 7b) suggests a surface-controlled
behavior rather than a diffusion-controlled behavior. This is
due to the easy accessibility of the ions into the pores followed
by the occurrence of the pseudo capacitance due to redox
reaction (eqn (2)), along with the electrostatic double-layer
charging, as previously mentioned. The variation of capaci-
tance with scan rate is shown in Fig. 7c. It can be observed that
the capacitance at the scan rate of 5 mV s~ ' is lower than the
capacitance at 10 and 20 mV s~ ', and the same was recorded in
GCD measurements (Fig. 9); this appears counter-intuitive

220 | Mater. Adv., 2020, 1, 215-227

when compared to literature data for most of electrodes. This
anomality could have resulted due to the structural collapsing
of the carbon fibers in the electrode at very low scan rates,
which results in decreased access to the electrode surface area
resulting in lower capacitance. Similar trend has been reported
with uncoated carbon nano fibers in the past.****

3.2.2. Galvanostatic charge/discharge. Although CV can be
used to determine the capacitance of an electrode, a more
suitable way of doing this is by employing the galvanostatic
charge/discharge method, which more closely reflects the real
use of a supercapacitor. The galvanostatic charge-discharge
curves of RuO,-CNF electrodes produced at different tempera-
tures were recorded at a current density of 20 mA cm ™~ and are
shown in Fig. 8a. These curves show symmetric triangular
behavior, like most of EDLC/pseudo-capacitor materials®® and
affirm the extraordinary reversibility of the redox reaction.
Contrary to CV measurement for 200 °C sample (Fig. 6a) which
showed broad peaks, the GCD for the same samples does not
show any obvious deviation from linearity. This example alone
clearly suggests the best method for evaluating capacitance
would be GCD for obtaining more realistic capacitance.

Capacitance was calculated from the discharge curve using
the following equation:

J
= @

where C is the specific capacitance (F cm™?), j is the applied
current density (A cm~?) and dV/dt is the slope of the discharge
curve after the initial iR drop portion. A factor of 2 is used to
estimate the capacitance for only one electrode. The capaci-
tance values obtained at 20 mA cm™> for various electrodes with
an operating voltage window from 0 to 0.8 V are summarized
in Fig. 8b.

As control electrodes, CNF on Ni-f and RuO, deposited
directly on the Ni-f, are shown. The CNF electrode gave a
capacitance of 142 4+ 07 mF cm™ 2, which is in agreement with
previous studies.’* When RuO, was deposited on the Ni-f, the
resulting capacitance decreased to 53 + 08 mF cm >. This
shows that, despite the fact that RuO, is an excellent pseudo-
capacitor material whose capacitance is based on the occurrence
of fast reversible redox reactions in the solid phase (eqn (2)),

This journal is © The Royal Society of Chemistry 2020
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potential of 0.5V as a function of scan rate. Red-dotted line is linear fit with
the equation of y = 3.76 x 10~“x. (c) Variation of the specific capacitance
with scan rate calculated from the CV measurements.

applying it directly on the Ni-f current collector is not desirable.
However, when the two configurations are combined, the resulting
capacitance increased tremendously, which is due to the combi-
nation of the high surface area template provided by the CNF and
the pseudo-capacitive behavior of RuO,. The capacitance reached a
maximum value for the electrodes produced at 200 °C and 250 °C
(835 & 40 mF cm ™ and 822 4 04 mF cm™ >, respectively). These
values are significantly higher than those recorded on RuO,-CNT
and RuO,-CNF based electrodes,*®®" RuO, graphene-based’* and

This journal is © The Royal Society of Chemistry 2020
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33756 Some of the recent results

other ruthenium-based electrodes.
reported in the literature are shown in Table 1.

Fig. 8b shows decreasing capacitance values with increasing
electrode preparation temperature. This trend in capacitance
behavior shows higher capacitance at lower oxide preparation
temperatures when compared to previously studied RuO,
electrodes.*>***>%® The method of preparation employed in
this work along with the underlying evenly distributed CNF
has enabled higher capacitance values. Studies have reported
that the protonic and electronic conduction pathways in the
RuO,-xH,O varies with the water content within the rutile
structure.®®”" In this study, the underlying CNF forest, which
acts like a large surface area template, influences the avail-
ability of the electrochemically active surface area along with its
influence on some physical properties due to nanostructured
effects.

