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Herein, a novel ruthenium cobalt oxide (RuCo0204) as an advanced electrode material
has been successfully prepared with unique marigold-like nanostructure by a simple
electrodeposition (potentiodyanamic mode) method. The RuCo204 marigolds consist
of numerous clusters of ultrathin mesoporous nanoflakes, leaving a large interspace
between them to provide numerous electrochemically active sites. Strikingly, this
unique marigold-like nanostructure provides excellent electrochemical performance in
terms of high energy storing capacity (1469 F/g at 6 A/g) with excellent rate proficiency
and long-lasting operating cycling stability (around 91.3 % capacitance retention after
3000 cycles), confirming all mesoporous nanoflakes participate in the ultrafast
electrochemical reactions. Later, asymmetric capacitor was assembled using
RuCo0204 (positive electrode) and activated carbon (AC) (negative electrode) with
aqueous KOH electrolyte. The asymmetric design allows upgraded potential range of
1.4 V, which further provides good energy density of 32.6 Wh/kg (1.1 mWh/cm3). More
importantly, the cell delivers the energy density of 12.4 Wh/kg even at maximum power
density of 3.2 kW/kg, which is noticeably more than the carbon based symmetric
systems.
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Abstract

Herein, a novel ruthenium cobalt oxide (RuCo.0.) as an advanced electrode material
has been successfully prepared with unique marigold-like nanostructure by a simple
electrodeposition (potentiodyanamic mode) method. The RuCo,0s marigolds consist of
numerous clusters of ultrathin mesoporous nanoflakes, leaving a large interspace between them
to provide numerous electrochemically active sites. Strikingly, this unique marigold-like
nanostructure provides excellent electrochemical performance in terms of high energy storing
capacity (1469 F/g at 6 A/g) with excellent rate proficiency and long-lasting operating cycling
stability (around 91.3 % capacitance retention after 3000 cycles), confirming all mesoporous
nanoflakes participate in the ultrafast electrochemical reactions. Later, asymmetric capacitor
was assembled using RuCo;04 (positive electrode) and activated carbon (AC) (negative
electrode) with aqueous KOH electrolyte. The asymmetric design allows upgraded potential
range of 1.4 V, which further provides good energy density of 32.6 Wh/kg (1.1 mWh/cm?). More
importantly, the cell delivers the energy density of 12.4 Wh/kg even at maximum power density

of 3.2 kW/kg, which is noticeably more than the carbon based symmetric systems.
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Introduction

Presently, a ternary transition metal oxide, which is a combination of two different
metals, are evolving as encouraging materials for advanced energy storage systems including
the supercapacitors and Li-ion batteries [1-4]. The pairing of two different metals can enrich the
redox chemistry of the material which is extremely favorable for electrochemical systems.
Moreover, the unigue chemical combination and joint effects of different metal species delivers
outstanding electrochemical performances than the eminent supercapacitive electrodes
materials like carbon and metal oxides [5-8]. Moreover, because of the several possible cation
combinations and the easy tuning of stoichiometric/non-stoichiometric ratios, the capacitive
properties of these ternary metal oxides can be certainly manipulated. For example, many
compositions such as NiCo,04, CoFe;O, and NiMn;Os have already been studied for
supercapacitors [9-12]. Thus, NiCo204 is the one which is comprehensively studied however
there are very few reports are available for other possible cation combinations.

The key factor, on which the electrochemical properties of supercapacitors rely is the
characteristics of the electrode materials such as crystal structure, surface morphologies and
surface properties (surface area, porosity etc.) [13-19]. In particular, designing hierarchical
architectures such as nanorods, nanoflakes, nanosheets etc. are of special interest and
attracted a great attention of many materials scientists due to their outstanding properties. It is
expected that, these hierarchical nanostructures offer many advantages such as enhanced
stability, unique pore size distribution and low diffusion paths, which are greatly influential
factors on electrochemical performance [20-22]. However, synthesis of ternary metal oxide with
unique nanostructure and appropriate cation composition is quiet a challenging task. Therefore,
it is anticipated that to prepare the innovative ternary metal oxide through the simple method
having unique composition and hierarchical architecture, which must offers outstanding

electrochemical performances to enhance the energy storing capacity of supercapacitor.
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Consequently, to overcome the above discussed issues, we introduce a very simple but
capable electrochemical approach to synthesize novel marigold-like ruthenium cobalt oxide
(RuCo204) ultrathin mesoporous nanoflakes on stainless steel substrate with remarkable
capacitive performance. These RuCo0:0, marigolds composed of millions of ultrathin
mesoporous nanoflakes are prepared with potentiodynamic (cyclic voltammetry) mode of a
simple one-step electrodeposition with subsequent annealing. The relations between
preparative parameters and morphological and consequently electrochemical properties of RCO
thin films are systematically investigated. To provide practical realization, further asymmetric
capacitor was assembled using RuCo;0. (positive electrode) and activated carbon (AC)
(negative electrode) in 2 M KOH electrolyte. The electrochemical properties of RuCo.04//AC
cells were investigated in details.

