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RuOé NPLs

Introduction

Metals usually form a variety of oxide compounds
and that oxide compounds are being applied in every
aspect of energy storage and conversion, catalysis,
sensor, data storage, medical and security, and so on
because of their unique catalytic, electronic, mag-
netic, and optical properties [1-3]. In recent years,
nanostructured crystalline metal oxides have drawn
significant attention due to their interesting physico-
chemical properties and excellent performance in
various energy-related applications [4]. Several novel
strategies have been developed to obtain crystalline
metal oxide nanoparticles and among them, the sol-
gel method based on the hydrolysis and condensa-
tion of metal halides or metal alkoxides are exten-
sively studied [5]; however, particle sizes in nano-
regime and precise crystal morphologies are found to
be challenging [6]. To overcome the challenge, room-
temperature ILs, an environmentally benign solvent,
have been introduced for synthesizing the inorganic
nanomaterials. ILs usually possesses unique proper-
ties such as negligible vapor pressure, low
inflammability, wide electrochemical windows, high
inherent conductivities, thermal stability, liquidity
over wide temperature ranges, and easy recycling
that made this solvent more advantageous over

conventional solvents [7, 8]. ILs are basically organic
salts made of only ions; moreover, it is a kind of non-
conventional molten salts which can act as templates
or effective solvents for many organic and inorganic
synthesis with well-defined and extended ordering of
nanoscale structures [9-12]. Particularly, imida-
zolium cation-based ILs are useful for many appli-
cations in synthetic chemistry and catalysis [13, 14]
and act as suitable media for generation and stabi-
lization of various nanomaterials. Therefore, different
transition metal/metal oxide nanoparticles such as
Au NPs, Co-Pt, ZnO, V,0s5, and Mn;O,4 with multiple
shapes and sizes were prepared from room temper-
ature ILs and reported elsewhere [15-20].

Among the different transition metal oxides, RuO,
shows interesting properties such as low resistivity,
high chemical, and thermodynamic stability [21]. It is
considered to be a good electrocatalyst for different
electrochemical energy storage like electrochemical
supercapacitor material due to its wide potential
window of facile redox reactions and high stability
[22, 23]. This material is also treated as a well-known
electrocatalyst for various electrochemical reactions
such as water oxidation/reduction and chlorine
evolution [24-27].

Due to the extensive industrial uses and potential
applications, RuO; has been synthesized by different
methods focusing on high yield at the low expenses.
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Various synthetic protocols have been developed to
synthesize RuO, such as sol-gel method, [28] and
polyol method [29]. Among the different methods,
hydrothermal methods are one of the attractive and
easy methods to prepare metal oxide nanostructures
at low temperature [30-32]. On the other hand, imi-
dazolium-based IL was used as a template to fabri-
cate the silica-supported RuO, nanoparticles [33].
Instead of using as template, ILs can be mixed with
precursor materials and subjected to place in a
hydrothermal autoclave for synthesizing the nanos-
tructured crystalline materials [34, 35].

In the present study, imidazolium-based ILs-as-
sisted hydrothermal method is employed to synthe-
size the nanostructured crystalline RuO, where
1-butyl-3-methylimidazolium chloride IL is used as
size and shape controller of the nanoparticles as
reported previously [35]. The crystallinity of the as-
prepared RuO, was characterized using x-ray
diffraction techniques while nanoplatelets (NPLs)
morphology was investigated using FESEM and
TEM. Later on, the material was used as an efficient
electrocatalyst toward oxygen evolution reaction
(OER) and chlorine evolution reaction (CI-ER) in
different mediums at different pH. The onset values
for OER and CI-ER were found to be 147 V in 1 M
KOH and 15V in 3M KCl (pH 3) electrolyte,
respectively. Apart from electrocatalysis, the charge
storage capacity of this material was investigated in
the alkaline medium. The capacity value was found
to be ~ 200 F g~ ' at a current density of ~ 1 A g~ ".
It is noteworthy that no conducting materials or
binders were mixed with as-synthesized material to
improve the electrocatalytic activities. Hence, this
method opens up a new method of synthesis NPLs
rutile oxide structures for different electrochemical
energy applications.