In order to investigate the influence of current density on
the charging/discharging rate and the resulting capacitance,
GCD curves for the electrode prepared at 250 °C were recorded
(Fig. 9a), and the variation of capacitance with current density
is shown in Fig. 9b. It is to be noted that, electrodes prepared
at 250 °C were chosen for this analysis despite their lower
capacitances compared to electrodes prepared at 200 °C, consi-
dering their much better cycling stability, which is discussed
later in this article. As it can be seen from Fig. 9a, the shape of
the GCD curves is not dependent on the current density; all the
curves show symmetrical/triangular behavior. With an increase
in current density, the charging/discharging rate increases, as
evidenced by the increase in the corresponding slopes of the
curves. To evaluate if this is at the expense of a decreased
capacitance, the corresponding values were calculated; as it can
be seen in Fig. 9b, the capacitance shows a general decrease
with the increase in current density, which is to be expected.
Capacitance values change from roughly 830 mF cm™ > at
3 mA em > to 760 mF cm ™2 at 100 mA cm™>. It is noticed that
the capacitance remained slightly lower at 3 mA cm ™2 than at
5 mA cm ™2, which was already discussed previously in relation
to CV data (Fig. 7).

Most ruthenium-based capacitors have the disadvantage of
lower capacitance (and thus also lower energy density) at higher
charge/discharge currents.*"*>”>”* However, for the RuO,~-CNF
electrodes (Fig. 9b), only a 10% decrease in the capacitance is
observed at a high current density of 100 mA ¢m™> when
compared to the capacitance at 5 mA ¢cm ™. This is because
the high surface area and the well-connected CNF support
provide a template for the distribution of the RuO, leading to
faster proton diffusion, less series resistance and the larger
double layer area formation at the electrode surface, leading to
these enhanced supercapacitor qualities.

3.2.3. Electrochemical impedance spectroscopy measure-
ments. To elucidate the electrochemical characteristics of
various components within the electrochemical cell, EIS mea-
surements were performed (Fig. 10a). Analyses are carried out at a
dc cell voltage of 0 V, and with a sinusoidal ac voltage amplitude
of £10 mV in the frequency range 10 mHz to 100 MHz.
A semicircle in the higher frequency region (inset to Fig. 10a) is
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Table 1 Capacitance summary of some recent ruthenium-based electrodes

Electrode Specific capacitance (mF cm™2) Scan rate (mV s~') Electrolyte Ref.
RuO, electrodes deposited on to TiO, nanofibers ca. 275 10 0.5 M H,SO, 57
RuO, deposited on the surface-roughened Ti plate 4.4 10 0.5 M H,SO, 57
RuO, deposited on TiO, nanorods 74.8 10 0.5 M H,SO, 57
RuO,/CNT films 272 5 0.1 M Na,SO, 47
Ruthenium oxide nano string clusters anchored graphene oxide ca. 584 (859 F g ) 5 1 M H,SO, 58
Ruthenium oxide-carbon nanotube composites 208.5 10 0.1 M Na,SO, 59
Pt nanotubes and ruthenium dioxide composite 320 2 0.5 M H,SO, 60
Tubular ruthenium oxide on silicon 3D microstructures 99.3 5 0.1 M Na,SO, 61
Graphene nano wall-ruthenium oxides 113 2 0.1 M Na,SO, 62
RuO, thin films 53.82 5 H,S0,~PVA 63
RuO, on CNT forest 37.7 100 0.5 M H,SO, 64
Ru nanoparticle with reduced graphene oxide 238.5 5 1 M NaNO; 52
RuO, on CNF 777 + 11 (822 £ 04) 20 (20 mAcm®) 6 M KOH Present
work
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Fig. 9 (a) GCD curves for RuO,~CNF prepared at 250 °C, recorded at 3, 5, 10, 20, 50, 100 mA cm™2 (in the direction of the arrow, respectively).