Experimental details

Thin films of RuCo.0s were prepared by single step potentiodynamic mode of
electrodeposition on to the stainless steel (SS) substrate. Before deposition, we polished the SS
substrate with sand paper and then successively cleaned with acetone and deionized water.
The solution containing 10 mM RuCls;.xH,O and 20 mM CoCl,-6H,0 in deionized water (pH~4)
was used for the potentiodynamic deposition of RuCo;0. thin films. A conventional
electrochemical set-up comprising three electrode system including SS as working, graphite as
counter and Ag/AgCl reference electrodes. The potentiodynamic mode was employed to deposit
the RuCo0,04 thin films in potential limit of -1.0 to 0.0 V (vs Ag/AgCI) at different scanning rates
of 25, 50 and 100 mV/s. The samples prepared at scan rates of 25, 50 and 100 mV/s are titled
as RCO25, RCO50 and RCO100, respectively.

Results and Discussion

The growth mechanism of RuCo0,0. thin films is explained by considering the deposition

CV curves, which is presented in supporting information (see supporting information S.l. S1).

Figure S1 (a) shows the first CV cycle in RuCo204 precursor solution at 25 mV/s scan rate
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between potentials of -1.0 to 0 V (vs, Ag/AgCI). In initial region of the CV curves, the slightly
increment in current is observed up to -0.34 V (vs Ag/AgCl), after that it stabilize till the potential
reach to -0.69 V (vs Ag/AgCl) which showing one reduction peak at -0.56 V (vs Ag/AgCl). That
means the deposition of metals (Ru-Co) initiates at around -0.35 V (vs Ag/AgCl). In this potential
region, the monolayers formation initiated accordingly with the characteristics of the
underpotential conditions [23-26]. The possible reaction for the formation of the RuCo0.0, is
given below (eg. 2).

M **(ag) + 20H ~(@) = M (OH),,, where M = Ru or Co (1)

Afterwards, from -0.7 to -1 V the current increased rapidly which suggest the nucleation
process at the stainless steel substrate. In the overpotential region (at around -1.0 V,), 3D
nucleation and growth of Ru-Co is occurred. At this potential, random and massive deposition of
Ru-Co is occurred on the SS electrode [27]. On the other hand, the current density was
significantly higher on the reverse scan until -0.7 V. The CV curve presents metal reduction
reaction, particularly the “nucleation loop” towards the negative limit and two dissolution
(oxidation) peaks (Il and IIl) are observed in the reverse scan at potentials of -0.33 V and -0.15
V (vs Ag/AgCl), respectively. The cathodic crossover around -0.71 V corresponds to the
nucleation overpotential confirming the point of nucleation and growth mechanism. Interestingly,
the current under the curve as well as the intensity of redox peaks increases with number of
cycles suggesting the electronic conductance of RuCo.04 films (S.I. S1 (b)). Finally, after
growth completion, the films were cleaned with deionized water and air-annealed at 623 K in

order to convert them into RuCo0,0..
M (OH),, —2*—RuCo,0, 2)
Further, the samples are prepared at various scanning rate (25, 50 and 100 mV/s) to

investigate the effect of scan rate on the electrochemical features of RuCo0,0, thin films. The

increasing scan rate gradual upsurge the current density while the redox potentials does not
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change, signifying that the scan rate has no impact on the deposition potentials of Ru-Co films
(see S. I. S1 (c)). Note that, to check the effect of scan rate, the deposition time must be the
same, hence we have varied the deposition cycles like 40, 80 and 160 cycles for the scan rate
of 25, 50 and 100 mV/s, respectively. The deposited mass of RuCo,040n the SS electrode (on
1cm?) was in the range of 0.32-0.29 mg/cm? for the scan rate of 25-100 mV/s. At higher scan

rate (more than the 100 mV/s), non-uniform and less adherent films were obtained; this may be

attributed to the dominance of nucleation over particle growth.
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Fig. 1 (b) display XRD patterns of RuCo0.0. films synthesized on SS substrate at
different scan rates. The characteristic peaks correspond to (220), (400), (331), (422), (511),
(440) and (531) diffraction planes of spinel cubic phase of RuCo;04 [JCPDS: 23-0193]. In
addition, the peaks are broad with low intensity suggesting the formation of nanocrystalline
materials. Two additional peaks shown with ‘@’ sign are attributed to the SS substrate. The

lattice parameter ‘a’ is calculated for the most intense peak (220) using following formula,
a=d,,vh*> +k*+1° (3)

where 'a’ is the lattice parameter of the unit cell, ‘dn’ is the interplanar spacing and (h k
[) are Miller indices for the plane (220). The calculated lattice parameter for RuCo0,0, is a =

8.230 A which is in good agreement with JCPDS 23-0193 (a = 8.241 A). Generally, cubic spinel-

type oxides are designated with Fd3m space group and which are conveyed as (M)[M’2]O4,
where M and M’ are the two metal cations and which are arranged at the tetrahedral or
octahedral site. In general, M is situated at the tetrahedral A-site, while M’ is occurred at the
octahedral B-site. In spinel structure, cobalt occurs in multiple oxidation states (+2 and +3), in
which the high-spin Co?* occupy at the tetrahedral A or octahedral B sites while low-spin Co**
occupy only at the octahedral sites [28]. In order to further confirm the cation distribution XPS
analysis of RCO100 sample was carried out (see Fig. 1 (b-d)). The full-scan survey spectrum of
the material (see S.I. S2) indicates the presence of Cls, O1s, Co2p, Ru3p and Ru3d as well as
the absence of any other impurities. The Ru occurs in various oxidation state like the Ru3p and
Ru3d, particularly the peak fitting for Ru3d spectra is complicated and which overlap with the
Cls peaks. The peak fitting of Ru3ds, spectra presented in this work required at least three
deconvolution curves taken from a previous report by Morgan et. al. [29]. The binding energies
for deconvolution curves are 280.6 eV, 281.9 eV and 282.8 eV indicating the existence of Ru**
[30-32]. Literature data are contradictory, some authors attribute the peak between 282.5-282.8

