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Materials characterization

The electrocatalysts were subjected to various analytical techniques for 

characterization. Fourier-transform infrared spectra (FT-IR) were recorded using an IR-Tracer 

100 Shimadzu infrared spectrometer. Raman spectrum was recorded using HORIBA, LabRam 

HR Evolution. Powder X-ray diffraction (PXRD) measurements were conducted using a 

PANalytical X’pert3 powder X-ray diffractometer. Morphology studies were carried out with 

a FEI QUANTA 200 scanning electron microscope operating at a 20 kV accelerating voltage. 

Transmission electron microscopy (TEM) analyses of FeMn2O4@N-rGO were performed 

using a JEOL JEM-2100 plus microscope. X-ray photoelectron spectroscopy measurements 

were conducted utilizing a ULVAC-PHI, Inc. instrument, specifically the PHI5000 Version 

Probe III equipped with monochromatic Al K  radiation (  eV). High-resolution 𝛼 ℎ𝜈 = 1486.6

spectra (Fe 2p, Co 2p, Cu 2p, Zn 2p, Mn 2p, O 1s, N 1s) were acquired at 20 eV pass energy 

and 50 ms dwell time with charge neutralization. Binding Energies were calibrated to 

adventitious C 1s (284.8 eV). Analysis used CasaXPS with linear background and GL(30) line 

shapes

Electrochemical characterization

The catalyst ink was prepared by dispersing 10 mg of the catalysts in the Nafion solution (10 

µL) and isopropanol (490 µL). All electrochemical experiment tests were accomplished in a 

standard three-electrode cells using ORIGA Flex OGF500 model potentiostat at room 

temperature. In the three-electrode system, the reference electrode utilized was Ag/AgCl (3.0 
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KCl), the counter electrode consisted of a platinum coil, and the working electrode was the NF 

electrode (1cm2) in an aqueous 1 M KOH solution at room temperature.  All Electrode 

potentials were calibrated against the reversible hydrogen electrode (RHE) using E(RHE) = 

E(Ag/AgCl) + 1.016 V+ 0.0591 V × pH.  In comparison, commercial RuO2 and Pt/C, 10% 

modified NF (RuO2@NF and Pt/C@NF) for OER and HER were prepared in the similar way. 

Cyclic voltammetric (CV) measurements were conducted at a sweep rate of 20 mV.s-1, and the 

linear sweep voltammetry (LSV) measurements for OER and HER were recorded at a scan rate 

of 5 mV s-1 without iR compensation. All the measurements were performed in alkaline 

conditions (1 M KOH). The kinetics of the OER and HER processes were investigated from 

LSV data using the Tafel equation and Electrochemical Impedance Spectroscopy (EIS) in a 

frequency range spanning from 1 kHz to 100 MHz, with various applied potentials. Double-

layer capacitance (Cdl) was estimated by CV at scan rates of 10, 20, 50, 75, and 100 mV s⁻¹ in 

the non-Faradaic region. Overall water splitting performance was evaluated by assembling 

FeMn2O4@N-rGO || FeMn2O4@N-rGO, and commercial RuO2||Pt/C couples act as both 

cathode and anode, respectively.  The LSV curves of two electrode configurations were 

recorded at 5 mV s⁻¹, and chronoamperometry stability tests carried out at a current density of                                                   

10 mA·cm-2 for 10 h in 1 M KOH.

Calculation Methods

Turn over frequency (TOF) value was calculated based on the equation of 

                                 𝑇𝑂𝐹 =
𝑗𝑆

4𝐹𝑚
                                                                                                        (1)

In the equation, j is the current density at a specific overpotential, S represents the electrode's 

geometric surface area, F means the Faraday constant, and m is the number of moles of metals 

on the electrode. 

Tafel slope (b) was calculated from the polarisation curve data to the Tafel equation of a + b 

log |j|, where j is the current density at the specified overpotential and “a” and “b” are Tafel 

constants. “ɳ” represents the overpotential for OER and HER.   

Double-layer capacitance (Cdl) was determined from the slope of charging currents (ic) as a 

function of scan rate (υ), as shown in Eqn. (2). This was done to determine the average absolute 

value of the cathodic and anodic slopes of the linear fitting of the plot. 

