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Reagents used

Cobalt acetate tetrahydrate (Co(OAc),- 4H20), Ruthenium chloride hydrate
(RuCl5-xH,0), Polyvinylpyrrolidone ((C¢H9NO)s, PVP), Benzene-1,3,5-Benzenetricarboxylic
acid (C9HgOg4, BTC), ethanol (C,HsOH) were purchased from the Sigma-Aldrich and used as
received. Deionized water (DI) is used throughout this work.

Synthesis of Co-BTC derived Co;0,

The Co-BTC particles were synthesized by following the previous reported research article
by using MOF as precursor. Typically, 0.15 g of cobalt acetate tetrahydrate and 0.6 g of
polyvinylpyrrolidone were dissolved in (1:1) ratio of deionized water and ethanol mixture and
marked as solution (I). 180 mg of Benezene-1,3,5-Benzenetricarboxylic acid (BTC) was dissolved
in (1:1) ratio of deionized water and ethanol mixture and marked as solution (II). Then the solution
(IT) was added dropwise and stirred for 15 min and aged for 24 h at room temperature. Then the
obtained precipitate was collected, centrifuged, and washed with DI water and ethanol mixture for
three times and dried in a hot air oven at 60 °C for 12 h. Then the obtained Co-BTC was annealed
at 350 °C for 4 h at a ramping rate of 5°C/min in an air atmosphere. The obtained black powder
was represented and named as Co30,.

Synthesis of Ru doped Co0;04

Briefly, 90 mg of prepared Co;04 particles was dispersed in a (1:1) ratio of deionized water
and ethanol mixture where 0.010 g/L of RuCl;-xH,O solution was added and stirred for
homogeneity. Then the obtained solution was transferred to a stainless-steel Teflon autoclave and
maintained at 120 °C for 12 h. The obtained precipitate was centrifuged and washed several times

with water and dried in a hot air oven at 60 °C for 12 h, named as Ru-Co3;04 10. Likewise, we have
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prepared another two samples by simply varying the RuCl;-xH,O solution to 0.015 g/L and 0.020
g/L to form Ru-Co3;04 15 and Ru-Co3;04 20 respectively.
Characterization techniques

The as-prepared samples are initially subjected to XRD analysis with a scanning rate of 5°
min! in the 20 range 10-80° using a Bruker X-ray powder diffractometer (XRD) with Cu Ko
radiation (A = 0.154 nm). The morphology of the catalysts was characterized with FE-SEM
instrument (SUPRA 55VP Carl Zeiss) with a separate EDS detector connected to that instrument.
Energy Dispersive X-ray Spectroscopy (EDS) analysis was done with the assistance of FE-SEM
instrument. X-ray photoelectron spectroscopic (XPS) analysis was performed using a Theta Probe
AR-XPS system (Thermo Fisher Scientific, UK). HR-TEM, (TecnaiTM G2 TF20) working at an
accelerating voltage of 200 kV and by Talos F-200-S with HAADF elemental mapping.
Electrochemical measurements

The electrochemical properties were measured using a Metrohm AUTOLAB-M240
instrument with techniques like CV, LSV, and chronoamperometry. All the electrochemical
experiments were carried out by employing a conventional three-electrode set-up. (Hg/HgO and
saturated calomel electrode (SCE)-reference for alkaline and acidic medium, graphite rod-counter
and carbon cloth (CC)-working electrode). The working electrodes were fabricated using 1 mg of
polyvinylidene fluoride (PVDF) as a binder and N-Methyl-2-pyrrolidone (NMP) as a slurry
preparation agent. Typically, the =4:1 (with respect to overall catalyst loading over the electrode
surface) ratio of powder catalyst and PVDF had taken into a mortar, followed by the addition of
NMP solvent with continuous mixing by a pestle. Then a certain amount of catalyst ink was
fabricated over the 1 cm? area of the carbon cloth (CC). The amount of loaded catalyst was

calculated by measuring the difference in weight of coated and uncoated carbon cloth (CC). Then,
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EIS analysis of all the catalyst were done at an applied potential of 0.7 V (vs Hg/HgO) and 1.5 V
(vs SCE) for pH=14 (1 M KOH), and pH=0.3 (0.5 M H,SO,) respectively. Likewise,
chronoamperometric analysis also carried out at a potential of 0.69 V (vs Hg/HgO) and 1.5 V (vs
SCE) for pH=14, pH=0.3 respectively.

For OER in 1 M KOH solution, the commercial Hg/HgO, and graphite were used as a reference

and counter electrodes, respectively.

Erue= Eree+ 0.098 + 0.059pH.................. equation 1

For OER in 0.5 M H,SOy solution, the commercial SCE and graphite were used as a reference and

counter electrodes, respectively.