Experimental

Preparation of ruthenium (IV) oxide
nanoplatelets

The material was prepared by IL-assisted
hydrothermal method where 0.25g of precursor
(ruthenium chloride hydrate, RuCl;, xH>O, 99.9%
Alfa Aesar) was mixed with 2.5 mL hydrogen per-
oxide and 30 mL water. Later, 0.5 g of 1-butyl-3-
methylimidazolium chloride (BMIMCI, Sigma-
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Aldrich, > 98%) was added with constant stirring
and transferred to a Teflon-lined autoclave. The
mixture was subjected to heat treatment at 140 °C for
2 days. The autoclave was cooled to room tempera-
ture. The obtained product was washed with water
and ethanol mixture (1:1). To remove excess ILs, the
product was mixed with acetonitrile and stirred for
overnight. The product was extracted from centrifu-
gation (8,000 rpm for 30 min) and dried in an oven at
80 °C for overnight.

Physicochemical characterization

Powder X-ray diffraction data were recorded on
Philips X'pert PRO X-ray diffractometer with gra-
phite monochromatized Cu-K, (1.5418 A:) radiation.
The surface morphology of the product was exam-
ined by Carl Zeiss Ultra 55 FESEM operated at 10 kV
accelerating voltage using in-lens detector equipped
with energy-dispersive X-ray spectroscopy (EDS).
TEM micrographs were recorded at JEOL JEM 1200
Ex operating at 200 kV. The TEM samples were pre-
pared by drop coating the diluted dispersion on a
carbon-coated copper grid and dried under vacuum
for 12 h. Raman spectroscopy of the sample was
recorded by LabRAM HR, Horiba Jobin Yvon
(France) using a 514.5 nm air-cooled Ar™" laser with
50x long distance objective. X-ray photoelectron
spectroscopic (XPS) analysis was performed on a
Kratos Axis Ultra DLD X-ray photoelectron spec-
trometer with monochromatic Al K, (1486.708 eV)
radiation. The absorption spectrum of the sample
was measured on a Perkin Elmer Lambda 750 UV-vis
spectrometer.

All the electrochemical measurements were carried
out on an electrochemical workstation (CHI 660C,
CH Instruments, USA) using a conventional three-
electrode setup. Electrochemical impedance spec-
troscopy (EIS) was conducted on Autolab electro-
chemical workstation (Metrohm). A glassy carbon
electrode was used as a working electrode and a
carbon rod was used as a counter electrode. The
mercury/mercury oxide (MMO) and saturated calo-
mel electrode (SCE) were used as the reference elec-
trodes depending on the electrolytes. For
electrochemical oxygen evolution, 1 M KOH solution
was prepared from ultrapure water (Milli-Q, Milli-
pore, ~ 18 mQ cm) and used as an electrolyte,
whereas for chlorine evolution reaction, 3 M aqueous
NaCl solution (pH 3) was used as an electrolyte. In
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both the cases, an electrolyte was purged with N, gas
for 30 min prior to the experiment and N, atmo-
sphere was maintained in the electrochemical cell. All
potentials are calibrated with respect to a relative
hydrogen electrode (RHE), where Egrpr = Emmo-
4+ 097 V; and Egrpg = Escg + 0.27 V, under the
mentioned electrolyte condition. A 3-mm-diameter
glassy carbon electrode was polished properly before
the catalyst was drop casted. The catalyst ink was
prepared in such a way that 2 mg catalyst powder
was dissolved in 2 mL of isopropanol and water
mixture (1:1) with the addition of 10 pL Nafion (5
wt% in aliphatic alcohol, Aldrich). Later, the mixture
was ultrasonicated for 30 min and 10 pL ink was
deposited on the polished glassy carbon electrode to
obtain 140 pg cm™? loading and dried under an
ambient atmosphere.