                                                 ic  = υCdl                                                                                 (2)

Using eqn. (3), the electrochemically active surface area (ECSA) of FeMn2O4@N-rGO was 

calculated from the catalytic surface's electrochemical double-layer capacitance. 
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                                                                                                                     (3)
𝐸𝐶𝑆𝐴 =  

𝐶𝑑𝑙 

𝐶𝑠 × 𝐴
              

Cdl is double-layer capacitance, A is the electrode area (1 cm2 for our working electrodes) and 

Cs is the specific capacitance value of 1.0 M KOH (0.040 mF). The electrochemical double-

layer capacitance for the FeMn2O4-N-rGO catalyst was Cdl=80 mF cm2.

In detail, CVs were recorded in a 1.0 M alkaline KOH in a potential window of 0.7 to 1.6 V 

vs. RHE at a scan rate of 20 mV s-1. Integrating the area under the voltage vs. current density 

gives the voltametric charge, which was used to determine the number of active sites in eqn. 

(4).

                                                                                                                           (4)                                 
           𝑛 =  

𝑄
4𝐹

Where, “n” is the number of active sites (moles), “Q” is voltametric charge, “F” is the Faraday 

constant (96,480 C/mol), “4” is the number of electrons transferred during OER.

Fig. S1. PXRD pattern of graphene oxide (GO).
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Fig. S2. FT-IR spectra of MMn2O4 oxides (M= Fe, Co, Cu and Zn) embedded over N-rGO.
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Fig. S3. (a) XP survey scan and (b) HR-XPS of C1s of FeMn2O4@N-rGO heterostructures.



5

406 404 402 400 398 396 394

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

N 1s

Pyrrolic-N

295 290 285 280
Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

C 1s

C-C

C-O-C

C-N

1200 1000 800 600 400 200 0

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 CuMn2O4@N-rGO

C
1s

O
1s

N
1s

C
u

M
n2

p3
M

n2
p3

M
nL

M
M

C
u

660 655 650 645 640 635
Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

Mn 2p 2p3/2

2p1/2 Mn3+

Mn4+
Mn2+

960 950 940 930

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

Cu 2p

 2p3/2

 2p1/2

Cu2O

Cu-O

Sat

Sat

536 532 528 524

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

O 1s

Mn-O/
Cu-OM-OH 

(a) (b) (c)

(d) (e) (f)

Fig. S4. High-resolution XP spectra (a) survey spectrum (b) Mn 2p (c) Cu 2p, (d) O 1s and 

(e) C1s and (f) N1s of CuMn2O4@N-rGO heterostructures.

The survey spectrum reveals the presence of Cu, Mn, O, N and C elements with atomic 

percentages of 1, 18.1, 31, 5 and 44.9 respectively (Fig. S4a). The deconvoluted high-resolution 

Cu 2p XPS (Fig. S4c) reveals that copper present in mixed oxidation states. The Cu 2p3/2 region 

shows two components at binding energies of 933.3 and 934.7 eV, which are assigned to Cu+ 

and Cu2+ along with the satellite peak at 943.5 eV is a characteristic feature of Cu2+.1-3 The Cu 

2p1/2 peak appears at 954.2 eV, and the resulting spin–orbit splitting of approximately 20 eV is 

consistent with reported values for copper oxide systems. As shown in Fig. S4b, the 

deconvoluted peaks of Mn 2p XPS has B.E. of peaks at 640.37 eV assigned to Mn3+ and another 

at 642.1 eV corresponding to Mn4+ accompanied by satellite peak at 645.7 eV. The peak at 

653.02 eV corresponds to Mn2p1/2. In the O 1s XP spectrum deconvoluted into two peaks at 

529.4 eV corresponds to lattice oxygen (Cu-O/Mn-O) and 531.3 eV corresponds to metal 

hydroxyl groups as shown in Fig. S4d. The C 1s XP spectrum (Fig. S4e) can be deconvoluted 

into three peaks at 284.7, 285.9, and 288.2 eV, corresponding to graphitic carbon (C–C), C–O, 

and C-N, respectively. Furthermore, as shown Fig. S4f, N1s spectrum a peak at 399.7 eV 

corresponds to pyrrolic N, similar to that of nitrogen-doped rGO networks.  
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Fig. S5. High-resolution XP spectra (a) survey spectrum (b) Co 2p (c) Mn 2p, (d) O 1s and 

(e) C1s and (f) N1s of CoMn2O4-N-rGO heterostructures.

The survey spectrum reveals the presence of Co, Mn, O, N and C elements with atomic 

percentages of 9.6, 13.7, 31.2, 4.0 and 41.5 respectively (Fig. S5a). The high-resolution Co 2p 

XPS (Fig. S5b) spectrum of CoMn₂O₄ reveals the coexistence of mixed cobalt oxidation states. 

