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ARTICLE INFO ABSTRACT
Keywords: Water splitting using an electrochemical device to produce hydrogen fuel is a green and economic
BaRuO3 approach to solve the energy and environmental crisis. The realistic design of durable electro-

Electro-catalyst

Ti plate

Hydrogen evolution reaction
Oxygen evolution reaction

catalysts and their synthesis using a simplistic technique is a great challenge to produce
hydrogen by water electrolysis. Herein, we report a stable highly active barium ruthenium oxide
(BRO) electro-catalysts over Ti plate using a soft chemical method at low temperature. The
synthesized material shows facile hydrogen evolution reaction (HER) as well as oxygen evolution
reaction (OER) in alkaline medium with over-potentials of 195 mV and 300 mV, respectively at a
current density of 10 mA cm 2 The excellent stability lasts for at least 24 h without any
degradation for both the HER and OER at the current density of 10 mA cm™2, inferring the
practical applications of the material toward production of green hydrogen energy. Certainly, the
synthesized catalyst is capable adequately for the overall water splitting at a cell voltage of 1.60 V
at a current density of 10 mA cm™2 with an impressive stability for at least 24 h, showing a
minimum loss of potential. Thus the present work contributes to the rational design of stable and
efficient electro-catalysts for overall water splitting reaction in alkaline media.

1. Introduction

With the development of the technologies and growth of the population, the energy demand is increasing across the globe. As a
result, usage of fossil fuels as a source of energy has increased significantly, and the resulting CO» emissions have increased the
greenhouse effect [1]. Therefore, it is highly required to develop a sustainable energy source as feasible alternatives to the conven-
tional fossil fuels [2]. Among all existing renewable energy sources, hydrogen has received much interest as a clean energy source [3,4]
and thus, the hydrogen production has attracted a broad interest. High-purity, large scale and cost-effective hydrogen can be produced
via water electrolysis, which involves two half-cell reactions, i.e., hydrogen evolution reaction at the cathode and oxygen evolution
reaction at the anode [5,6]. The water splitting through electrochemical process have unfavorable thermodynamics and sluggish
reaction kinetics, so it is highly required to create high-performance electro-catalysts that can lower the activation energy barriers and
thus accelerate the reactions [7-9]. Platinum (Pt) is the most effective electro-catalyst for HER with zero onset potential, while RuOs,
IrO and their composites are efficient for OER due to their rutile crystallographic structure [6,10,11]. Ruthenium and Platinum both
are belongs to the noble metal family, while the cost of Ru is much less than the Pt [12]. Also, Ru has excellent water-dissociation
abilities having Pt-like hydrogen bond strength [6,13] and Ru — based catalysts can possess good HER activity due to the favorable
hydrogen adsorption of Ru [14-16] (see Scheme 1).
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Numerous studies are being conducted to create electro-catalysts that can catalyze both HER and OER in the same electrolytic
medium while considering the overall effectiveness of the electrolysis process [14,17]. A lower efficiency is often obtained when both
the electrodes are made out of the same material and put together in a single electrolytic medium to form a symmetric cell for water
splitting reaction [18,19]. The pure transition (noble) metals are not much suitable for water splitting due to their lower activity,
whereas their oxides are notable for being highly stable because they cannot be further oxidized even under harsh operating conditions
[20,21]. Again the high price and limited supply of the precious metals severely limit their practical applications. To reduce the cost
without compromising the catalytic capabilities, attempt has been made to synthesize ruthenium (Ru) with other transition metal
based oxides as electro-catalysts for HER and OER [6,14]. In literature, there are numerous techniques, such as solid-state method,
hydrothermal method, sol-gel method and deposition method, available to synthesize various oxide materials and it was found that the
synthetic method and the curing temperature have profound effect on the crystal growth and hence on their catalytic properties
[22-33]. Recent report on the low cost synthesis of bimetallic oxides and its coatings over a metal surface shows the hard-corrosion
resistance property [34]. Again, the deposition techniques and deposition temperatures have significant impact on their properties,
such as oxidation when exposed to air [35-37]. Considering the literature report, we intent to prepare BaRuOj3 electro-catalyst using a
soft chemical method at low temperature for its use in the water splitting reaction in alkaline medium, though Doggali et al. have
already synthesized BaRuOs perovskite material at high temperature for its use as a catalyst for the diesel soot oxidation [38]. To the
best of our knowledge, this is the first report on low temperature synthesis of BaRuOs for the water splitting reaction in alkaline
medium. Advantage of choosing the soft chemical route for the preparation of BaRuO3 on Ti plate is that it does not require the use of
an inert atmosphere or any toxic organic solvent. Secondly, the shorter Ru-Ru bond distance in BaRuO3 compared to RuO; and the
presence of basic Ba in the moiety of BaRuO3 may enhance the catalytic property and thus the BRO may be a promising efficient
electro-catalyst for both the HER and OER in alkaline medium.