(b) Variation of specific capacitance with the change in current density calculated from the GCD measurements.

attributed to the parallel combination of the charge transfer
resistance (R.) and the corresponding pseudocapacitance. Only
samples prepared at 200 °C show a clear semicircle in the higher
frequency region, suggesting a larger charge transfer resistance.
Remaining electrodes formed at the higher temperatures show an
inclined line instead of the semi-circle in the higher frequency
region. The disappearance of semi-circle may be due to better
conductivity of the coating and better accessibility of the porous
region on the electrode.*”

All electrodes show a vertical trend in the lower freg-
uency region, almost parallel to the imaginary impedance axis,

222 | Mater. Adv., 2020, 1, 215-227

indicating good capacitive behavior. Therefore, a series RC-
model was adapted to interpret the data and the capacitances at
a low frequency (0.01 Hz) were calculated for various samples
using eqn (5).”>”°
1
C=——H
(2nf2")
where f (Hz) is the frequency, and Z” (Q cm?) is the imaginary
part of the impedance. The calculated capacitance values are
shown in Fig. 10b, and they are comparable to the values
obtained from CV (Fig. 7b) and GCD (Fig. 8b) measurements.

(5)

This journal is © The Royal Society of Chemistry 2020
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3.2.4. Energy and power density calculations. Fig. 11 shows
the Ragone plots of the RuO,-CNF electrode prepared at 250 °C,
together with CNF fibers only.** Specific energy and specific
power of the cell were calculated using eqn (6) and (7)
respectively. For the RuO,-CNF electrode, a specific energy
value varied from 362 mW h m™2 to 336 mW h m 2 when the
power density was increased from 12 W m™ 2 to 957 W m™ 2.
This translates roughly into a maximum energy density of
13.51 W h kg™" and a max power density of 35.71 kW kg™"
(estimated based on mass loading of RuO, only, and the mass
loading is shown in SFig. 8, ESIT). This performance is signifi-
cantly higher than just that of CNF electrodes, and the ability to
deliver higher specific power at higher specific energy is
enhanced when compared to many carbon and metal oxide
based electrodes.”””® The present specific energy results
are comparable to other high specific capacitance yielding
electrodes, such as RuO,~CNT/CNF-based electrodes,’®%%%72
RuO,-graphene oxide-based electrodes®>”® and other RuO,-

composite based electrodes.*”*
1 2
E = SCAV (6)
E

This journal is © The Royal Society of Chemistry 2020

3.2.5. Three and two electrode measurement comparison.
As shown in Fig. 9b, capacitance decreases with an increase in
current density. This could be related to the decrease in
utilization of surface area of the electrode, i.e. to the accessi-
bility of the electrode area to electrolyte ions. For pseudo-
capacitors, it can also be related to a decrease in the depth of
intercalation of protons below the metal-oxide surface area or
simply a fast charge transfer reaction at the surface. In order to
examine this in more detail, CV measurements in a three-
electrode cells were recorded at various scan rates. A compar-
ison with the two-electrode cell at a scan rate of 20 mV s~ " is
presented in Fig. 12a and b. The three-electrode configuration
was used here because the potential of the reference electrode
is fixed, thus enabling monitoring the behavior of only one
electrode in a well-defined potential region, as a function of
scan rate.

The CV curves with varying scan rates are shown in Fig. 13a.
These curves tend to slant at higher scan rates, suggesting
higher series resistance. A comparison with EIS confirms
higher series resistance in the three-electrode supporting this
trend (SFig. 9, ESIt). This effect diminishes in the two-electrode
cell, as the electrodes are pressed against each other tightly,
which then compresses the CNF and form a conducive network
for better conductivity. Capacitance values at scan rates varying
from 5 to 500 mV s~ were calculated from the CVs in Fig. 13a
using the average cathodic and anodic charge, and are presented
in Fig. 13b. It is to be noted that the capacitance values con-
tinuously increased as the scan rate decreased, unlike the trend
found using the two-electrode system where the electrodes were
pressed tightly against each other, where the first point shows a
lower capacitance than the second point (Fig. 7c). This result
reinforces the possibility of structural collapsing of the carbon
fibers and the requirement of certain current density (scan rate)
to provide more electrochemical active surface area. In three
electrode measurements, the electrode was simply exposed to
the bulk electrolyte solution with no separator and the other
half-cell electrode pressing against the working electrode. Thus,
surface area available for the redox reaction and double layer
formation increased with the decrease in the scan rate.