Results and discussion
Physicochemical characterization

The structure of the as-prepared RuO, NPLs is
investigated by powder XRD and the pattern is
depicted in Fig. 1. The sharp diffraction peaks at
28.1°, 35.4°, and 54.6° are originated from (110), (011),
and (121) planes of the rutile-type crystal structure of
RuO,. All other diffraction peaks are indexed
accordingly. The obtained pattern is compared with
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standard XRD data (ICSD # 84618) and found that
experimental data (black) is well matched with the
standard tetragonal RuO, (red bar). The crystallite
size of the sample is determined using the Scherrer
formula [36] [D = KA/ cos 0, where 1 is the wave-
length of the X-ray beam, 0 is diffraction angle, D is
the crystallite size, K is shape factor, and f is full-
width half maximum (FWHM) of the peak] from the
FWHM of (110) peak (20 = 28.25°). The calculated
value, 40 nm, is in agreement with those estimated by
microscopy. The dislocation density (6) of the RuO,
NPLs was calculated using 6 = 1/D? equation, where
D is the crystallite size obtained from XRD [37] and
the value is found to be 5.4 x 10~* nm™2 It repre-
sents the amount of defects present in the sample, i.e.,
the length of dislocation per unit volume of the
crystal and it is noteworthy that the value of dislo-
cation density for a perfect crystal is close to zero.

Crystal structure of rutile RuO, is drawn using the
X'Pert Highscore software where the structure is
projected along [001] direction and structure is
viewed along the ‘c’ axis. RuO, belongs to the space
group Dy,'* and possesses tetragonal rutile crystal
structure and it contains two RuO, molecules per
unit cell as shown in Fig. 1b. It is found that the Ru*"
is located at sites with D, symmetry and O*~ occu-
pies the sites with C,, symmetry. In a unit cell,
cations are bounded by six anions at the corners of a
slightly distorted octahedron.

Figure 1 a X-ray diffraction
patterns of rutile RuO, NPLs
(black) and standard ICSD
data (File No. 84618) (red).
b Crystal structure of rutile
RuO, along the [001]
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The morphology of the as-synthesized RuO, NPLs
is examined using field emission SEM (FESEM) and
depicted in Fig. 1c and d. In the lower magnification
of the image (Fig. 1c), the platelets like morphology
are found to be agglomerated, whereas at higher
magnification (Fig. 1d), the platelet structures are
clear with average size 20-100 nm. To ensure the
components present in the RuO, NPLs, EDS along
with elemental mapping is carried out (Fig. S1a) and
found the sharp signal of Ru and O in the EDS
spectrum. Further, the Ru and O signals found in the
elemental mapping are well matched with SE2
micrograph (Fig. S1b).

To understand the morphology and structure of
RuO, NPLs more precisely, the sample is further
investigated by TEM (Fig. 2). The platelet shape of
RuQO; is clearly extracted from the bright-field TEM
images (Fig. 2a). The darker patches appeared in the
micrographs are due to the overlaid of the nanopla-
telets and it is further deciphered from the higher
magnification image (Fig. 2b). The average particle
size (40 nm) of the RuO, NPLs is found to be similar
to the crystallite size of the RuO, (inset Fig. 2c).

The ploycrystallinity nature of the RuO, NPLs is
evaluated from the SAED pattern shown in Fig. 2c.
The pattern contains the characteristic ring pattern
with a few bright spots, where each spot is attributed
to the Bragg reflection of an individual crystallite.