2. Experimental methodology and techniques
2.1. Materials

Ruthenium (III) Chloride Hydrate (RuCls. xH20, >99.98 %) and Ruthenium (IV) Oxide Hydrate (RuOs. xH20) were purchased from
Sigma-Aldrich; Titanium Plate (Ti, Grade B) was purchased from aviation metal & alloys, India; 2-Propanol (>99.0 %), Acetone
(>99.0 %), Hydrochloric Acid (HCl, >35.0 %), Barium Nitrate (Ba(NOs3)2, >99 %) and Potassium Hydroxide Pellets (KOH, >84 %)
were purchased from Merck. Carbon black, acetylene (99.9 %) and Nafion D-520 dispersion (5 % w/w in water and 1-propanol) were
purchased from Alfa Aesar. All the salts were used without any further purification. Tripled distilled water was prepared using a
BOROSIL® distillation unit to make each solution.

2.2. Preparation of BaRuOs coated Ti plate

Ti plates were scratched with sand paper (250 pm), then cleaned ultrasonically in 20 % of HCI for 15 min to remove the impurities
from its surface and washed again with distilled water and acetone. To prepare BaRuO3 solution by soft chemical method, the stoi-
chiometric amounts of Ba(NOs)s (0.183 g) and RuCls. xH20 (0.145 g) were dissolved in 5 ml tripled distilled water separately. RuClg
solution was heated up at 80 °C for 5 min under constant stirring and then Ba(NO3), solution was added into it drop-by-drop. The
whole solution was heated under constant stirring condition at 80 °C for another 10 min to obtain a dark brown solution. The obtained
brown solution (ink) was coated on Ti plate with a geometrical area of 1 cm? using a soft brush and dried it at 120 °C for 10 min in a hot
air oven. This procedure was repeated for another five times to get a reasonable amount of BaRuO3 material over Ti plate and
designated as BRO. The obtained BRO was annealed in a muffle furnace at different temperature of 200 °C, 300 °C, 400 °C and 500 °C
in the presence of air for 1 h, which were named as BRO-2, BRO-3, BRO-4 and BRO-5, respectively. The active mass of coated BaRuOs3
on Ti plate after calcination was~10 mg. A schematic diagram of the whole process is shown below (Scheme 1).
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Scheme 1. Schematic illustration of BaRuOj3 coated Ti plate.
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2.3. RuOj; electrode preparation

For comparison, 12 mg of commercial RuO, and 3 mg of carbon black were dispersed in 2 pl of Nafion and 250 pl of 2-propanol and
untrasonicated for 60 min to obtain a homogeneous dispersion, called ink. The ink, as obtained, was drop-casted on Ti plate with a
geometrical area of 1 cm? and dried it at room temperature. The process was repeated for another five times to get an active mass of
~10 mg over the Ti plate.

2.4. Physical characterizations

The phase structure and crystallinity of the prepared electrode materials were identified by X-ray diffraction (XRD, PANalytical
X'Pert Pro) using Cu-K, radiation, A = 1.54059 A. The surface morphologies of the synthesized BRO electrodes were studied by field
emission scanning electron microscopy (FE-SEM, Zeiss Gemini SEM 450). X-ray photoelectron spectroscopy was performed for the
analysis of chemical states of the elements present on the surface of BaRuO3 coated Ti plate by using X-ray photoelectron spectrometer
(XPS, Thermo Scientific Nexsa G2) equipped with a monochromatic Al-K, X-ray source.