The Co 2p3/2 has deconvoluted into two BE peaks at 780.4 and 781.7 eV, which are assigned 

to Co3+ and Co2+. The presence of an intense shake-up satellite at 786.4 eV characteristic 

feature of cobalt in +2 oxidation state.4, 5 The BE at 796.31 eV corresponding Co 2p1/2 along 

with a satellite feature at 802.54 eV. As shown in Fig. S5c, the deconvoluted peaks of Mn 2p 

have BE of peaks at 640.06 eV assigned to Mn3+ and another at 642.1 eV corresponding to 

Mn4+ accompanied by satellite peak at 644.2 eV. The peak at 653.22 corresponds to Mn2p1/2. 

In the O 1s XPS spectrum deconvoluted into two peaks at 529.88 eV corresponds to lattice 

oxygen (Co-O/Mn-O) and 531.2 eV corresponds to hydroxyl groups as shown in Fig. S5d. The 

C 1s XP spectrum (Fig. S5e) can be deconvoluted into three peaks at 284.7, 285.7, and 288.1 

eV, corresponding to graphitic carbon (C–C), C–O, and C-N, respectively. Furthermore, as 

shown Fig. S5f, N1s spectrum a peak at 399 eV corresponding to pyrrolic N.  
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Fig. S6. High-resolution XP spectra (a) survey spectrum (b) Zn 2p (c) Mn 2p, (d) O 1s (e) 

C1s and (f) N1s of ZnMn2O4-N-rGO heterostructures.

The survey spectrum reveals the presence of Zn, Mn, O, N and C elements with atomic 

percentages of 3.3, 11.9, 28.8, 3.39 and 52 respectively (Fig. S6a). The high-resolution Zn 2p 

XP spectrum (Fig. S6b) of the ZnMn2O4 sample can be deconvoluted into three binding 

energies at 1020.52, 1021.23 eV corresponding to Zn2+ species of Zn 2p3/2 and 1044.50 eV the 

spin–orbit splitting between the Zn 2p3/2 and Zn 2p1/2 levels (~23.3 eV) is consistent with 

reported values for Zn2+ in zinc-based oxide.6, 7 As shown in Fig. S6c the main Mn 2p3/2 peak 

at 640.8 eV corresponds to Mn3+ while the peak at 642.16 eV corresponds to Mn4+. In addition, 

a satellite peak at feature at 644.50 eV is associated with Mn3+ species. In the O 1s XPS (Fig. 

S6d) deconvoluted into two peaks at 529.46 eV corresponds to lattice oxygen (Zn-O / Mn-O) 

and 530.73 eV corresponds to hydroxyl groups and 532 eV corresponds to oxygen network 

from rGO functionalities.  The C 1s XP spectrum (Fig. S6e) can be deconvoluted into three 

peaks at 284.7, 285.7, and 288.1 eV, corresponding to graphitic carbon (C–C), C–O, and C-N, 

respectively. Furthermore, as shown Fig. S6f, N1s spectrum a peak at 399 eV corresponds to 

pyrrolic N respectively.
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Fig. S8. (a) HER polarization curves of MMn2O4 (M = Fe, Co, Cu, and Zn) oxides embedded 

on N-rGO in 1 M KOH. (b) Corresponding Tafel plots of the catalysts.
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Fig. S9. (a) High resolution Mn 2p XP spectra overlap of various MMn2O4 oxides (M= Fe, 

Co, Cu and Zn) embedded over N-rGO (b) Proposed Mechanism of OER in 1 M KOH.

The electronic structure and oxidation states of Mn in MMn2O4-N-rGO were investigated 

through high-resolution Mn 2p XP spectra (Fig. S9a). The deconvolution of the Mn 2p3/2 and 

Mn 2p1/2 peaks reveal the coexistence of Mn2+, Mn3+ and Mn4+ oxidation states, with Mn3+ 

being the predominant species.8, 9 . The proposed mechanism (Fig. S9b) underscores the role 

of Mn–O bond symmetry and electron redistribution enabling a favourable pathway for oxygen 

evolution10, 11. This adsorption is facilitated by the presence of active sites on the catalyst 

surface, which may be due to bimetallic oxide cations and nitrogen doped rGO matrix. Upon 

adsorption, the hydroxyl groups in rGO facilitated electron transfer process. This transfer of 

electrons from the catalyst to the adsorbed species initiates their activation, leading to the 

formation of reactive intermediates. The activated oxygen moieties in rGO further transforms 

into oxo species (-O-) through chemical rearrangements on the catalyst surface. Subsequently, 

the oxo species further react with hydroxyl groups forming oxo-hydroxo species (-OOH). 