Figure 2 TEM images of
RuO, NPLs at a lower
magnifications and b higher
magnifications along with

¢ SAED pattern (inset shows

a)

particle distribution curve) and
d HRTEM image (inset shows
the d-spacing).
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The obtained rings are relatively continuous, which
reveals that the crystallites are small and in a random
orientation. The high-resolution TEM (HRTEM)
image in Fig. 2d exhibits that a few platelets are ori-
ented in the (110) direction and the attached neigh-
boring particle is oriented in the (011) direction. The
distance between lattice planes is measured (shown
in inset Fig. 2d) from the HRTEM image and the
values are found to be 3.1 A and 2.5 A for dy10 and
do11, respectively, which are in good agreement with
the cell parameters of RuO, (cell parameters
a=4544 A, c = 3140 A) [38].

To understand the shape of the nanocrystals, a
plausible mechanism of RuO, NPLs prepared by ILs-
assisted process is illustrated in Scheme 1. Firstly,
Ru(II)Cl; is reacted inside the autoclave and formed
Ru-hydroxide [Ru(OH);], which is subsequently
converted into RuO, nanoparticles in the presence of
H,0; [39]. The shape of nanocrystals is determined
by the tendency to form aggregates of the initial seeds
while minimizing the surface energies. In the subse-
quent self-assembled process, BMIMCI plays a cru-
cial role on the shape of the RuO, nanocrystals.
Imidazolium-based ILs have a  polymeric
supramolecular structure consisting of anionic and
cationic aggregates, which can form two-dimensional
polymeric self-assemblies as shown in the Scheme 1.
The imidazolium cation could be selectively
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Scheme 1 Schematic
illustration of synthesis of ILs-
assisted RuO, NPLs.

.
$ -
5’

RuO, NPLs

adsorbed on the particular crystal plane [e.g., (110)
planes of RuO,], where charges can be counterbal-
anced due to the electrostatic forces between O*~
termination of RuO, and (BMIM)™" of ILs. Hence, the
ILs act as a template on the formation of the building
blocks of the nanoplatelet. On the other hand, C1™ ion
can adsorb on the RuO, nanoparticles, followed by
alignment of imidazolium cation, which subse-
quently provide special interlayer spaces for the
arrangement of RuO, nanoparticles in the 2D direc-
tions. Hence, the ILs form a protective layer, com-
posed of supramolecular anionic aggregates, which
surrounds the RuO, nanoplate surfaces in a con-
structive way and provides both steric and electronic
protection to the nanoparticles against aggression.
Apart from electrostatic interaction, hydrogen bond-
ing and n-7 stacking results in realignment of the
building blocks toward a specific direction with the
minimization of the surface energy and appear as a
platelet structure of RuO, via aggregation and orga-
nization [40]. Hence, it can be anticipated that selec-
tive adsorption of ILs on RuO, crystal planes can
change its atomic arrangement or surface termina-
tion, as a result the growth process is affected and
well-defined nanoplates are formed.

XPS characterization is performed to investigate
the chemical state variation of the elements present in
the as-synthesized RuO, NPLs. The survey XPS
spectrum which contains all the elements present in
RuO, NPLs is shown in Fig. 3a. Ruthenium is

140 °C
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typically analyzed in XPS by considering the strong
signals from the 3d photoelectrons. To understand
further, Ru 3d spectrum is deconvoluted into four
peaks, which were identified with Ru 3ds,, and Ru
3d;,, appeared at 281.5 and 285.7 eV, respectively. It
is observed that Ru 3ds,, peak did not overlap with
Ru 3d3/, and C 1s peaks and the binding energy of
Ru*" corresponds to the Ru 3ds/,, suggesting the
presence of RuO,. Apart from, two small intensity
peaks were observed at 283.5 and 287.7 eV corre-
sponding to the Ru 3ds,, and Ru 3d3,5, respectively
[41], which could be related to the presence of a small
fraction of RuQOs.

The interference of C 1s signal often overlaps with
Ru 3d signal and it is observed in Fig. 3a where a
peak appeared at 285.0 eV is labeled for typical C 1s
(-C-H) which is also used for binding energy cali-
bration. Apart from, 285.0 eV peak, two more peaks
are observed in the higher binding energy in the
same spectra such as 287.0 and 289.0 eV could be
labeled as -C-O and —C=0, respectively.