2.5. Electrochemical characterizations

All electrochemical measurements were performed using an Autolab potentiostat/galvanostat workstation (Model- PGSTAT 128 N)
comprising a standard three-electrode cell in 1 M KOH solution (pH = 13.5). The pH of KOH solution was measured by using a pH
meter (LABMAN, LMPH-12). Platinum metal plate (2 cm x 1 cm) and a saturated calomel electrode (SCE) were used as counter and
reference electrodes, respectively. The BaRuOs coated Ti plates (1 cm?) obtained at different temperature were used as working
electrode. Linear sweep voltammetry (LSV) curves were recorded at a sweep rate of 5mV s~ ! vs. SCE without any iR compensation for
the OER and HER. The electrochemical active surface area (ECSA) of the best electrode was calculated by measuring the double-layer
capacitance (Cq) in the non-faradic region at various scan rates starting from 5 to 50 mV s~! in the potential range of 0.0-0.15 V vs.
SCE in 1 M KOH solution according to the reported method. The double layer capacitance (Cq)) was calculated from the slope of the
graph plotted against Aj vs. scan rate, where Aj = janodic - jeathodic/2, and Cq; value is equal to the slope value [39,40].

All the potentials recorded against SCE were converted in terms of Reversible Hydrogen Electrode (RHE) calculated by equation
(1), and the over-potential was calculated by equation (2) [41]:

VruE = Vscg + 0.059 pH + 0.2415 &)
N=Vgue — 1.23 @

where, Vryg is the Reversible Hydrogen Electrode (RHE) potential, Vscg is the measured potential vs. Saturated Calomel Electrode
(SCE), 0.2415 is the standard electrode potential of SCE and n is the over-potential.

Electrochemical impedance spectroscopy (EIS) studies were performed in a frequency range of 0.1 MHz-1 Hz. The long term
stability of the best electrode was tested by performing chrono-potentiometry at constant cathodic (for HER) and anodic (for OER)
current density of 10 mA cm 2. The stability of the electro-catalysts was studied using a two electrode system in which a platinum plate
acts as both counter & reference electrode and BRO-3 coated Ti as working electrode in 1 M KOH solution. Overall water splitting
performance was studied using a two electrode system, where both the electrodes were BRO-3 electrodes.
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Fig. 1. XRD patterns of (a) Bare Ti plate, (b) BRO-2, (¢c) BRO-3, (d) BRO-4, and (e) BRO-5.
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Fig. 2. FE-SEM images of BRO with different magnification annealed at different temperature (a,b) 200 °C (c,d) 300 °C (e,f) 400 °C and (g,
h) 500 °C.
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3. Results and discussion
3.1. Composition and morphology analysis

The phase structure of the prepared BRO materials and the Ti plate were studied by XRD. Fig. 1 (a) reveals the XRD patterns of bare
Ti plate with the diffraction peaks at a 20 values of 35.10°, 38.44°, 40.18°, 53.03°, 62.97°, 70.70°, 76.24°, 77.38°, and 82.35°
correspond to (100), (002), (101), (102), (110), (103), (112), (201), and (004) planes, matched well with the standard JCPDS data
(Card No.- 96-901-6191) and confirmed that no other impurities are present in the Ti plate. Fig. 1(b-e) show the XRD pattern of BRO
materials annealed at different temperatures. Fig. 1 (b) shows the XRD pattern of BRO-2 films annealed at 200 °C contains both
stoichiometric and non-stoichiometric phases like Ba;Rus015Cly. Formation of non-stoichiometric phase is common for materials
synthesized from solution at low temperature. Fig. 1(c and d) show the XRD pattern of the films annealed at 300 °C & 400 °C with
diffraction lines at 20 values of 17.91°, 19.96°, 24.25°, 26.31°, 30.65°, 31.21°, 32.91°, 35.35°, 37.05°, 40.63°, 42.51°, 45.34°, 50.23°,
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Fig. 3. XPS survey spectrum of BRO-3 (a) Full XPS spectra, and high-resolution XPS spectra of (b) Ba 3d, (c) Ru 3d, (d) Cl 2p, and (e) O 1s.
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54.00°, 57.39°, 59.27°, 61.90°, 66.80°, 69.44°, and 73.96° with an intense peak at 31.21° corresponds to the (110) plane of BaRuOs,
which matches well with the standard JCPDS data (Card No.- 96-152-9053) and confirms the formation of hexagonal perovskite
structure. The average crystalline size of the synthesized materials were determined by using the well known Scherrer equation: D =
k\/(p cosB), where, D is the average crystalline size, A is the wavelength of X-ray (1.54059 A), k is the shape factor (0.9), B is the full
width at half-maximum of the peak in radian, and 6 is the Bragg angle of the (hkl) reflection [42]. The average crystalline sizes of
BRO-2, BRO-3, and BRO-4 are 87.25 nm, 118.3 nm, and 115.23 nm, respectively measured using the (110) reflection plane at 20 =
31.21°. It should be mentioned here that BRO-5 annealed at 500 °C didn’t show a large number of sharp peaks in the diffraction
pattern, which indicates that there is a change in the crystal structure at and above 500 °C. This change can be attributed due to a
permanent chemical reaction between BRO and TiO; to form a solid solution, when annealed at 500 °C. It is reported that the parabolic
oxidation of titanium metal takes place above 500 °C governed by the dissolution of oxygen in the titanium metal [43] and thus
forming a thick oxide layer over pure Ti metal. As a result the diffraction lines of the pure Ti metal disappeared at 500 °C.