eV to Ru in the valence state (VI), RuOs [32, 33]. The existence of a RuOs; phase has been
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extensively debated in the literature. According to the present understanding, Ru(VI) does not
form a thermodynamically stable solid RuOs phase, but may rather exist as a metastable phase
or a defective RuO; phase [34]. Note that the presence of Ru(VI) cannot be excluded, but was
neglected in this work due to their negligible contribution and the overlap with the Cls peaks.
Moreover, full spectrum for RuCo,04 sample (see S.1.S2) shows the peak centered at 463.7-
463.8 eV for the Ru3p3/2 which further confirms the presence of Ru** in RuCo.0, (see S.I. S2)
[35]. The slight shift in the peak positions might be attributed to neighboring ion effect [35]. The
peaks at 288.3, 286.2, 285.4 and 284.7eV resemble to O-C=0, C=0OH, C-O-C and C-C fitted to
Cls spectrum, respectively [32]. Similarly, the Co2p spectra displayed in Fig. 1 (c) exhibits two
doublets for the Co?* and Co®*', and two shakeup peaks. The deconvulated peaks at 781.9 and
796.9 eV corresponds to Co?*, while the remaining two peaks centered at 779.7 and 794.6 eV
attributes to Co®" [36, 37]. The O1s spectrum exhibit four major peaks centered at 532.5, 531.2
and 529.4 eV as displayed in Fig. 1 (d), associated with hydroxyl groups of surface adsorbed
water, surface oxygen ions and metal-oxygen bonding, respectively [36, 37]. The small
component observed at 530.8 eV suggests that the surface of RuCo;0. thin films is
hydroxylated [38]. Thus, it is clear that, the surface of RuCo.04 contains Co?*, Co®, Ru** and
O?". Further characterizations are required in order to deeper understand Ru oxidation states in
RuCo020;.

To wunderstand the growth mechanism of RuCo0.0. mesoporous nanoflakes,
corresponding FESEM images obtained after deposition is carried out for different numbers of
cycles from 10-40 at 25 mV/s scan rate are presented in Fig. S.l. S3. The surface nanostructure
of the RuCo,04 moderately changes with deposition cycles (see Fig. S.l. S3). As observed in
the Fig. S3 (a), just after 10 deposition cycles the mesoporous nanoflakes are grown on the SS
electrode along with the nanoparticles. It is further interesting to note that with increasing
number of cycles from 10-40 the whole surface is totally converted from the immature
nanoflakes to the mature mesoporous nanoflakes (see Fig. S3 Db-d). Further increase in

8
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deposition cycle number results in the peeling-off of RuCo,0Os mesoporous nanoflakes. In
conclusion, it is clear that the potentiodynamic deposition of RuCo,0. mesoporous nanoflakes
involves two different steps: nucleation and growth. Initially, the nuclei are formed at the surface
of the SS substrate through a ‘self-assembly’ process and then starts to grow vertically with
number of cycles in order to form mesoporous nanoflakes. With the increase in number of
deposition cycle, the growth of RuCo.0. nuclei is prominent, which further aggregated and
finally transformed into mesoporous nanoflakes. From the thermodynamic view point, each
nanoflakes has high surface energy therefore; the vertical growth of nanoflakes is observed
[39]. Thus, with the reaction time, these ultrathin mesoporous nanoflakes would self-accumulate
to form an interconnected network of marigold-like RuCo,04 architecture to minimize total

surface energy.

Fig. 2 FE-SEM pictures of RuCo204 thin films prepared at different scan rates such as (a, b)
RCO25 (25 mV/s), (c, d) RCO50 (50 mV/s) and (e, f) RCO100 (100 mV/s) at two different
magnifications, respectively. In addition, (g-j) SEM and corresponding EDS mapping images for

RCO100 sample.

