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Figure S1. SEM images for non-electrochemically stabilized PtCoNi/GNR (A) and NiCo2O4 (B) 
nanocomposites and nanoparticles (NiCo2O4) dripped as a film at FTO support.
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Figure S2. XRD patterns for non-electrochemically stabilized CoNi/GNR, PtCoNi/GNR, and 
NiCo2O4 nanocomposites and nanoparticles (NiCo2O4). 
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Figure S3. TG curves for non-electrochemically stabilized CoNi/GNR, PtCoNi/GNR, and 
NiCo2O4 nanocomposites and nanoparticles (NiCo2O4).

Table S1. CHN analyses, wt.%.
ElementsCatalysts

N C H

NiCo2O4 <0.05 <0.05 <0.05

Table S2. Results from atomic emission spectroscopy analysis, wt.%. 

ElementsCatalyst

Co Ni Pt

NiCo2O4 40 36 -



Table S3. EDX and TG metal masses (unburned) and TG and EDX mass percentages for non-
electrochemically stabilized CoNi/GNR, PtCoNi/GNR, and NiCo2O4 nanocomposites and 
nanoparticles (NiCo2O4).

O mass % completes the total EDX mass %.

Figure S4. Electron diffraction patterns for electrochemically stabilized (after OER) NiCo2O4 
nanoparticles.

Catalyst EDX metal mass 
(%)

TG metal mass (mass 
unburned) (%)

TG and 
EDX mass 

(%)

NiCo2O4
40.9 Co
37.0 Ni 0 -

CoNi/GNR 38.3 Co
33.7 Ni 40.0

60 C
11.2 O
15.3 Co
13.5 Ni

PtCoNi/GNR
28.5 Co
29.7 Ni
20.6 Pt

43.5

56.5 C
9.2 O

12.4 Co
12.9 Ni
9.0 Pt



Figure S5. XPS survey spectrum for non-electrochemically and electrochemically stabilized 
PtCoNi/GNR and NiCo2O4 nanocomposites and nanoparticles (NiCo2O4). nesn = non-
electrochemically stabilized nanocomposites or nanoparticles and esn = electrochemically 
stabilized nanocomposites or nanoparticles.



Figure S6. High resolution XPS of C 1s, O 1s, N 1s, Co 2p, and Ni 2p for the synthesized 
catalyst regions. nesn = non-electrochemically stabilized nanocomposites or nanoparticles and 
esn = electrochemically stabilized nanocomposites or nanoparticles.



Table S4 – Positions, relative sensitive factors (R.S.F.), atomic and mass percentages obtained 
from the XPS spectra shown in Figure S5 for non-electrochemically and electrochemically 
stabilized PtCoNi/GNR and NiCo2O4 nanocomposites and nanoparticles (NiCo2O4). nesn = non-
electrochemically stabilized nanocomposites or nanoparticles and esn = electrochemically 
stabilized nanocomposites or nanoparticles.

Catalyst Name Position 

(eV)

R.S.F. Atomic % Mass %

O 1s 531.00 2.93 5.85 6.60
C 1s 284.00 1 89.62 75.81
N 1s 399.00 1.8 3.50 3.45

PtCoNi/GNR nesn

Pt 4f 72.00 15.5 1.03 14.13
O 1s 532.00 2.93 9.75 11.45
C 1s 284.00 1 86.57 76.32
N 1s 398.00 1.8 3.05 3.13

PtCoNi/GNR esn 

after ORR

Pt 4f 74.00 15.5 0.64 9.11
O 1s 529.00 2.93 45.17 35.43
C 1s 284.00 1 40.76 24.00

Co 2p 780.00 19.2 7.69 22.22

NiCo2O4 nesn

Ni 2p 854.00 22.2 6.37 18.34
O 1s 532.00 2.93 18.34 18.31
C 1s 284.00 1 74.65 55.96

Co 2p 780.00 19.2 3.18 11.70

NiCo2O4 esn after 

OER

Ni 2p 855.00 22.2 3.83 14.03

Tabela S5 – Positions and percentages of the content of functional groups present in non-
electrochemically and electrochemically stabilized PtCoNi/GNR and NiCo2O4 nanocomposites 
and nanoparticles (NiCo2O4) obtained from high-resolution XPS spectra shown in Figures 2 and 
S6.