The surface morphologies of the BRO materials, synthesized at different temperatures, were investigated by FE-SEM. The
morphology of the BRO films over Ti plate shows closely packed pyramidal shaped particles that are 70-123 nm in diameter and more
than 100 nm in length, shown in Fig. 2(a-h). The magnified images clearly show that particles are well separated from each other and
each pyramidal shaped particle is exposed to the air. Between particles there is an empty space which is essential for efficient func-
tioning of a catalyst, particularly in surface catalysed reactions. Again a careful screening shows that the crystal growth initiates at
200 °C and uniform pyramidal shaped particles are developed throughout the surface at 300 °C. However, the morphology has
changed from a sharp pyramid to a fused one at 500 °C, shown by an arrow in Fig. 2 (h), which is also confirmed from the XRD pattern.
This indicates that there is a phase transition around 500 °C.

The elemental oxidation states of BRO-3, as representative case, were also analyzed by the XPS technique and the result for the wide
scan spectrum is shown in Fig. 3(a). Considering the literature data and the position of the binding energies of the synthesized ma-
terials, it is confirmed that BRO-3 sample contains Ba, Ru and O elements with a trace amount of Cl on the surface of the synthesized
electrode. Fig. 3(b) shows the deconvoluted high-resolution XPS spectra of Ba 3d; the peak at 780.58 and 795.88 eV are assigned to the
main peak of Ba 3ds, and Ba 3ds; corresponding to the Ba®" state [44,45]. Hence, it was confirmed that barium is present in the
BRO-3 lattice as Ba?" states. The high resolution deconvoluted XPS spectrum of Ru 3d is shown in Fig. 3(c), which is much more
complex and six components were necessary to find a fit of high accuracy. The peaks at 280.78 and 284.98 eV, with a spin-orbital
coupling separation of 4.20 eV, are assigned to the metallic peaks of Ru® 3ds,» and Ru® 3d3/», respectively. The peaks presented at
282.42 eV and 286.72 eV are associated with Ru** 3ds/ and Ru*t 3ds,, oxidation state whereas the peaks at 281.55 and 283.34 eV
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correspond to the satellite peaks of Ru*t 3ds /2 [46,47]. The deconvoluted XPS spectrum of Cl 2p shown in Fig. 3(d) have two peaks at
198.48 and 200.08 eV which belonged to Cl 2p3,2 and Cl 2p; /, respectively, indicating the existence of Cl~ state [48,49] in BRO-3.
Trace amount of chloride ions is present in the non-stoichiometric BRO as expected due to the solution phase synthesis at low tem-
perature using chloride precursor. The presence of chloride ions in the lattice site of the catalyst might have adverse effect in catalytic
activity, when metal-oxygen linkage is very important. When some of the oxygen sites are occupied by the chlorine atoms, the number
of active sites is reduced to some extent and thus activity diminishes. Similar phenomenon was also observed on the catalytic per-
formance of Co304 for CO oxidation [50]. Thus it is desirable to synthesize a phase pure BRO material free from chloride ions for better
performance. The high resolution XPS spectrum for O 1s, shown in Fig. 3(e), shows two peaks, one is very sharp and another is broad.
The whole spectrum is deconvolated into three peaks with binding energies at 529.38, 530.01and 531.68 eV, respectively. The peak at
529.38 eV and 531.68 eV were assigned to the lattice oxygen in the metal oxide framework under different chemical environments,
whereas the peak with low intensity at 530.01 eV was assigned to the OH™ groups, due to adsorbed water from the environment and it
is very common for metal oxides [51].