Additionally, deconvoluted and well-fitted XPS
Ols also confirmed the existence of RuO, and the
oxygen-containing functional groups were identified
with Ru—-O-Ru, (529.4 eV), -C-O (530.6 eV), and C—-
OH (534.5 eV). The peak centered at 530.6 eV could
be due to the Ru-OH. The presence of oxygen-con-
taining functional groups could be present due to the
IL used during the synthesis which would improve
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Figure 3 a Survey XPS (a)
spectrum of RuO, NPLs;

b high resolution and
deconvoluted Ru 3d and ¢ O
1s; d Raman spectrum of
RuO, NPLs.
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the electrical conductivity and electrochemical sta-
bility of the as-synthesized RuO, NPLs.

According to the group theory, fifteen optical
phonon modes are possible and among them, only
three modes are Raman active. The Raman spectrum
of RuO, NPLs is shown in Fig. 3d where three major
Raman features, namely E;, Az and By, modes,
centered at 511, 628, and 694 cm™'. The full-width
half maxima of the peaks are found to be higher for
RuO, NPLs than for the single crystal RuO, [42, 43]
implying the polycrystalline nature of the RuO, as
confirmed from the XRD and TEM studies.

Electrochemical energy storage

The electrochemical performance of the RuO, NPLs
as an electrode material for supercapacitor is exam-
ined in a conventional three-electrode system using
cyclic voltammograms (CVs) in deaerated 1 M KOH
solution. The steady-state voltammograms show a
typical capacitive behavior of the as-synthesized
RuO, NPLs measured as a function of the potential
scan rates (Fig. 4a). In order to evaluate the high-rate
capability of RuO, NPLs in the assigned potential

window, the scan rate is varied from 0.01 to 0.5V s~ .

@ Springer
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The practical potential window is fixed for capaci-
tance studies from 0.2 to 0.95 V vs. RHE. The rect-
angular shape of the voltammograms remains
symmetrical in different scan rates implying the
insignificant iR loss with the scan rate variation [44];
moreover, electrochemical processes occurred at the
interface are highly reversible [45].

The specific capacitance, more preciously, volu-
metric capacitance is found to be decreased with
increasing potential scan rates, depicted in Fig. 4b.
The volumetric capacitance is calculated using the
formula, C,p, = [i dV/(v-A-AV), where [i dV implies
to the area under the CV curve, v is the potential scan
rate, A is the geometric area of the electrode and
AV = (Vinax — Vimin), Vimax is the potential at the end
of charge and Vi, at the end of discharge. The
capacitance of the RuO, NPLs at 0.01 V s~ scan rate
is determined to be 22.3 mF cm ™2

The electrochemical capacitance behavior of the
RuO, NPLs is further evaluated by galvanostatic
charge-discharge techniques (GCD) wunder the
applied current densities varying from 0.8, 1.6, and
3.2 A g . The capacitive behavior of the RuO, NPLs
is observed from the linear V-t plots in Fig. 5a. The
specific capacitance is determined using the equation,
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Cyp = IAt/m - AV,

where I is the specific discharge current, At is the
discharge time, m is the mass of the electroactive
material, and AV is the applied potential window. By
using this equation, specific capacitance is measured
at different discharge current. Figure 5b shows the
specific capacitance variation with the discharge
current densities in the range of 0.8 A g ' to 20 A g~'
in the aqueous electrolyte and the capacitance values
are decreased with increasing the current densities.
The specific capacitances of the RuO, NPLs in the
alkaline solution are 198.2 Fg~' and 150.7 Fg ™' at

0 200 400 600
Cycle number

800 1000 0 60 90 120 150

Z' (Ohm)

w
o

current densities of 0.8 A g~ and 20 A g, respec-
tively. The origin of the capacitance can be explained
from double-layer capacitance along with additional
faradic capacitance where Ru**/Ru®* redox couple
shuttles at the outermost layer of RuO, aggregates.
Moreover, ultrathin nanoplatelets of as-synthe-
sized RuO, are connected well with each other
(assessed from the TEM image), possibly enhanced
by the presence of IL during the formation indirectly
helps the fast charge transport between the electrode
surface and RuO, surface. The capacitance values of
RuO, NPLs obtained from the present study are
higher than reported RuO, nanoparticles and
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comparable to the carbon-based RuO, composites
[46, 47] as shown in Table S1.