Catalyst Name Group Position 
(eV)

% content

Co−O 529.56 13.62
Ni−O 530.21 11.09

Co(OH)2 530.86 16.89
Ni(OH)2 531.29 17.35

C=O 532.16 17.78
C−O 532.94 12.92

O 1s

H2O 534.00 10.34
C=C 283.94 41.16
C−C 284.19 47.36
C=N 285.43 5.42
C−O 286.31 4.78

C 1s

C=O 287.23 1.28
pyridinic 398.32 44.26
pyrrolic 399.6 35.02
graphitic 400.94 12.79

PtCoNi/GNR non-electrochemically 

stabilized nanocomposites

N 1s

N−C=O 402.32 7.93



Pt 0 70.74 23.04
Pt 2+ 71.94 25.39
Pt 4+ 73.59 8.71
Pt 0 74.19 17.28

Pt 2+ 75.34 19.04

Pt 4f

Pt 4+ 77.13 6.53
Co−O 529.21 5.62
Ni−O 529.94 9.37

Co(OH)2 530.74 15.97
Ni(OH)2 531.24 17.85

C=O 531.9 22.94
C−O 532.88 16.13

O 1s

H2O 534.28 12.11
C=C 283.79 57.06
C−C 284.27 26.46
C=N 285.11 8.38
C−O 285.97 4.54

C 1s

C=O 286.73 3.56
pyridinic 398.48 60.82
pyrrolic 399.62 22.62
graphitic 400.4 10.81

N 1s

N−C=O 401.88 5.76
Pt 0 70.58 16.69

Pt 2+ 71.85 29.12
Pt 4+ 73.67 11.88
Pt 0 74.36 12.52

Pt 2+ 75.48 21.84

PtCoNi/GNR electrochemically stabilized 

nanocomposites after ORR

Pt 4f

Pt 4+ 78.06 7.94
Co−O 529.13 34.44
Ni−O 529.47 29.01

Co(OH)2 530.61 14.65
Ni(OH)2 531.24 15.28

C=O 532.28 4.91

O 1s

C−O 533.12 1.71
C=C 284.17 52.1
C−C 284.89 37.25
C−O 286.22 6.97

C 1s

C=O 287.73 3.67
Co 3+ 779.24 38.66
Co 2+ 780.97 28.27

satellite 784.32 7.59
Co 3+ 794.26 12.16
Co 2+ 795.73 8.85

Co 2p

Satellite 797.24 4.47
Ni 2+ 853.83 14.43
Ni 3+ 855.77 21.96

Satellite 860.21 14.83
Satellite 862.78 11.33
Ni 2+ 871.81 11.21

NiCo2O4 non-electrochemically stabilized 

nanoparticles

Ni 2p

Ni 3+ 874.29 9.03



Satellite 878.59 11.22
Satellite 881.66 5.98
Co−O 529.34 20.97
Ni−O 529.96 13.94

Co(OH)2 530.75 9.99
Ni(OH)2 531.51 13.85

C=O 532.16 19.33
C−O 533.22 15.19

O 1s

H2O 534.36 6.75
C=C 283.97 42.24
C−C 284.76 34.08
C−O 286.01 20.2

C 1s

C=O 287.75 3.48
Co 3+ 779.42 35.96
Co 2+ 781.19 27.08

Satellite 783.02 14.65
Co 3+ 795.15 13.52
Co 2+ 797.15 6.61

Co 2p

Satellite 799.54 2.18
Ni 2+ 854.86 16.60
Ni 3+ 856.78 23.43

Satellite 861.42 15.38
Satellite 864.48 7.05
Ni 2+ 872.95 13.38
Ni 3+ 876.07 6.84

Satellite 879.06 8.66

NiCo2O4 electrochemically stabilized 

nanoparticles  after OER

Ni 2p

Satellite 882.12 8.66
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Figure S7. (A, C, and E) Cyclic voltammograms for different bare and modified electrodes. 