3.2. HER analysis

The electro-catalytic properties of the as-prepared BRO electrodes over Ti Plate were tested for the HER in 1 M KOH solution by
using a standard three electrode systems without any iR compensation and compared with commercial RuO; electro-catalyst, where
the mass loading of the electro-catalysts in each electrode was approximately 10 mg. The HER activity, if any, of the pure Ti plate of
area 1 cm? was also tested under the same experimental conditions. Fig. 4(a) shows the HER activities of BRO-2, BRO-4, BRO-5, RuO3
and bare Ti plate, recorded using LSV technique at a scan rate of 5mV s~ ! between —0.1 V and —1.4 V vs. SCE, which is converted with
respect to RHE. As shown in Fig. 4(a), BRO-3 electrode showed the lowest over-potential (n;0) of 195 mV vs. RHE to deliver a current
density of 10 mA cm 2, whereas BRO-2, BRO-4, BRO-5 and RuO, electrodes were showing over-potentials (n19) of 227 mV, 213 mV,
332 mV, and 195 mV, respectively to afford the same current density of 10 mAcm 2. BRO-3 shows the highest HER performance
compared to the other synthesized electrodes, while bare Ti plate electrode shows no HER activity in 1 M KOH. But it was notable that
the HER activity of BRO-3 increases and surpasses RuO3 as the over-potential exceeds 200 mV. This can be explained in terms of
formation of large pyramidal shaped open structure at 300 °C in case of BRO-3. The HER kinetics was determined by plotting Tafel
curves which were recorded with the linear portions of the polarization curve at low over-potential region fitted to the Tafel equation
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(n =blog |j | + a, where n = over-potential, j = measured current density and b = Tafel slope and a = constant, related to the
equilibrium exchange current density). Fig. 4(b) shows the Tafel plots for BRO-2, BRO-3, BRO-4, BRO-5 and RuO; electrodes with Tafel
slopes of 93.57, 86.08, 87.25, 161.21, and 130.1 mV dec™!, respectively. The low Tafel slope value of 86.08 mVdec confirmed the
favorable HER over BRO-3 surface. The smaller Tafel slope means faster the HER reaction, proceeding via the Volmer-Heyrovsky
mechanism [52,53]. For the practical applications of the electro-catalyst, the stability and durability, which are the critical factors,
were tested after assembling a two electrode cell in 1 M KOH solution in which a platinum plate acts as counter as well as reference
electrode and BRO-3 as working electrode. Fig. 4(c) displayed the chrono-potentiometric test of BRO-3 at constant current density of
10 mA cm ™2 for more than 30 h without any iR compensation. Initially, the potential value of BRO-3 electrodes increases because the
diffusion layer near the electrode surface exhausted and looking for another layer to maintain the current density of 10 mA cm~2. But
after 2.5 h, the potential starts decreasing and finally attains the starting potential around 30 h and remains constant. At this point, the
double layer charging is completed and almost all the current is passing through the double layer to do the faradaic process. In order to
confirm the phase changes, if any, the LSV curve for the electrode that has completed 30 h contineous electrolysis was recored at the
same scan rate of 5mV s~ and compared with the result recorded for the same electrode before the stability test, as shown in Fig. 4(d).
From the graph, it was found that there is a drop in overpotential (n;¢) (from 195 to 144 mV) value without comprmising its catalytic
activity and thus it confirmed that BRO-3 material is not only very stable, but also improves its charge transfer kinetics due to the
formation of uniform channel structure during long-term electrolysis in alkaline medium. The stability test keep showing better
performance with respect to time in alkaline media and thus confirmed that BaRuOs is a stable and efficient electro-catalyst for the
hydrogen evolution reaction (HER).