The Ragone plot, power density vs. energy density,
is one of the important assessable parameters used
for electrochemical performance comparison of vari-
ous energy storage devices, especially supercapaci-
tors and batteries. The energy (E) and power
(P) densities are calculated from the GCD curves by
using the equations, E = C,,(AV)?/2 x 3600 and
P = E/t, where Cg,, is the specific capacitance, AV is
the potential range, and f is the discharge time in
hour unit. Inset of Fig. 5b illustrates the Ragone plot
of RuO, NPLs in the alkaline solution. The maximum
energy density of RuO, NPLs is found to be 17.4
Wh kg~ ! in 1 M KOH solution, which is higher than
the reported RuO, nanoparticles [29]; is achieved at
the current density of 0.8 A g~'. However, the max-
imum power density of 8.2 kW kg™ is obtained for
the same material, indicating that nanoplatelet mor-
phology of the as-synthesized RuO, NPLs would be a
promising material for high power electrochemical
energy devices.

The cyclic performance is another crucial factor for
the electrochemical devices implementing in practical
use, is examined by chronopotentiometry at a current
density of 4 A g”! in the potential range 0.17 V to
0.97 V vs RHE. As seen in Fig. 5c, the cycling stability
of the RuO, NPLs in 1 M KOH solution is slightly
decreased and the capacitance retentions after 1000
cycles run are found to be 94.6%, implying good
electrochemical stability. Further shown in the inset
of Fig. 5¢c, the GCD curve shape at a certain test time
is symmetrical, indicating the stability of the RuO,
NPLs during cycling performance.

The supercapacitive nature of the as-synthesized
RuO, NPLs is further explored by EIS, which was
carried out in the broad frequency range of 100 kHz
to 10 mHz at a small sine wave amplitude of 5 mV.
The Nyquist plot in Fig. 5d exhibits a typical semi-
circle over the high-frequency range and a vertical
line in the low-frequency region. EIS is carried out to
further characterize the capacitor behavior. The AC
impedance is measured in the frequency range from
100 kHz to 10 mHz. The straight line nearly parallel
to the imaginary axis shows ideal capacitive behavior
of the material, consistent with the finding from CV
and GCD studies. The intercept of the Nyquist plot
on the real axis is about ~ 6 Q, showing good con-
ductivity of the electrolyte and very low internal
resistance of the electrode caused by the mobility of
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ions in the electrode—electrolyte interface. The Bode
plot (phase angle vs frequency) of the RuO, NPLs is
depicted in the inset of Fig. 5d where the phase shift
is ~ 80° in the low-frequency region indicating the
double layer charge storage behavior and hardly
found any faradic charge storage phenomena of the
RuO, NPLs [48].

Electrocatalytic oxygen evolution reaction

The electrocatalytic activity of RuO, NPLs toward
evolution of oxygen is investigated in a conventional
three-electrode setup where the catalyst coated on
glassy carbon electrode is used as a working elec-
trode in 1 M KOH solution. The iR corrected liner
sweep voltammogram of RuO, NPLs is compared
with bare GC and commercial RuO, with similar
mass loading, recorded at 5 mV s~ ! scan rate, and
depicted in Fig. 6a. As observed from the LSVs, the
bare GC electrode is used as control measurement for
the OER, hardly contributes to the electrocatalytic
activity with minimal current density. RuO, NPLs
shows the OER onset overpotential as low as
n =240 mV (~ 1.47 V vs RHE), which is better than
the standard RuO, (~ 1.53 V vs RHE). The overpo-
tential, required to achieve 10 mA cm ™2 current
density, normally regarded as equivalent to solar fuel
synthesis, is # = 400 mV (~ 1.63 V vs. RHE), very
close to the best-reported catalyst so far [49] and a
few millivolt less than commercial RuO, as shown in
Fig. 6a. The low onset overpotential and high current
density indicate the excellent OER performance of
RuO, NPLs in alkaline solution.