9
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Fig. 2 presents the FESEM images of RuCo,0;, films prepared at the scan rates of 25,
50 and 100 mV/s. The increasing scan rate from 25 to 100 mV/s effectively modify the surface
morphology of RuCo.0, varies from immature nanoflakes to hierarchical open-porous and
vertically aligned mesoporous nanoflakes. The film prepared at lower scan rate of 25 mV/s looks
like a cluster of thin nano-petals (Fig. 2 (a, b)). Further, the enhancement in the deposition scan
rate from 25 to 50 mV/s amend the surface morphology of RuCo20, thin film from the cluster of
thin nano-petals to the relatively well-developed mesoporous nanoflakes. These nanoflakes are
interconnected to each to create a spherical marigold-like architecture as seen in Fig. 2 (c).
Moreover, high magnified image discovered the formation of clusters of mesoporous nanoflakes
(Fig. 2 d). sample prepared at 100 mV/s scan rate shows the 3D network of highly porous
marigold-like RuCo,04 mesoporous nanoflakes (Fig. 2 e, f), On closer inspection, it is seen that
RuCo,04 marigold spheres consist of numerous clusters of ultrathin mesoporous nanoflakes,
leaving a large interspace between them. Thus, the surface morphology of RuCo0:0; is
surprisingly altered from the 25 to 100 mV/s scan rate which might be ascribed in following way.
It is worth noting that in potentiodynamic mode the deposition of material is discontinuous which
is completely different from the potentiostatic or galvanostatic modes where constant voltage or
current are applied. Thus, the potentiodynamic mode exhibits deposition/dissolution of material
(Ru-Co in present case) at regular interval of time. At slow scan rate (25 mV/s), the deposition
and dissolution time is long which allows for more nucleation and growth of the material,
resulting in relatively thick nano-petals. On the contrary, at high scan rates, the electrolyte
components have very short time to deposit on the current collector, which affect the nucleation
and growth rate to form the vertically aligned nanomaterial. Thus, at the lower scan rate
electrolyte components have sufficient time to deposit on the current collector to form the dense
and thick nano-petals like surface morphology, while at 100 mV/s scan rate, the residence time
is less, leading to the formation of hierarchical marigold-like mesoporous nanoflakes.
Furthermore, SEM-EDS mapping is shown in Fig. 2 (g-j) for RuCo204 thin film prepared at 100

10
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mV/s scan rate. The uniform distribution of Ru, Co and O is clearly confirmed through the
surface. Moreover, 13.7 %, 29.2 % and 57.1 % of Ru, Co and O are found which demonstrates
the formation of the RuCo0.0, material (see S. |. S2 (b)). Some additional peaks are observed

which correspond to the stainless steel substrate.

(220)0—>
=1 (311) >
(440)> . ~

o ]

Fig. 3 TEM and HRTEM analysis of the RuCo204 mesoporous nanoflakes (RCO100 sample):
(a) Low-magnified TEM, (B) high magnified image presenting mesoporous feature (c) STEM
image further confirming homogeneous distribution of nano-particles, (d) HRTEM image with

corresponding lattice fringes and (e) SAED pattern.

Further, to get information regarding to the structure and surface features of the
RuCo0,04 nanosheets (RCO100 sample) TEM measurements were carried out and presented in
Fig. 3. As observed in Fig. 3 (a), the RuCo,04 exhibits interconnected nanoflakes with a smooth
surface. Impressively, the closer observation showed that these nanoflakes are decorated with
the interconnected nanoparticles of around 8-10 nm in size which creates great inter-particles
pores as seen from Fig. 3 (b-d). The uniform arrangement nanoparticles network in order to

form continuous flakes is further confirmed by STEM image (Fig. 3c). This unique meso-porous

11
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architecture provides an additional space and surplus electrochemically active sites for charge
storage and intimate contact in between the electrode and electrolyte (S.I. S4). The HRTEM
image of RuCo,0,4 nanoflakes shows lattice with ineterplanner spacing ca. 2.45 and 2.91 A
which corresponds to (311) and (220) planes of RuCo0,0.4, respectively (Fig. 3 (d)). For detailed
observations see supporting information (S.l. S5). The diffraction pattern shown in Fig. 3 (e)
reveals clear diffraction circles, suggesting polycrystalline nature of RuCo204. In addition, the
mesoporosity in the ultrathin nanoflakes is originated due to inter-particle spaces formed during
the thermal treatments (Fig. 3d). These unique mesoporous nanoflakes can facilitate smother
way for the electrolyte ion-transportation in the electrode material as well as improves the
contact area for electrolyte ions to perform the rapid surface redox reactions.

Fig. 4 (a) shows the nitrogen adsorption/desorption isotherm for RuCo204 thin film
prepared at 100 mV/s (RCO100). The type IV isotherm is observed and which imply the
materialization of mesoporous RuCo,04 nanoflakes. The calculated Brunauer-Emmett-Teller
(BET) specific surface area for RCO100 sample is the 119 m?%g, while the pore volume, and
average pore width of RuCo.04 nanoflakes are 0.26 cm®/g, and 6.2 nm, respectively. The pore
size distribution curve shows a maximum in the range 2 to 4 nm, providing an ideal pore size for
large electrochemically active sites and enormous channels for ion transportation [40, 41]. This
mesoporous structure of ultrathin RuCo204 nanoflakes provides small diffusion lengths as well
as super-highway for electrolyte ion transportation [42]. The porosity in RuCo0.04 samples may
originate from the internal spaces between interconnected mesoporous nanoflakes and inter-
particle spaces. The narrow pore size distribution of RuCo,04 sample further confirms uniform
mesoporous surface morphology. Thus, by controlling the deposition scan rate for RuCo204 thin
films we have tuned the surface morphology which alters the specific surface area of the thin

film and is expected to show analogous effect on the electrochemical properties.

12



O©CO~NOOOTA~AWNPE

125

o
o

~
al

Quantity adsorbed (cm’/g)
N (6]
[¢)] o

o

0.30

[
N
a

0.20 4

Pore volume (cm’/g)
o o
= 3

o
)
a

=
o
o

Fig. 4 (a) The nitrogen adsorption/desorption isotherms with (b) corresponding pore size

(a) g

@
0% 9
099" o
9 9
P
e o
o°d°°°

ouasss®

00 02 04 06 08 10
Relative pressure (o/p,)

3.61 nm (b)
[+ ) -

000-0-0-9—9—0—0—9

o}- o v

0 10 20 30 40 50 60 70 80 90
Pore radius (nm)

distribution curve for RCO100 sample.