3.3. OER analysis

The OER activities of BRO-2, BRO-3, BRO-4, BRO-5, RuO; and bare Ti plate electrodes were also tested and compared in 1 M KOH
solution at a scan rate of 5 mV s~! by using a three electrode system without any iR compensation, shown in Fig. 5(a). Very similar
activities were found at~1.5 V for the BRO-2 and BRO-3 electrodes, with n;o of 310 and 300 mV, respectively, whereas commercial
RuO, needs an over-potential of 275 mV to achieve the same current density of 10 mA cm 2. It is interesting to note that the LSV curves
of BRO-2 and BRO-3 surpassed the RuO; curve after 1.66 V with rapid evolution of oxygen. Again, the LSV curve of BRO-3 surpassed
the BRO-2 curve after 1.75 V with rapid evolution of oxygen, with the over-potentials of 670 and 650 mV for BRO-2 and BRO-3,
respectively, to achieve the current density of 100 mA cm™2. BRO-4, and BRO-5 need over-potentials of 340, and 630 mV to ach-
ieve current density of 10 mA cm™2, respectively, where bare Ti plate showing no response at all. By plotting the corresponding Tafel
plots of all the electrodes shown in Fig. 5(b), it was found that BRO-3 also show the most favorable kinetics reaction with a Tafel slope
0f 132.71 mV dec ! which is smaller than that of BRO-2 (144.78 mV dec’l), BRO-4 (169.09 mV dec’l), BRO-5 (415.69 mV dec’l), and
RuO, (121.67 mV dec™!), respectively. BRO material has dual advantages towards oxygen evolution; firstly because of the direct
Ru-Ru interaction as compared to pure RuO; favours the dissociative adsorption of oxygen. Secondly the presence of basic Ba cation in
BRO matrix can weaken the strength of the Ru-O bond and thus facilitates the release of oxygen [38]. To further unravel the
mechanism of OER Kkinetics, electrochemical impedance spectroscopy (EIS) was recorded in 1 M KOH solution under open voltage
without any iR compensation. The Nyquist plots of the BRO-2 and BRO-3 electrodes recorded in the frequency region of 0.1 MHz-1 Hz
with a magnified view in the higher frequency region is shown in Fig. 5(c). It is found that the plot has a semicircle at high to medium
frequency region and rises sharply at low frequency region. The diameter of the semicircle indicates the charge transfer resistance (R¢t)
and the slope of the straight line at low frequency region represent the diffusive resistance of the electrolyte to the electrode surface.
The smaller semicircle indicating smaller charge transfer resistance (Rcy), related to faster interfacial kinetics [54]. The magnified view,
shown in inset of Fig. 5(c), shows that BRO-3 has smaller semicircle than BRO-2, suggesting BRO-3 has better electronic conductivity
and thus better charge transfer kinetics at the interface. The observed charge transfer resistance (R¢t) for BRO-3 is 770 mQ, which is

0.9 0.7
(b)
0.6 4

0.6 4
«—
e 0.5
o
E 031 o4
= =
= o
‘B <

0.0 4 0.3+
5 5
e E‘O 2
= .2 4
2.03-
=
O 0.14

-0.6 4

0.04
T T T T T T T T T T T
1.02 1.05 1.08 1.11 1.14 117 1.20 0 10 20 30 40 50
Potential (V vs RHE) Scan rate (mV s™)

Fig. 6. ECSA studies of BRO-3 in 1 M KOH (a) CV measured in non-faradic region at different scan rates, and (b) C4 measurement graph.



A.P. Singh and S. Ghosh Heliyon 9 (2023) 20870

smaller than BRO-2 (855 m) and the corresponding equivalent circuit was shown in Fig. 5(c). To probe the stability of the BRO-3
electrode, towards OER, the chronopotentiometric test was performed by using a two electrode set-up, in which a platinum plate
(2 cm x 1 cm) was used as counter as well as reference electrode and BRO-3 was used as working electrode in the 1 M KOH. The
long-term stability test for the BRO-3 electrode was determined over 24 h under a constant current density of 10 mA cm 2 shown in
inset of Fig. 5(d). In the beginning, the potential value has increased to find another diffusion layer, when the layer near the electrode
surface exhausted, to maintain the desired current. It decreases slowly and attains the steady value of 1.6 V after 12 h of the test and
then it remains almost constant. The decomposition potential at a current density of 10 mA cm 2, in case of chronopotentiometric
experiment, is slightly higher than the LSV experiment and this is because of the use of two electrode systems, where platinum (Pt) acts
as both the counter and reference electrode. Fig. 5(d) shows the LSV curve before and after 24 h of continuous OER. The curves are
nearly overlapping indicating the excellent catalytic durability of BRO-3 material. The electrochemical active surface area (ECSA) of
BRO-3 electrode was also determined by measuring the double layer capacitance (Cqp) to further evaluate the catalytic activity. The
non-faradic current range under different scan rates (5-50 mV s~ for the BRO-3 electrode was measured as shown in Fig. 6(a). By
plotting a graph between capacitive currents Aj and the scan rate yields a straight line as shown in Fig. 6(b). Cq value of BRO-3 was
determined from the slope value of the straight line. The ECSA of the BRO-3 was further calculated using the given equation: ECSA =
Cq1/Cs, where Cs is the specific capacitance value, which is 0.040 mF cm~2in 1 M KOH solution based on previously published reports
[55,56]. The calculated ECSA value of the BRO-3 is 331.5 cm?.