To achieve more insight into the oxygen evolution
process of RuO, NPLs, electrocatalytic kinetics is
further evaluated using Tafel plot ( vs log 1), derived
from the polarization curves as shown in Fig. 6b. The
liner region of the Tafel plot is recorded at low and
high overpotentials to obtain the Tafel slopes using
the Tafel equation: # = a + blog i, where b is the Tafel
slope and i is the current density. Due to the change
in the rate-limiting step, two different Tafel slopes
can be deduced from the Tafel plot (Fig. 6b), that are,
825 mV dec”' in low potential range and 132.4
mV dec™! in the high potential range. Two Tafel
slopes have been recognized for the oxygen evolution
process. Moreover, it is reported that at high over-
potential region (~ 1.4 V), crystalline RuO, films
show the Tafel slopes in the region of 60 mV dec™’,
whereas at large current densities it is 120 mV dec™"
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[50]. The better electrocatalytic performance of the
RuO, NPLs toward OER can be explained by the
presence of non-stoichiometric RuO, which provides
the active sites to adsorb the hydroxyl radicals from
alkaline water.

The electrochemical durability of an OER electro-
catalyst is one of the prime concerns for a practical
implication. Therefore, a chronoamperometric dura-
bility test is performed to evaluate the long-term
stability of RuO, NPLs in an alkaline solution. Fig-
ure 6c shows the comparison between the linear
sweep voltammograms, performed before and after
the chronoamperometric durability rest, revealing the
stability of the electrode material by changing a
minute change in the onset overpotentials. Further,
Fig. 6d reveals that the RuO, NPLs retains almost
80% initial current at 1.6 V vs RHE after 5.6 h con-
tinues running in 1 M KOH solution.

Electrocatalytic chlorine evolution reaction

The catalytic activity of the present catalyst has also
been studied for electrochemical chlorine evolution
reaction (Cl-ER) using conventional three electrodes
system using the RuO, NPLs coated on GC as

3
Time (hr)

working electrode, Pt and SCE as counter and refer-
ence electrode, respectively. The electrolyte that was
used for this experiment is deaerated 3 M NaCl
solution at pH 3. Figure 7a represents the iR cor-
rected LSV drawn at 5 mV s~ scan rate that indicates
excellent CI-ER efficiency with an onset potential
1.5 V. The CI-ER activity of RuO, NPLs was further
compared with the commercial RuO, and depicted in
Fig S2a, which shows that both catalysts possess the
same inflection point (~ 1.5 V); however, at higher
current density (15 mA cm ™2 or more), RuO, NPLs
exhibits lower overpotential than the commercial
one.

Further, the Tafel polarization measurement (inset
of Fig. 7a) exhibits lower Tafel slope (42 mV dec™")
for the RuO, NPLs. The Tafel slope for CI-ER was
found to be around 35 to 40 mV dec™' for the stan-
dard DSA electrocatalyst [51]. This result suggests
that CI-ER follows the Volmer-Heyrovsky mecha-
nism as proposed earlier [52, 53].