Subsequently, we directly applied the marigold-like RuCo.04 mesoporous nanoflakes as
a binder-free supercapacitive electrode as a working electrode in a three-electrode arrangement
in 2 M KOH electrolyte. The CV profiles for three RuCo,0; thin films (RC0O25, RCO50 and
RCO100) at a constant scan rate of 40 mV/s is presented in Fig. 5 (a). The operating voltage
window for RuCo204 is from -0.4 to +0.4 V (vs Ag/AgCl) as applied elsewhere with ruthenium
and cobalt based materials. For instance, Li et al. [43] tested supercapacitive properties of
RuO2.xH>O/carbon aerogel in 6 M KOH between -1.0 V to 0.0 V (vs Hg/HgO) while Feng et al.
[44] reported the operating potential range of -0.8 to +0.4 V (vs SCE) in the same electrolyte.

Moreover, Wang et al. [45] used -0.4 to +0.4 V (vs Hg/HgO) potential window for RuO2/TiO-

13
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nanocomposite. Similarly, for cobalt-based supercapacitor electrodes, the most widely used
potential range is from -0.2 to +0.5 V (vs. Hg/HgO) [46, 47]. These reports suggest that the

window we have chosen is perfectly suitable for the redox transitions of both Ru and Co

materials.
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Further, the broad redox peaks along with box-shaped CV curves are clearly observed
for RuCo204 samples which originate from the surface redox reactions i.e. pseudo-capacitance.
The box-shaped CV curves further suggest extremely reversible redox transitions of RuCo204
which satisfies high-power condition in supercapacitors. Thus, the ideal rectangular shape with
prominent redox peaks confirms the existence of Faradaic/pseudo-capacitive charge storing
mechanism. The possible charge storing mechanism of RuCo0,0. in basic electrolyte will be as

follows:
RuCo,0, +OH "~ + H,0 < RUOOH +2CoOO0OH + 2e~ 4)

Remarkably, the area under the curve in CV greatly increased for the RCO100 marigold-
like architecture, leading to improved pseudo-capacitance which may be attributed to the
efficient utilization of the RuCo,04 ultrathin mesoporous nanoflakes. Further, Fig. 5 (b) presents
the CV curves for RCO100 sample at various scan rates. The CV curves maintains their shape
at higher as well as lower scan rate, signifying good rate-capability of unique marigold-like
nanostructure (see S. |. S6 for CV curves of RCO25 and RCO50). Furthermore, slight shift in
the anodic and cathodic peaks is observed with scan rate. Fig. 5 (c) illustrates the plot of current
density (anodic and cathodic) versus the scan rate. From the figure it is observed that, the
anodic and cathodic current linearly increased with the scan rate for RCO100 samples which
further suggests facile charge transfer for open porous RCO100 sample.

The charge-discharge curves for all three RuCo.04 samples at a current density of 6.6
Alg is shown in Fig. 6 (a). The outlines of charge-discharge curves are nearly symmetric for all
RuCo,04 samples, suggesting the Faradaic/pseudo-capacitive charge-storing mechanism with
high reversibility for redox reactions in the whole potential region. Moreover, the initial small
potential drop during the discharge corresponds to the intrinsic resistance of the material.
Interestingly, RCO100 sample shows relatively low potential drop which can be associated with

the ultrathin and open nanostructure of electrode material, leading to easy ion-diffusion and
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enhanced electrochemical activity. Notably, RCO100 exhibits relatively longer discharge time
than that for RCO25 and RCO50 electrodes at same current density, suggesting improved
pseudo-capacitance due to porous mesoporous nanoflakes network. The specific capacitance

during the charge-discharge process is estimated by applying the following equation:

vt

C
m-V?

()

where | is the discharge current (A), At is the discharge time (sec), m is the mass of the
active material (0.29-0.31 mg/cm?) and AV is the potential window (V). The observed maximum
specific capacitances for RCO25, RCO50 and RCO100 are found to be 351.4 F/g (105.4

mF/cm?), 773.2 F/g (231.9 mF/cm?) and 1469.2 F/g (440.7 mF/cm?), respectively (Fig. 6 (c)).
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Fig. 6 (a) charge-discharge curves for RuCo204 electrodes at 6.6 A/g in 2 M KOH electrolyte.

(b) charge-discharge curves for the RCO100 sample at current densities of 6.6, 13, 20, 26, 33,

40 A/g (c) the comparison of specific and areal capacitances for RCO25, RCO50 and RCO100
samples and (d) plot of specific capacitance with current density for RCO25, RCO50 and

RCO100 samples.
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Thus, an extensive upsurge in the capacitance is observed by simply changing the
deposition scan rate and consequently the altered surface morphology from compact nano-
petals to 3D network of ultrathin mesoporous nanoflakes prominently increase the energy
storing capacity of the electrode (S.l. S7). The observed specific capacitance for RuCo204
electrode in the present work is considerably higher than that for electrodeposited Ru- and Co-
based supercapacitor electrodes. For example, Jagadale et. al. [48] reported a specific
capacitance of 890 F/g for potentiodynamically deposited Co(OH). mesoporous nanoflakes.
With the same method, urea-doped cobalt hydroxide mesoporous nanoflakes were prepared by
Vinothbabu et al. [49], on stainless steel and achieved a highest specific capacitance of 1200
F/g at 0.5 mA current density. Recently, Patil and coworkers [50] grew Co(OH), microflakes on
3D graphene foam in potentiodynamic mode at 50 mV/s scan rate and observed maximum
specific capacitance of 1030 F/g at current density of 9.09 A/g. Similarly, 1000 F/g specific
capacitance is reported for the Ru-based supercapacitors [51-53]. Moreover, the specific
capacitance value for RuCo.04 is comparable and even higher as compared to that reported
elsewhere for MTMOs nanostructures (see Table S.1. S7).