Potential scan rate: 50 mV s–1, N2-saturated 1 M KOH (A and C) and 0.1 M KOH (E). (B and D) 

Hydrodynamic linear voltammograms recorded for bare and different modified electrodes 

(stationary linear voltammetry is employed only when CP is used as substrate) in O2-saturated 1 

M KOH. : 5 mV s−1, ω = 1600 rpm. Scans started at 1.1 V. (F) ORR curves for different 



modified electrodes obtained in an O2-satured 0.1 M KOH. Scan rate: 10 mV s–1 and ω=1600 

rpm. Scans started at 0.00 V.
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Figure S8. (A) Stationary linear voltammogram for NiCo2O4/CP electrode using O2-saturated 1 

M KOH. : 1 mV s−1. Potential scan started at 1.0 V. (B) Chronoamperometric responses for 

NiCo2O4/CP electrode in O2-saturated 1 M KOH. The potential was kept for 30 seconds in 

different potentials starting from 1.0 to 1.8 V with 0.05 V for each step. The dashed line was 

obtained from the chronoamperometric results at different steps by a chord-area plot and plotted 

as a function of time and potential.
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Figure S9. Chronoamperometries for bare and different modified CP electrodes at 1.67 V 

(potential: 10 mA cm2
by geo) obtained in O2-saturated 1.0 M KOH solution. 
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Figure S10. (A) Hydrodynamic linear potential scan (HLS) curves for NiCo2O4/Au disk 

electrode obtained in N2-satured 1.0 M KOH. Scan rate: 5 mV s–1. Scans started at 1.0 V. The 

ring current responses for the bare Pt ring were obtained by maintaining this electrode at 1.2 V in 

N2 saturated 1.0 M KOH, while the potentials on the modified Au disk electrode were scanned in 

the same solution at various ω values and 5 mV s–1.
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Figure S11. (A) Cyclic voltammogram for NiCo2O4/Au modified disk electrode in N2-saturated 

1 M KOH. Potential scan rate: 50 mV s-1. Potential started at 1.1 V. (B) Amplified part of (A) 

showing the integrated area from reduction peaks used to determine Ni2+ surface active species. 

(C) Hydrodynamic linear potential scan for NiCo2O4/Au modified disk electrode obtained in N2-

satured 1.0 M KOH. Potential scan rate: 5 mV s–1 and ω=1600 rpm. Potential scan started at 1.0 

V. The ring current response for the bare Pt ring was obtained by maintaining this electrode at 

0.4 V in N2-saturated 1.0 M KOH, while the potential on the modified Au disk electrode was 

scanned in the same solution at ω=1600 rpm and 5 mV s–1.



Table S6 – Values related to content, double layer capacitance (Cdl)obtained from CV 
responses (Figure S12), electrochemically active surface area (ECSA)obtained from (Figure 
S13), overpotential at 10 mA cm2 of current density (ηj at 10 mA cm2 from Figures 3B, S7B, 
and S7D), and Tafel slope for bare and modified electrodes (Figure S14).

Cdl (F) ECSA (cm2)

Electrode Loading 
(µg cm‒2) Initial After 

OER

After 
OER 

stability

Initia
l After 

OER
After 
OER 

stability

ηj at 10 
mA 

cm‒2 
(V)

Tafel 
slope 
(mV 

dec‒1)
Bare CP - 0.7 7.2 - 0.02 0.2 - - -

NiCo2O4/CP 150 49.8 1,214 3,668 1.2 30.4 91.7 0.36 56
NiCo2O4/Au 150 10.62 9.52 43.06 0.26 0.24 1.07 0.35 56
NiCo2O4/Pt 150 9.93 42.71 820.83 0.24 1.06 20.52 0.36 56

NiCo2O4/GC 150 8.05 10.41 - 0.20 0.26 - 0.40 121
PtCoNi/GNR/CP 150 1,300 832.2 1,202 32.4 20.8 30.1 0.40 90
CoNi/GNR/CP 150 420.0 372.3 15,724 10.5 9.3 293.8 0.43 131

RuO2/CP 150 695.8 175.4 - 17.4 4.4 - 0.47 133



Table S7. Summary for NiCo2O4 OER activity reported in the present study and earlier 
literature.

Catalyst Loading (µg 
cm‒2)

ηj at 10 mA 
cm‒2 (V)

Tafel slope 
(mV dec‒1)

Solution Ref.