These intermediates are key species in the oxygen evolution reaction pathway and in the final 

step, the oxo-hydroxo species under rGO dissociation leading to the evolution of molecular 

oxygen (O2). We expect throughout the mechanism, the presence of FeMn2O4 as the active 



10

component supported on N-doped rGO providing catalytic sites for the various OER steps. The 

N-doped rGO matrix enhances the conductivity and stability of the catalyst, while also 

contributing to the adsorption and activation of hydroxyl ion 12-14 . 

(a) (b)

(d)
(c)

Fig. S10.  Water contact angle measurements of the (a) bare NF and (b) FeMn2O4@N-rGO 

electrodes (c and d) ECSA measurement in non-faradic region of FeMn2O4@N-rGO 

heterostructures.



11

Fig. S11. Isolated cathodic (reduction) peaks extracted from the CV curves and used for 
charge integration to estimate the number of electrochemically active sites for (a) 

ZnMn2O4@N-rGO, (b) CoMn2O4@N-rGO, (c) CuMn2O4@N-rGO, and (d) FeMn2O4@N-
rGO heterostructure electrodes.

Fig. S12. HR-XPS of (a) Fe 2p, (b) Mn 2p and (c) O1s after and before OER stability of the 
FeMn2O4@N-rGO heterostructures.
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300 µm

Fig. S13. Post FE-SEM analysis of the FeMn2O4@N-rGO heterostructures after 50 h of 
durability test

Table S1. Summary of OER activity metrics, including onset potential, overpotential, Tafel 
slope, turnover frequency, and active site density for the as-prepared electrocatalysts.

Sample Onset 
Potential

V vs 
RHE

Overpotential 
@10 mA cm-2

(mV)

Maximum

current 
density 

mA cm-2

Tafel 
Value

mV dec-1

Turnover 
frequency 
(TOF) s-1

Number of 
Active Sites
mole

CoMn2O4-
N-rGO

1.58 390 212 97 1.0 0.05

CuMn2O4-
N-rGO

1.57 440 383 187 1.1 0.06

ZnMn2O4-
N-rGO

1.59 400 151 122 0.6 0.04

FeMn2O4-
N-rGO

1.50 330 558 90 3 0.14
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Table S2. Comparative OER performance of FeMn2O4-N-rGO heterostructures electrode and 
previously reported binary and ternary spinel catalysts prepared using various synthesis routes.

Sl. 
No.

Catalyst Synthesis method Electrode η OER Ref.

1
FeMn oxides/Ni Foam

(FexMn3−xO4)

Solvothermal 120 °C for 12 h

Annealing 350°C for 2 h NF 

η10 = 258 mV

Tafel Value:

28.7 mV·dec−1

15

2 Fe12Ni23Cr10Co55−xMn
x/CNT

Heating 120 °C for 3 h

sintered at 900 °C for 2 h in 
(Ar mixed with 10% H2)

NF 

η10 =0.7 V

Tafel Value:

250 mV dec-1

16

3 Co−Fe−Cr−Mo 
Spinel/NF Foam

Hydrothermal 120 °C for 12 h

Dried at 120 °C for 12 h NF 

η10 = 196 mV 

Tafel Value:

33 mV dec−1

17

4 FeMn2O4-Q

Quenching 

500 OC-3 h
CC

η10 = 350 mV

Tafel Value:

100.7 mV dec-1

18

5 m-MnCo
2
O

4

Spin coating followed by 
annealing at 250 to 700o C for 
1 h

RDE
η10 = 300 mV

85 mV dec-1
19

6 Mn
x
Co

3-x
O

4

Calcined at 600 o C
NF

η10 = 345 mV

74.3 mV dec-1
20

7 MnFe
2
O

4
@C

Solvothermal for 180 o C for 
12 h again 180 o C for 12 h 
followed by 650 180 o C for 2 
h in Ar last 350 o C for 2 h in 
air 

RDE
η10 =370 mV

95 mV dec-1
21

8 MnCo
2
O

4
-rGO

Hydrothermal 200 °C for 6 h 
followed by annealing at 600 
°C for 3 h RDE

Onset : 1.56 V

η10 = NM

106.9 mV dec-1 

22

9 Ce- MnCo
2
O

4 

Annealing at 500 °C for 4 h
GCE

η10 =390 mV

125 mV dec-1
23

10 FeMn2O4-N-rGO
Solvothermal 120 °C for 3 h

NF
η10 =330 mV

90 mV dec-1

This 
work
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