The higher rate capability is the fundamental requirement of the energy storage devices.
For that the electrode must conserve their electrochemical performance at lower as well as
higher scanning rate. Hence, the specific capacitance is calculated at various current densities
for all RuCo,0, samples and plotted in the Fig. 6 (d) as a function of current density. The
RuCo,0, electrode (RCO100 sample) establishes the superior rate capability by keeping initial
72.8 % capacitance at 40 A/g current density (from 1469.1 to 1070 F/g). The credit for this
noteworthy rate capability goes to ultrathin mesoporous RuCo,04 nanoflakes which can provide
the smother and short diffusion path for electrolyte ions and stimulates fast surface redox

reactions.
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Nyquist plots for RCO25, RCO50 and RCO100 are shown in Fig. 7 (a). Generally,
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Nyquist plot is separated into two major regions such as high and low-frequency region. The
high frequency region corresponds for the interfacial processes while the low-frequency region
is associated with the capacitive behavior. The high-frequency region associated with the very
small semicircle for all RuCo.0, samples suggesting a low charge transfer resistance. The
RCO100 sample shows relatively small charge transfer resistance than that for RCO50 and
RCO25 because of the open porous nanostructure which allows easy access for ions. The
Nyquist plot aligned in the straight line for RCO100 and RCO50 samples in the low-frequency
region representing an ideal capacitive behavior which suggesting the mesoporous nanoflakes

have better capacitor behavior than immature or thick nano-petal-like RuCo,0, (RCO25). The
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electrolyte resistance (Rs) encompassing all Ohmic contributions is almost the same for all the
samples at 0.34 Q, indicating a low internal resistance (ESR, see inset of Fig. 7(a)).
Furthermore, the RCO100 electrode showed the smallest semicircle which signifies its lower
charge-transfer resistance and excellent capacitive nature as compared to the RCO50 and
RCO25 electrodes. Thus, RuCo.04 mesoporous nanoflakes lead to reduced charge transfer
resistance, which might be the reason for enhancement in the electrochemical performance.
Fig. 7 (b) presents the phase angles of RuCo0,0, electrodes which are close to 90°, revealing an
ideal capacitor performance [54]. Moreover, the ideal capacitive behavior of the electrode is to
estimate the frequency at which the phase angle crosses 45° angle [55]. For example, the
commercial activated carbon based EDLCs shows a 45° phase angle at the frequency of ~0.2
Hz [56]. In the present investigation, the RuCo,04 (RCO100) electrodes show the phase angle
of 45° at a frequency of ~4 Hz, suggesting a rapid frequency response and excellent capacitive
behavior. Interestingly, as morphology changed from thick nano-petals (RC0O25) to open porous
3D network of mesoporous nanoflakes (RCO100 or RCO50), this frequency is also lowered
down from ~13 to ~4 Hz, suggesting more capacitive behavior for mesoporous nanoflakes. As
seen from Fig. 7 (c), the frequency dependent impedance decreased from RCO25 to RCO100
sample, which signifies the enhanced conductivity of the RuCo.0, electrode [57]. Here, the
RCO electrode reaches the frequency independent impedance already at low frequencies in the
following order RC0O100 (~11.2 Hz) < RCO50 (~11.5 Hz) < RCO25 (~80.2 Hz), demonstrating
that the RCO100 electrode allows the higher surface for ionic diffusion as compared to the other
RuCo,0;4 electrodes. Furthermore, the capacitive behavior of RuCo,0. can also be evaluated
from EIS technigque by calculating the real and imaginary capacitance at a corresponding

frequency using following equations:

C(w) =C (o) - jC () (6)
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oy Z (o)
Where, C (o) = —a)| Z(0) (7)
oy Z (o)

where ‘Z’ the complex impedance represented as Z (o) = Z’ (o) + Z” (o) and o = 2x=f where fis
the frequency. C’ (®) is the real accessible capacitance of the electrode while C” (o) is the
energy loss due to the irreversible processes of the electrodes, Z' and Z" are the real and
imaginary parts of the Nyquist plot, respectively. The complex AC capacitance at different
frequencies for RuCo0,0, electrodes is shown in Fig. 7 (d). The plot shows common relaxation-
type dispersions where the real capacitance ‘C’ reduces with frequency while ‘C” shows
maxima. The relaxation time constant was evaluated using the following relation (z=21/fs), which
was found to be 418 ms for RCO100 and RCO50 electrodes. This value was found to be lower
than that for other carbon electrodes, for instance activated carbon (7%=700 ms) [58].
Furthermore, the cycling stability of the RuCo0,04 mesoporous nanoflakes is investigated
by measuring the charge-discharge cycles at current density of 13, 20, 26, 33, and 40 A/g. Fig.
8 displays the plot of specific capacitance versus the cycle number for RCO100 electrode. At
current density of 13 A/g the electrode shows the specific capacitance of 1284.2 F/g (for the first
cycle) and it is decreased to 1182.3 F/g with 91.3 % retention after 3000 cycles. Moreover,
these RuCo0,0, electrodes show high rate capability. The specific capacitances of the electrode
is calculated for each current densities of 13, 20, 26, 33 and 40 A/g, after completing the 500
cycles for each current density. The observed specific capacitances are 1284.2, 1174, 1080.4,
1043.6, and 1030.2 F/g at current densities of 13, 20, 26, 33 and 40 A/g, respectively. A
recovered specific capacitance of 1182.3 (91.3 % of the initial capacitance) can be calculated