NiCo2O4 150 0.35 56 1 M KOH Present 
study

NiCo2O4-R 714.3 0.36 106 1 M KOH [1]
NiCo2O4 nanoplatelets Not reported 0.32 (ηj at 

100 mA 
cm‒2)

54 1 M KOH [2]

Three-dimensional 
NiCo2O4 core-shell 

nanowires

Not reported 0.32 47.4-63.1 1 M 
NaOH

[3]

HU-NiCo2O4 69 0.42 51.3 1 M 
NaOH

[4]

NWAs 200 Not reported 62 1 M KOH [5]
Mixed NiO/NiCo2O4 

nanocrystals
500 0.27 79.3 1 M KOH [6]

3D porous NiCo2O4 
nanosheets

200 0.38 63.4 0.1 M 
KOH

[7]

Spinel NiCo2O4 3-D 
nanoflowers

25,500 0.38 137 1 M KOH [8]

2D α-Ni(OH)2 200 0.26 77.4 1 M KOH [9]
Hierarchical 

NiCo2O4@CoMoO4 
nanowires/nanosheets

Not reported 0.27 (ηj at 
20 mA cm‒2)

102 1 M KOH [10]

Co3O4 nanocages and 
NiCo2O4 nanosheets

1,000 0.32 84 0.1 M 
KOH

[11]

MOF-derived 
NiCo2O4/NiO and 
NiCo2O4/NiO-rGO

Not reported 0.39 and 
0.34

49 and 66 1 M KOH [12]

Porous NiCo2O4 194 0.30 70.3 6 M KOH [13]
NiCo2O4 Not reported Not reported 180 1 M 

NaOH
[24]

Porous nanoscale 
NiO/NiCo2O4 
heterostructure

354 0.26 44.2 1 M KOH [15]

Hierarchical NiCo2O4 
hollow nanospheres

400 0.42 (ηj at 5 
mA cm‒2)

Not reported 0.1 M 
KOH

[16]

Spinel based NiCo2O4 394 0.35 43 1 M KOH [17]
NiCo2O4 nanoframe 285 0.27 82 1 M KOH [18]

NiCo2O4-R = NiCo2O4 obtained from the residual solution; HU-NiCo2O4 = hierarchical hollow 
urchins of NiCo2O4; NWAs = 1D NiCo2O4 nanowire arrays.
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Figure S12. Cyclic voltammograms measured in a non-Faradaic potential regionalso 

comprising the open circuit potential (OCP)for different modified electrodes in N2-saturated 1 

M KOH before OER (A and B), after OER (C and D), and after OER stability test (E and F). The 

modified electrodes were kept in each vertex potential for 10 sec before starting the next 

potential sweep. Scans started at higher potentials.
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Figure S13. Plots related to the differences between anodic and cathodic double layer charging 

currents (Figure S12A-B, before OER) divided by 2 ((I = IaIc)/2), measured in the OCP, which 

is also in a non‒Faradaic potential region, relative to the potential scan rates. The slopes of these 

plots result in a double‒layer capacitance ( ) values (see Table S6) used for determining 
𝐶𝑑𝑙 =

Δ𝐼
2
𝜈

electrochemically active surface areas ( ) for 
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙

𝐶𝑠
;𝐶𝑠 =  0.040 𝑚𝐹 𝑐𝑚 ‒ 2 𝑖𝑛 1 𝑀 𝐾𝑂𝐻 [19]

different modified electrodes in N2-saturated 1 M KOH. 
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Figure S14. Tafel plots based on the data (during OER) from Figures 3B, S7B, and S7D for bare 
and different modified electrodes in O2-saturated 1.0 M KOH.
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Figure S15. EIS results related to (A) initial electrochemical measurements, (B) after OER 
measurements, and (C) after OER long-term stability test, for bare and different modified CP 
electrodes, and (D) for NiCo2O4/CP electrode at different potentials without iR compensation 
(0.90 V = OCP, and 1.62, 1.67, and 1.72 V = potential, where the densities: 5, 10, and 20 mA 
cm2

by geo, respectively) are obtained in N2-saturated 1.0 M KOH solution. Potential perturbation: 
10 mV (rms). Frequency range: 100 kHz–10 mHz. Constant potential for EIS acquisition: OCP 
((A) 0.96, (B) 0.86, and (C) 0.85 V vs. RHE on average). Inset: Impedance plane plots restricted 
to (A) 1000, (B) 300, and (D) 1000 . The Ru value used for iR compensation in Figures 3B and 
S7D was 3.7  on average.