In order to ascertain the significance of the present study, a comparative study has been carried out using ruthenium based
composite materials (Table 1) for which electrochemical water electrolysis was carried out in alkaline medium though there is no
report on the present material. From the table it is clear that pure RuO5 and its composite material show higher catalytic activity
compared to BRO-3 towards HER, but the OER activity of the BRO material is either comparable or higher compared to the reported
materials. The better catalytic activity of BRO-3 can be explained on the basis of direct Ru-Ru interaction in BRO as compared to pure
RuO; favours the dissociative adsorption of oxygen. Secondly the presence of basic Ba cation in the BRO matrix can weaken the
strength of the Ru-O bond and thus facilitates the release of oxygen [38]. Since the BRO-3 material is very stable for both the HER and
OER, it is worthwhile to assemble a symmetric cell using BRO-3 material for the overall water splitting reaction.

3.4. Overall water splitting

Based on the above results, where BRO-3 shows an excellent OER and HER activities as well as stability, a symmetric cell using
BRO-3 material as anode as well as cathode was assembled in 1 M KOH solution. For comparison purposes, another cell with BRO-3 as
anode and Bare Ti plate as cathode were also assembled. Fig. 7(a) shows the LSV response of both the cell and it was found that the
symmetric cell, BRO-3(+)/BRO-3(—), exhibited outstanding performance for the overall water splitting with a cell voltage of 1.65 V to
reach a current density of 10 mA crn’z, while BRO-3(+)/Bare Ti plate (—) required cell voltage of 2.25 V to achieve the same current
density of 10 mA cm 2. For the stability study, the chronopotentiometry test was performed at a current density of 10 mA cm ™2 for 24
h, shown in the inset of Fig. 7(b) and it was found that there is no potential loss during 24 h at the current density of 10 mA cm 2. After
conteneous electrolysis for 24 h, the LSV curve was recorded using the same set-up, BRO-3(+)/BRO-3(—) and compared with the LSV
curve obtained before the stability test as sown in Fig. 7(b). From the figure, it was found that the cell performance enhanced with
respect to time and there is potential drop from 1.65 V to 1.60 V to achieve the current density of 10 mA em ™2 after 24 h of stability test.
All these results demonstrated the remarkable stability and good durability of BRO-3 for overall water splitting.

4. Conclusions

A simplistic and realistic synthetic strategy has been developed to prepare a binder free pyramidal shaped BaRuO3 (BRO) electro-
catalyst over Ti plate. The synthesized BaRuOs, annealed at 300 °C, demonstrate remarkable catalytic activity, favorable kinetics, and
excellent durability for both the OER and HER under alkaline conditions. A symmetric cell using BRO-3 electro-catalysts was
assembled which shows an overall water splitting voltage 1.60 V, equal to the benchmark standards in water splitting reaction, to
achieve a current density of 10 mA cm 2. A permanent phase and morphology change of BaRuOs over Ti plate were observed at 500 °C.
Thus, the present strategy endorses the development of a binder free electro-catalyst at low temperature, at 300 °C, with high stability
and high activity in alkaline medium, demonstrating its viability for wide range of applications of clean energies; such as water

Table 1

Comparison of HER and OER activity results of previously reported related works.
Catalysts Electrolyte HER Overpotential (mV) at 10 mA/cm? OER Overpotential (mV) at 10 mA/cm? References
BRO-3 1 M KOH 195 300 This Work
IrO>-RuO,/C 1 M KOH 75 270 [57]
Ru/Ru03-MoO, 1 M KOH 18 260 [58]
Ru/NF-2 1 M KOH 10 330 [59]
RuTe, 1 M KOH 34 275 [60]
Ru-TiO, 1 M KOH 150 - [61]
1-Ru0O,/CeOy 1 M KOH - 350 [62]
Ru0,/Co0304 - MOF 1 M KOH 89 305 [63]
RhsoRuso@UiO-66- NH, 1 M KOH 176 - [64]
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