for the next 500 cycles without any further decrease when the current density tuned back to 13
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A/g. The results imply that the unique combination and smart design of RuCo,04 obtained by

potentiodynamic deposition significantly boosted the electrochemical properties.
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Fig. 8 cycling performance of the RuCo,0;, electrode (RCO100) by GCD at gradual increasing

current densities. Inset figures shows the first and last three GCD cycles

The two electrode measurements are always preferred for getting the true
electrochemical performance of the supercapacitive electrode. For that, we have assembled the
agueous asymmetric supercapacitor (after balancing the charge of both electrode) using the
RCO100 (positive electrode) and AC (negative electrode) in the optimized 2 M KOH electrolyte.
The CV profiles for RuCo,04//AC asymmetric supercapacitor at scan rate of 5, 10, 20, 40, 60,
80 and 100 mV/s within voltage limit of O to 1.4 V is shown in Fig. 9 (a). The presented CV
profiles shows the nearly rectangular shape and it is maintained at higher scan rate also
suggesting the RuCo,04//AC asymmetric supercapacitor have better supercapacitive features.
Likewise, the charge-discharge curves for the RuCo.0.4//AC asymmetric supercapacitor device
at current densities of 0.6, 1.2, 2.4, 3.5, 4.7 Alg is given in the Fig. 9 (b). At lower current
density, the discharge curve clearly shows the non-linear behavior with the charge curves,

which is due to the redox reactions of the RuCo,0, electrode material. Moreover, the increasing
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current density shrinks the discharging time. This is because of at higher current density all the
electroactive sites of electrodes are not reachable for electrolyte ions that will reduce the charge

storing capacity of the supercapacitor.
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Fig. 9 (a) CV and (b) charge-discharge profiles for RuCo,04//AC asymmetric supercapacitor at
various scanning rates, (c) representative charge-discharge curves at current density of 1.2 A/g

for RuCo0,04//AC asymmetric supercapacitor and (d) the variation of the specific and volumetric

capacitance with current density for RuCo0.04//AC asymmetric supercapacitor

To get more information regarding to the contribution of RCO100 and AC electrodes in charge
storage the representative charge-discharge measurement carried out at 1.2 A/g current density
as shown in Fig. 9 (c). As seen in the figure, both the electrodes contribute equal potential for
charge storing. The negative electrode actively contributes the charge storage in the voltage
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limit of O to 0.8 V, while the positive electrode contributes the potential form the 0.8 to 1.4 V. By
considering the total mass of electrode material and volume of the whole cell, the specific and
volumetric capacitance are calculated for the RuCo.04//AC asymmetric supercapacitor device.
Fig. 9 (d) represents the plot of capacitance (specific and volumetric) as a function of the current
density for RuCo;0.4/AC asymmetric supercapacitor. The RuCo;04/AC asymmetric
supercapacitor device offers the volumetric capacitance of 3.3 F/cm?® (133 F/g) at lower current
density of 0.6 A/g. Notably, the better rate capability is observed for the RuCo.04/AC
asymmetric supercapacitor devices as it sustains 34 % by initial volumetric capacitance of even
at higher current density of 4.7 A/g.

For the energy storage device, the energy storing capacity and the energy delivering
ability are very essential to decide the usefulness of the assembled device for practice purpose.
Therefore, we calculated specific energy and power for RuCo,04/AC asymmetric
supercapacitor device by considering the discharging time and it is plotted in the Ragone plot
(Fig. 10 (a). Our assembled RuCo0.04/AC asymmetric supercapacitor device shows the
maximum specific energy of 36.5 Wh/kg with maximum specific power of 3294 W/kg. The
obtained values of specific energy and power are comparable to the values reported for
NiCo204 electrodes [59-67]. The excellent electrochemical performance for RuCo0,0.//AC
asymmetric supercapacitor device in terms of higher specific capacitance and specific energy
originate from the higher electrical conductivity of both the electrodes and extended operating
potential window of the asymmetric supercapacitor device. In addition, the supercapacitors are
well known for their long-term cycling stability that why in may advance electronic gadgets
supercapacitors are preferred as an energy storage device. Therefore, it is very essential to
measure the cycling stability of the assembled asymmetric supercapacitor device. The stability
test is carried out by running the 2500 charge-discharge cycles at current density of 2.4 A/g for
the RuCo,04//AC asymmetric supercapacitor device. Fig. 10 (b) present the plot of coulombic
efficiency and capacitance retention with cycle number. About 82 % of the initial capacitance is
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maintained by the device after 2500 cycles demonstrating the better cycling stability. The decay
in the capacitance may be observed due to the aggregation of the active electrode material
during the repeatedly charge-discharge cycles. More importantly, the RuCo,04/AC asymmetric
supercapacitor device shows the 97 % Coulombic efficiency even after 2500 charge-discharge
cycles presenting excellent supercapacitive features of the device. Thus, the above discussed
electrochemical results indicating the best capabilities of the novel RuCo20, thin film for high
performance supercapacitor application. The credit of excellent electrochemical performance for
the asymmetric supercapacitor device goes to (i) the ultrathin mesoporous nanoflakes
composed nanostructure of the RCO100 thin film provide small ionic diffusion path which results
in fast surface redox reactions and excellent rate capability; (i) the pores in between the
mesoporous nanoflakes will further increase the electrochemically active surface area and (ll1)
the complimentary potential windows of RCO100 and AC electrodes helps for extending the
voltage of the device and finally 1V) the nanostructure is supported on stainless steel substrate