Table S8 – Values related to content, Cdl – obtained from CV responses (Figure S16), ECSA – 
obtained from (Figure S17), E1/2 = potential at half limiting current density values (Figures 3D 
and S7F), nK-L = number of electrons obtained from Kouteck-Levich plot (Figure S18), % HO2

‒ 
= peroxide percentage (Figure S19), and Tafel slope for modified electrodes (Figure S20).

Cdl (F) ECSA (cm2)

Electrode
Content 

(µg cm‒2) Initial After 
RRO

After 
RRO 

stability

Initial After 
RRO

After 
RRO 

stability

E1/2 
(V) nK-L

% 
HO2

‒

Tafel slope 
(mV dec‒1)

Pt(20%)C/GC 150 450 511  11.3 12.8  0.87 3.9 17 64 144
PtCoNi/GNR/GC 150 636 625 378 15.9 15.6 9.4 0.80 3.6 34 60 253
PtCoNi/GNR’/G

C 250 1,110 1,190 1,790 27.8 29.8 44.6 0.82 3.6 20 60 253

CoNi/GNR/GC 150 168 209  4.2 5.2  0.81 2.8 34 41 332
CoNi/GNR’/GC 250 396 446  9.9 11.2  0.79 2.8 34 39 255

NiCo2O4/GC 150 5.8 5.7  0.14 0.14  0.65 2.2 78 67 

GNR/GC 150 940 852  23.5 21.3  0.74 2.3 59 64 289



Table S9. Summary for PtCoNi/GNR ORR activity reported in the present work and earlier 

literature for other catalysts.

Catalyst E1/2 (V) Loading 
(µg 

cm‒2)

Mass 
activity at 

0.85 V 
(mA µg1)

Specific 
activity 
at 0.85 
V (mA 
cm2

Solution n Tafel 
slope 
(mV 

dec‒1)

Ref.

PtCoNi/GNR’ 0.82 250 0.19 0.01 0.1 M 
KOH

3.9 64
144

Present 
study

Hierarchical 
NiCo2O4 
hollow 

nanospheres

Not 
reported

400 Not 
reported

Not 
reported

0.1 M 
KOH

3.0-
4.0

67
102

[16]

CoNi@N−C 0.82 250 Not 
reported

Not 
reported

0.1 M 
KOH

3.8 56.9 to 
69.1

[20]

N-doped 
carbon 

stabilized 
Co−Pt 

bimetallic 
nanoalloys

0.87 125 35.3 (0.8 
V)

4.5 mA 
cm2 

(0.8 V)

0.1 M 
KOH

4.0 66 [21]

NiCo@GC 0.81 500 Not 
reported

Not 
reported

0.1 M 
KOH

3.9 52.1 [22]

A-CoPt-NC 0.96 318 45.47 (0.9 
V)

1.41 (0.9 
V)

0.1 M 
KOH

3.7 Not 
reported

[23]

Co/N-PCNF 0.87 250 Not 
reported

Not 
reported

0.1 M 
KOH

3.9 99.3 [24]

NiCo2O4-rGO 
hybrid 

nanosheets

Not 
reported

400 Not 
reported

Not 
reported

0.1 M 
KOH

3.8 Not 
reported

[25]

Mesoporous 
NiCo2O4 
nanoplate

0.86 400 0.075 Not 
reported

0.1 M 
KOH

4.0 51 [26]

Three-
dimensional 

(3D) 
macroporous 

NiCo2O4 sheets

Not 
reported

804 0.001 
(0.1 V 

vs. 
Ag/AgCl)

Not 
reported

0.1 M 
KOH

3.8 Not 
reported

[27]

C/NiCo2O4 0.59 V 
vs. 

Ag/AgCl

113.2 Not 
reported

Not 
reported

0.1 M 
KOH

3.9 Not 
reported

[28]

Spinel NiCo2O4 0.82 Not 
reported

Not 
reported

Not 
reported

1 M 
NaOH

4.0 52
179

[29]

CoNi@N−C = porous N-doped carbon-encapsulated CoNi alloy nanoparticle composite; 
NiCo@GC = graphitic carbon-supported NiCo alloys; A-CoPt-NC = atomic PtCo nitrogen-
carbon-based catalyst; Co/N-PCNF = cobalt, nitrogen dual-doped porous carbon nanosheet-
assembled flowers; C/NiCo2O4 = carbon supported nickel cobaltite nanofibers.