Erue= Eres+ 0.241 + 0.059pH.................. equation 2

All the potential data were converted into an RHE scale according to the following equation:
all the polarization results have normalized with respect to geometrical surface area and mass. The

ECSA and mass normalization of all the LSV data were done by using the following relations:

ECSA normalization=Current density /ECSA.................. equation 3
Mass normalization=Current density /Loading............... equation 4
Overpotential

The overpotential values of all the catalysts were calculated at a benchmarking current
density of 50 mA cm™2 by employing the following relation:
N1o(OER)=(Eyps-1.23) V versus RHE.................. equation 5

N1o(HER)=(0-Eqps) V versus RHE................. ... equation 6
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The Tafel Slope
The Tafel slope was calculated by fitting the overpotential versus log (j) using the Tafel
equation as given below:
N=b X 10g (j/Jo) «+vrvverrernran.. equation 7
where “b” signifies the Tafel slope value, “/” implies the current density value, and “j,” is the
exchange current density. Electrochemical impedance spectroscopy (EIS) measurements were

done on the frequency ranges from 10° to 0.1 Hz.

Electrochemical Active Surface Area (ECSA)
The electrochemical active surface areas (ECSA) were measured by determining the
electrochemical Cg using the following equations:
= VX Gl equation 8
ECSA=Cq/Cs.vvvinnnnnnn.. equation 9
where “i.” indicates the double-layer charging current resulting from scan-rates (v) dependent CVs
at non-faradic potential, and “Cy” denotes a specific capacitance value of

0.040 mF cm2 depending on the typical reported values.

Turnover Frequency (TOF)
The amount of oxygen/hydrogen that is evolved per unit of time is known as the TOF. The

TOF of the catalyst can be determined by the below expression,

nXEXT equation 10

where, j = current density, No= Avogadro number, F = Faraday constant (96 485 C mol™'), n =
Number of electrons (For OER, n =4 and HER, n = 2), I = Surface concentration.

Faradaic Efficiency (FE):
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For the RRDE experiment, 4 mg of Au@LaFeO; catalyst was added to a solution
containing 750 uL of H,0, 200 pL of ethanol, and 50 puL of 5% Nafion solution. The above mixture
was probe sonicated for 20 min to prepare a homogeneous catalyst ink. Later, 15 pL of
homogeneous ink was drop-casted over the GC disk of RRDE set up with an effective surface area
of =0.197 cm?. The Pt ring was used with a constant potential of 0.3V versus RHE to reduce the
as-formed O? in in situ. The FE was calculated from the ratio of the ring current to the disk using
the following expression:

FE = Tiing/ (Igisk XN) < 100 .................. equation 11
where, “Liin,” and “Ig” are the ring and disk current density in mA cm2, respectively; “N” is the
collection efficiency having a constant value of 0.249.

Determination of surface concentration, Charge over the electrode surface and TOF values

of all four catalyst from the redox features of CV:!
e Calculated area associated with the oxidation of Co?" to Co*" of Co304 = 0.00003203 VA
Hence, the associated charge is = 0.00003203 VA /0.1 Vs-!
=0.0003203 As
=0.0003203 C

e Calculated area associated with the oxidation of Co*" to Co*" of Ru-Co030,410 = 0.0004051
VA

Hence, the associated charge is = 0.0004051 VA /0.1 Vs!
=0.004051 As

=0.004051 C
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Figure S1: PXRD pattern of Co-BTC (BTC-benzene tricarboxylic acid).
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Figure S2: Deconvoluted O 1s XPS spectra of Co304, Ru-Co;04 10, Ru-Co3;04 15
and Ru-Co;0,4 20.
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Figure S4: LSV polarization result of commercial RuO, in 1 M KOH electrolyte.
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Figure S5: CVs recorded at non-faradaic region at a different scan rate for Co;O4, Ru-

Co304 10, Ru-Co304 15 and Ru-Co;0,4 20 respectively in 1 M KOH electrolyte.
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Figure S6: (a and b) ECSA normalized (specific activity) and mass dependent
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Figure S15: (a) XRD pattern of Ru-Co;04 15 before and after OER analysis in alkaline
and acidic medium; (b) corresponding enlarged XRD plane of 022 and (113).

523



Ru-Co,0, 15 A

-

=

<

~'

>

~N
© 1
: 569.97 cm
L CoOOH
~

=
oy

400 5(')0 6(')0 7(')0 800
. -1
Raman shift (cm™)

Figure S16: Post Raman spectra of Ru-Co3;04 in 0.5 M H,SO, solution.