which avoids the use of unnecessary additives, consequently, no inactive materials are needed.
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Fig. 10 (a) Ragone plot for RuCo,04//AC asymmetric supercapacitor device and (b) the plot of

coulombic efficiency and capacitance retention with cycle numbers.
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Conclusions

In conclusion, a very simple but proficient electrochemical method is used to prepare a
novel nanostructured RuCo,04 mesoporous hanoflakes with high supercapacitive performance.
This novel pseudo-capacitive RuCo,04 nanoflakes electrode ultrahigh specific capacitance
(1469 F/g) with brilliant long-lasting cycling stability up to 3000 charge-discharge cycles (90.2 %
capacity retention after 3000 cycles). Further, the synergistic combination of the RuCo,0,4 and
AC electrode in asymmetric design prolong the operating potential range of the cell to 1.4 V with
higher specific energy of 32.63 Wh/kg (1.1 mWh/cm?®). Such a fascinating supercapacitive
features of the asymmetric cell is credited to the unique 3D network of hierarchical mesoporous
nanoflakes and the conductive RuCo,0. with low series and charge transfer resistances.
Therefore, this work ensures the importance of coherent design of an innovative nanostructured

design of electrode materials for supercapacitors.
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Figure captions

Fig. 1 (a) XRD profiles of RuCo0,0. thin film deposited on the SS electrode at various scan rates
RCO25, RCO50 and RC0O100. High magnified XPS spectra of (b) Ru3d and C1s (c) Co2p, (d)
O 1s for RuCo204 mesoporous nanoflakes (RC0O100).

Fig. 2 FE-SEM pictures of RuCo20, thin films prepared at different scan rates such as (a, b)
RCO25 (25 mV/s), (c, d) RCO50 (50 mV/s) and (e, f) RCO100 (100 mV/s) at two different
magnifications, respectively. In addition, (g-j) SEM and corresponding EDS mapping images for
RCO100 sample.

Fig. 3 TEM and HRTEM analysis of the RuC0204 mesoporous nanoflakes (RCO100 sample):
(a) Low-magnified TEM, (B) high magnified image presenting mesoporous feature (c) STEM
image further confirming homogeneous distribution of nano-particles, (d) HRTEM image with
corresponding lattice fringes and (e) SAED pattern.

Fig. 4 (a) The nitrogen adsorption/desorption isotherms with (b) corresponding pore size
distribution curve for RCO100 sample.

Fig. 5 (a) The CV profiles for all RuCo,0, electrodes at 40 mV/s scan rate of in 2 M KOH
electrolyte. (b) CV profiles for RCO100 sample at various scan rates from 5-100 mV/s and (c)
The plot of anodic and cathodic current with respect to scan rate

Fig. 6 (a) charge-discharge curves for RuCo.0, electrodes at 6.6 A/g in 2 M KOH electrolyte.
(b) charge-discharge curves for the RCO100 sample at current densities of 6.6, 13, 20, 26, 33,
40 A/g (c) the comparison of specific and areal capacitances for RCO25, RCO50 and RCO100
samples and (d) plot of specific capacitance with current density for RCO25, RCO50 and
RCO100 samples.

Fig. 7 (a) Nyquist plot of RuCo.0, electrodes with enlarged view in the inset within a frequency
range of 0.1 Hz to 105 Hz (b) plot of log f vs. phase angle (6) (c) log f vs. log|Z| and (d) real and
imaginary capacitances (C’ and C”) vs. frequency (log f) of RuCo020, thin films in 2 M KOH
electrolyte.
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Fig. 8 cycling performance of the RuCo0204 electrode (RCO100) by GCD at gradual increasing
current densities. Inset figures shows the first and last three GCD cycles

Fig. 9 (a) CV profiles for RuCo,04//AC asymmetric supercapacitor at scan rate of 5 -100 mV/s
within potential limit of 1.4 V, (b) the charge-discharge curves for RuCo,04//AC asymmetric
supercapacitor at various current densities, (c) representative charge-discharge curves at
current density of 1.2 A/g for RuCo,04//AC asymmetric supercapacitor and (d) the variation of
the specific and volumetric capacitance with current density for RuCo.04//AC asymmetric
supercapacitor

Fig. 10 (a) Ragone plot for RuCo,04//AC asymmetric supercapacitor device and (b) the plot of

Coulombic efficiency and capacitance retention with cycle numbers.
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