It is noteworthy that the thermodynamic potentials
for chlorine evolution (Cl-ER) and oxygen evolution
(OER) are close to each other (1.36 V for CI-ER and
1.23 V for OER) [51]; moreover, RuO, nanoparticles
are known to be a good OER catalyst in the acidic

@ Springer
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Figure 7 a LSV for the RuO, NPLs as a catalyst in 3 M NaCl
(pH 3). Scan rate: 5 mV s™'. Inset shows the Tafel slope for
chlorine evolution from the same electrolyte. b Amperometric i—
t was performed for RuO, NPLs at a constant potential of 1.5 V

medium due to the sequential water dissociation on
oxide surface [54]. Hence, there is always a possibility
of interference of OER during CI-ER and it is
important to confirm the actual phenomena. There-
fore, the chlorine evolution was proved by using both
litmus test (Inset of Fig. 7b) and bleaching test (Sup-
porting Information, Movie) where the litmus test
confirms that solution pH has increased from acidic
to basic by following an equation [NaCl + H,.
O - Cl, + H; + NaOH] as shown in Fig. 7b (inset).
The arrow indicates that red color of the pH indicator
paper (MColorpHast universal pH indicator, Ger-
many) was turned into blue (blue arrow) due to the
formation of NaOH during the chlorine evolution
and solution pH is increased from acidic to alkaline.

In the second test, we have shown that huge
chlorine gas is evolved from the electrode surface and
during the gas evolution, a pH indicator paper was
inserted into the electrochemical cell. It is observed
that within a few seconds, the color of the paper is
completely bleached (Supporting Information,
Movie). These two experiments confirm that RuO,
NPLs act as good electrocatalyst for CI-ER in NaCl
solution. To evaluate the selectivity of the RuO, NPLs
electrode between the CI-ER and OER, LSV curves
were acquired in 3 M NaCl and 3 M NaNO; (~ pH
3) solutions, respectively. As shown in Fig. S2b, the
curve recorded in non-chloride (NaNO3) solution has
higher onset potential than chloride solution during
the positive potential scan, which could be due to the
oxygen evolution. This result indicates the high
selectivity of RuO, NPLs toward CI-ER.

@ Springer
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for 5 h; inset shows the pH indicator papers: (1) before Cl,
evolution, (2) after Cl, evolution; arrows indicate the color change
occurred due to the change in solution pH.

Long-term stability of the electrocatalysts is one of
the concerns in any electrocatalytic reaction. The
rutile structures are active materials for Cl, produc-
tion; however, RuO; is relatively unstable at high
overpotential and long run due to formation of cor-
rosive species like HCIO. Therefore, RuO, is mixed
with IrO, and supported by TiO,/SnO,, known as
dimensionally stable anodes (DSA) [55] is commonly
used for large-scale Cl, production. For that, RuO,
NPLs is kept at a fixed potential (1.5 V) for five long
hours and hardly any change in the current density
is observed, implying that ILs-assisted RuO, NPLs
improve the stability of the material. Hence, it has
been shown that RuO, prepared by IL-assisted
method is found to be comparable with different
RuO, nanostructures and their composites. The
comparative electrocatalytic activities and superca-
pacitor performance are tabulated in Table S1 (Sup-
porting Information) exhibiting tri-functional
behavior of RuO, NPLs.

Conclusions

A simple, single-step, and low-temperature ILs-as-
sisted method was employed for synthesizing RuO,
nanoplatelets for tri-functional electrochemical
energy applications. The physicochemical character-
izations were carried out by XRD, XPS, SEM, and
TEM analyses, revealing the nanoplatelet shape with
high crystallinity. It is noteworthy that the material
was synthesized without addition of any surfactant
or binder, only IL played a key role in the formation
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of the anisotropic structure of RuO,. The electro-
chemical activities such as electrocatalysis and
supercapacitor were investigated using as-synthe-
sized RuO, NPLs and found that the RuO, NPLs can
store a huge charge by showing a capacitance value
of ~200 Fg'. Similarly, the electrocatalytic
parameters such as onset potential, Tafel slope, and
electrochemical stabilities are up to the mark for the
as-synthesized RuO, NPLs for both chlorine and
OERs. Hence, ILs-assisted method opens a new pave
for synthesis of the nanostructured, anisotropic, pla-
telet shape of metal oxides, which could be used as
useful electrocatalyst for energy storage and conver-
sion in the present energy crisis situation.
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