 
0.90 0.95 1.00

-50

0

50
I /

 
A 

E vs RHE / V

 5 mVs-1

 10 mVs-1

 15 mVs-1

 20 mVs-1

 30 mVs-1

 40 mVs-1

 60 mVs-1

 80 mVs-1

A PtCoNi/GNR/GC

0.85 0.90 0.95
-100

0

100

I /
 

A 

E vs RHE / V

 5 mVs-1

 10 mVs-1

 15 mVs-1

 20 mVs-1

 30 mVs-1

 40 mVs-1

 60 mVs-1

 80 mVs-1

PtCoNi/GNR'/GCB

 
0.80 0.85 0.90

-50

0

50

I /
 

A 

E vs RHE / V

 5 mVs-1

 10 mVs-1

 15 mVs-1

 20 mVs-1

 30 mVs-1

 40 mVs-1

 60 mVs-1

 80 mVs-1

C PtCoNi/GNR/GC

0.85 0.90 0.95

-100

0

100

I /
 

A 

E vs RHE / V

 5 mVs-1

 10 mVs-1

 15 mVs-1

 20 mVs-1

 30 mVs-1

 40 mVs-1

 60 mVs-1

 80 mVs-1

PtCoNi/GNR'/GCD

 

0.85 0.90 0.95 1.00
-40

-20

0

20

40

I /
 

A 

E vs RHE / V

 5 mVs-1

 10 mVs-1

 15 mVs-1

 20 mVs-1

 30 mVs-1

 40 mVs-1

 60 mVs-1

 80 mVs-1

E PtCoNi/GNR/GC

0.90 0.95 1.00

-100

0

100

200

I /
 

A 

E vs RHE / V

 5 mVs-1

 10 mVs-1

 15 mVs-1

 20 mVs-1

 30 mVs-1

 40 mVs-1

 60 mVs-1

 80 mVs-1

F PtCoNi/GNR'/GC

Figure S16. Cyclic voltammograms measured in a non-Faradaic potential regionalso 

involving the OCPunder different contents (see Table S8) for modified electrodes in N2-

saturated 0.1 M KOH before ORR (A and B), after ORR (C and D), and after stability test for 

ORR (E and F). The modified electrodes were kept in each vertex potential for 10 sec before 

starting the next potential sweep. Scans started at higher potentials.
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Figure S17. Plots related to the differences between anodic and cathodic double layer charging 

currents (Figure S16A-B, before ORR) divided by 2 ((I = IaIc)/2), measured in the OCP, 

which is also in a non‒Faradaic potential region, as a function of potential scan rates. The slopes 

of these plots result in  values (see Table S8) used for determining  (𝐶𝑑𝑙 𝐸𝐶𝑆𝐴

) for different modified electrodes in N2-𝐶𝑠 =  0.040 𝑚𝐹 𝑐𝑚 ‒ 2 [19] 𝑎𝑙𝑠𝑜 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑓𝑜𝑟 0.1 𝑀 𝐾𝑂𝐻

saturated 0.1 M KOH. 

Specific activity (SA) = (((I × Id)/(Id ‒ I))= Ik/ECSA [30] (S1) 

where I is the measured current at 0.8 or 0.85 V and Id and Ik are the diffusion‒limited and 

kinetic currents, respectively.