S24



Intensity (a.u.)

a

Co 2p Ru-Co,0, 15
0.29 eV—=1=—

After OER in 0.5 M H,SO,

044eV .o

After OER in 1 M KOH

Before OER

T T T T T T
810 805 800 795 790 785 780 775

Binding energy (eV)

Intensity (a.u.)

b

Before OER

Ru-Co,0, 15

After OER in 0.5 M H,SO,

After OER in 1 M KOH

Ru 3d+C 1s

L)
286

L)
284

L)
282

Binding energy (eV)

280

Intensity (a.u.)

e

Ols Ru-Co,0, 15
After OER in 0.5 M H,SO,
After OER in 1 M KOH]
Before OER
L) L) L) L) L) L)
538 536 534 532 530 528 526

Binding energy (eV)
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Figure S18: (a and b) Shows the low to high magnified HR-TEM images; (¢ and d)
corresponding lattice fringes and SAED pattern; (e-h) elemental mapping results of Co, Ru,

O and K of Ru-Co0304 15 after OER analysis in 1 M KOH respectively.
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Figure S19: (a and b) Shows the low to high magnified HR-TEM images; (c) corresponding
SAED pattern; (d-f) elemental mapping results of Co, Ru, O of Ru-Co;04 15 after OER
analysis in 0.5 M H,SO, respectively.
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Figure S20: (a and b) Depicts the optimized electronic structure of Co;04 and Ru doped

Co;04 respectively.
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Figure S21: (a and b) Shows the determination of bond length before and after doping of

Ru towards Co;0,4 respectively.
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SI TOF@350 mV TOF@370 mV
N(; Compound overpotential overpotential
: (x 105 5 (x 105 5)
1 Co304 1.130201 2.167435
2 Ru-Co304 10 3.236643 4.661346
3 Ru-Co304 15 4.474788 6.644037
4 Ru-Co0304,0 2.059517 3.174068

Table S1: TOF values calculated at 350 and 370 mV overpotential for Co;0,4 and various Ru-

Co;04 catalyst.
S1 Reduction Charge over the
N(; Compound surface area electrode surface
] VA) ©

1 Co504 0.00003203 0.0003203

2 Ru-Co3;04 10 0.0004051 0.004051

3 Ru-Co;04 15 0.0007187 0.007187

4 Ru-Co0504,0 0.001061 0.01061

Table S2: Comparative electrochemical outcomes of Co304 and various Ru-Cos;0y, catalyst.
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Overpot | Electrolyte Current
SL.No Electrocatalyst Substrate ential M) density (mA | Reference
(mV) cm?)
1 Fe-doped Cos0, GCE 318 1 M KOH 10 mA cm? 3
2 Mn,Co3-<O4 NF 18 3MNaOH | 10 mA cm? 4
3 Ru/Ni-Co304 GCE 290 1 M KOH 10 mA cm 5
Y1 (Ru-C0)0,-350 GCE 265 | IMKOH | 10mA cm? ‘
5 |Ru@CoFe-LDH(3%) cc 249 1 M KOH 10 mA cm? 7
6 NiCo; -Rug104 GCE 280 IMKOH | 10mA cm? B
7 Ru0,/Co304 GCE 1302 1 M KOH 10 mA cm? 9
8 | Fo2-V-Co0304-350 GCE - 1 M KOH 10 mA cm?2 10
9 Co-Ru0O, CcC 738 1 M KOH 10 mA cm? 1
10 Ru-Co;04 15 CC 292 1M KOH 10 mA cm?? This work

NF- Nickel Foam, GCE-Glassy carbon electrode, FTO-Fluorine Doped Tin Oxide Coated Glass,

CC- Carbon Cloth.
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Table S3: Comparison of electrocatalytic performance of as-prepared Ru-Co3;04 15 with the

similar reported electrocatalyst in alkaline medium.

Overpot | Electrolyte Current
S1.No Electrocatalyst Substrate ential M) density (mA | Reference
(mV) cm?)
1 Co-RuO, CC 378 0.5M H,SO4 | 10 mA cm™ 1
2 Co;_,Ba, O, Pt wire 278 0.5 M H,SO4 | 10 mA cm™ 12
3 Ag-C03O4 FTO 370 0.5M HzSO4 10 mA Cl’l’l_2 13
4 Co0304/Ce0O, FTO 423 0.5 M H,SO4 | 10 mA cm?? 14
5 UfD-RuO, e 179 0.5 M H,SO4 | 10 mA cm? 15
6 Yz[Ru1,6Y0,4]O7_5 GCE 190 0.1 M HC104 10 mA Cl’l’l'2 16
7 Ag-Co3;0,4400 GCE 470 0.5M H,SO4 | 10 mA cm™ 17
8 Li0_52Rqu GCE 156 0.5M HzSO4 10 mA Cl’l’l_2 18
9 Co doped RuO, GCE 169 0.5 M H,SO4 | 10 mA cm? 19
10 Ru-Co;04 15 CccC 365 0.5M H,SO4 | 10 mA ecm? | This work

GCE-Glassy carbon electrode, FTO-Fluorine Doped Tin Oxide Coated Glass, CC- Carbon Cloth.
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