To evaluate the contribution of the inner and outer layer of the
electrode to the capacitance, Trisatti’s method was used (Fig. 14)
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using the results from the three-electrode measurements.®®
At an infinitely high scan rate it is assumed that only the easily-
accessible outer surface area of the electrode participates in the
formation of the capacitance (Coueer), While at an infinitely low
scan rate, a maximum (total) possible capacitance (Cr) is achieved.
The intercept of the linear portion of the trend in Fig. 14a with the
ordinate yields a value of 60 mF cm 2, which represents the
contribution of an outer surface area of the electrode (Coyter) to the
total capacitance. On the other hand, the intercept of the linear
trend in Fig. 14b yields a value of 1062 mF cm ™, which includes
both inner and outer surface contribution to the maximum/total

224 | Mater. Adv., 2020, 1, 215-227

capacitance (Cp). The contribution of the inner surface capaci-
tance (Cinner) to the total capacitance can then be calculated by
subtracting Coyeer from Cr, which yields a value of 1002 mF cm ™.

3.2.6. Cycling stability. In order to evaluate the stability
of the prepared RuO,-CNF electrodes, long-term cycling
(5000 cycles) GCD experiments were performed at a current
density of 200 mA cm 2 (Fig. 15) in a full cell (ie 2 cell
electrode). Electrodes prepared at 200 °C, showed a steep linear
decrease in capacitance until 3000 cycles and then remained
relatively stable during the later cycles, yielding the overall
capacitance retention of ca. 60% after 5000 cycles. These electrodes

This journal is © The Royal Society of Chemistry 2020
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were also observed to have poor physical stability when assembled
into a cell with electrolyte. Electrodes prepared at 250 °C, 300 °C,
350 °C, 400 °C showed a capacitance retention of 94%, 95%, 93%
and 81% respectively after 5000 cycles. This also suggests that
oxide forming temperatures of 250 °C and above provide stable
coatings. All these electrodes showed a minor gradual decrease
in capacitance. Even though electrodes prepared at 400 °C
seemed to be mechanically stable after the cycling test, the
increased dropped in capacitance retention could be mostly
attributed to the architecture of the electrode. As deduced
from TGA curves (SFig. 6, ESIt), these electrodes barely have
any hydrous protonic/hydroxyl ion conduction path, and the
capacitance is solely depended on the electrochemically active
surface area. The capacitance would have dropped due to the
mechanical degradation of micro and meso porous area of the
electrode with cycling. It was also found that the stability of
the capacitance for the Ni-f/RuO,-CNF structure generated at
250 °C is much better than other high capacitance ruthenium-
based electrodes reported in the literature.*®>%°%

4. Conclusion

In this article, RuO, was coated directly on CNF forests grown
on Ni-f. The influence of different preparation conditions on
the electrochemical performance for supercapacitor applica-
tions was studied. The deposition of RuO, shows to signifi-
cantly increase the specific capacitance when compared to
CNF only or RuO, only electrodes. This increase is due to the
pseudo capacitance offered by RuO, along with the surface area
of the CNF template, and the preparation conditions of the
electrode. RuO, coated at 250 °C showed 94% capacitance
retention after 5000 cycles, and maximum specific energy and
maximum specific power of 362 mW h m™2 and 957 W m 2.
High specific capacitance, cycling stability and the facileness of
the electrode preparation that easily enables scaled up, make
this a promising material in applications where the charge per
area is essential. This methodology can be used to prepare
other metal oxide and conductive polymer coats for similar
applications.

This journal is © The Royal Society of Chemistry 2020
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