Mass activity (MA) = Ik/(LPGM × Ageo) [30] (S2) 

where Ageo is the geometric GC surface area (cm2) and LPGM is the Pt‒group metal content of the 

working electrode (mg cm−2).
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Figure S18. Koutecký – Levich curves (1/(jlim = Ilim disc/geometric area of the disk)) vs. ω–1/2) 

obtained from the curves as shown in Figures 3D and S7F (obtained in different rotation rates) at 

0.3 V, and specifically at 0.4 V for the Pt/C/GC electrode. 
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Figure S19. (A) Hydrodynamic linear scan (HLS) curves for different modified electrodes 

obtained in O2-satured 0.1 M KOH. Scan rate: 5 mV s–1 and ω=1600 rpm. Scans started at 0.00 

V. The ring current responses for the bare Pt ring were obtained by maintaining this electrode at 

1.1 V in O2 saturated 0.1 M KOH, while the potentials on the modified GC disk electrodes were 

scanned in the same solution at different ω values and 5 mV s–1. (B) Numbers of transferred 

electrons obtained using rotating ring-disk electrodes (RRDE) responses (A) (nRRDE) for different 

modified disk electrodes during ORR at different potentials and (C) percentages of hydrogen 

peroxide production (% HO2
−). Values of nRRDE and % HO2

− were obtained from the 

corresponding HLS data at 1600 rpm based on (A) and obtained by equations S3−S6. 

The HO2
− production (  in terms of percentage) was calculated using molar flow 

𝑋
𝐻𝑂 ‒

2

rates of O2 ( ) and HO2
− ( ), using Equations S3 and S4 [31-33]. 

𝑛̇𝑂
2(4𝑒 ‒ )

𝑛̇𝑂
2(2𝑒 ‒ )

 e Equation S3
𝑛̇𝑂

2(4𝑒 ‒ )
=  

𝐼𝐻2𝑂

4𝐹
𝑛̇𝑂

2(2𝑒 ‒ )
=  

𝐼
𝐻𝑂 ‒

2

2𝐹



 Equation S4 

% 𝐻𝑂 ‒
2 = 𝑋

𝐻𝑂 ‒
2

=  

𝑛̇𝑂
2 (2𝑒 ‒ )

𝑛̇𝑂
2 (2𝑒 ‒ )

+ 𝑛̇𝑂
2 (4𝑒 ‒ )

=  

2 𝐼𝑟

𝑁

𝐼𝑑 +
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𝑁

where , , , and ,  and  are the O2 
𝐼𝐻2𝑂 =  𝐼𝑑 ‒  𝐼

𝐻𝑂 ‒
2

𝐼
𝐻𝑂 ‒

2
=  𝐼𝑟𝑁 ‒ 1 𝑁 =  ‒
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𝐼𝑑
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  𝑛
𝑒 ‒

=
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4
+

𝐼
𝐻𝑂 ‒

2

2 𝐼𝐻2𝑂
𝐼

𝐻𝑂 ‒
2

reduction currents for water and HO2
−, respectively, F is the Faraday constant (96 485 C mol−1); 

Ir e Id are the Pt ring and modified GC disk currents, respectively, and N is the collection 

efficiency value obtained experimentally. 

The number of electrons (nRRDE) involved in the ORR was obtained using the following 

equation [31-33]:

Equation S5
𝑛𝑅𝑅𝐷𝐸 =  

4 𝐼𝑑

𝐼𝑑 + 𝐼𝑟 𝑁

The collection efficiency (N) needs to be calibrated for each experiment, considering the 

great influence of content and roughness of the catalyst, as well as the rotating rate of the 

electrode. The currents of the Pt ring electrode kept at 1.6 V were measured during the 

hydrodynamic voltammetry at various ω for modified electrodes, in 0.1 M KOH N2-saturated, 

containing 1 mM of K3[Fe(CN)6]. The N value was calculated using Equation S6 [31-33]. 

 Equation S6
𝑁 =  

𝐼𝑟

𝐼𝑑

where Ir and Id are the Pt ring and modified GC disk currents, respectively. 
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Figure S20. Tafel plots based on the data (during ORR) from Figures 3D, S7F, and S19A for 
different modified electrodes in O2-saturated 0.1 M KOH.
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Figure S21. EIS results related to (A) initial electrochemical measurements, (B) after ORR, and 
(C) after ORR long-term stability test for different modified GC electrodes obtained in N2-
saturated 0.1 M KOH solution. Potential perturbation: 10 mV (rms). Frequency range: 100 kHz–
10 mHz. Constant potential for EIS acquisition: OCP ((A) 0.92; (B) 0.88 V and (C) 0.92 V vs. 
RHE on average). Inset: Impedance plane plots restricted to (A) 200, (B) 200  and (C) 60 . 
The Ru value used for iR compensation in Figures 3D and S6F was 56.1  on average.
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