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Supporting Experimental details.

Synthesis of bare γ-FeOOH:

In a typical synthesis, 100ml distilled water was taken in the 250ml round bottom flask and N2 was 

pursed for 5min. Then FeSO4.7H2O (0.6 mmol) was added into the flask with continuous stirring in 

ambient condition. To that solution mixture, hydrazine hydrate (3.6mmol) was added slowly and 

stirring was continued for 5 min. A greenish black colour suspension was obtained. Then, the nitrogen 

supply was turned off and constant air flow (20ml/minute) through the solution was started and 

continued for 5 hours. During air flow the black colour was gradually changed to dark orange colour. 

Then the solution was centrifuge to collect the suspended materials, washed with water followed by 

ethanol thoroughly and dried at 60 ⁰C to form γ-FeOOH-NS

Synthesis of bare CeO2: 

In a typical synthesis, 100ml distilled water was taken in the 250ml round bottom flask and N2 was 

pursed for 5min. Then Cerium (III) acetate hydrate (0.6 mmol) was added into the flask with 

continuous stirring in ambient condition. To that solution mixture, hydrazine hydrate (3.6mmol) was 

added slowly and stirring was continued for 5 min. Then, the nitrogen supply was turned off and 

constant air flow (20ml/minute) through the solution was started and continued for 5 hours. Then the 

solution was centrifuged to collect the suspended materials, washed with water followed by ethanol 

thoroughly and dried at 60 ⁰C to form CeO2.

Procedure for the calculation of Turnover Frequency (TOF) from OER Current Density.

To ascertain the enhancement of activity post-doping of CeO2 in Mn3O4@γ-FeOOH, turnover 

frequencies (TOF) of all catalysts (Mn3O4, Mn3O4@CeO2, Mn3O4@γ-FeOOH, and Mn3O4@CeO2/γ-

FeOOH) were calculated. TOF calculation was made utilizing the re-dox area of CV, which provide 

the electrochemically active atoms present in the catalyst.S-1 The respective reduction area is illustrated 

in Fig. S1. It is evident that the TOF value of Mn3O4@CeO2/γ-FeOOH (0.603S-1) is better to then the 

other catalysts Mn3O4, Mn3O4@CeO2, Mn3O4@γ-FeOOH (0.0138 S-1, 0.056 S-1, 0.241 S-1). Hence, 

our foremost active catalyst can produce the number of oxygen molecules compared to our unadorned 

material per unit time.



In our study, the Turnover Frequency (TOF) was calculated based on the assumption that only the 

surface-active metal ions, which underwent a redox reaction just prior to the onset of Oxygen evolution 

reaction (OER), were involved in the OER process. The corresponding expression is:

TOF = (j × NA) / (F × n × Г)                         (1)

Where, j is the current density, NA is the Avogadro number, F is the Faraday constant, n is the 

Number of electrons transferred during the reaction, Г is the surface concentration of the catalyst.

Fig. S1 The area of reduction peaks of the Mn3O4, Mn3O4@CeO2, Mn3O4@γ-FeOOH and 
Mn3O4@CeO2/γ-FeOOH.

TOF calculation for Mn3O4@CeO2/γ-FeOOH:

Calculated area associated with the reduction of metal ions of Mn3O4@CeO2/γ-FeOOH = 
0.000041440 VA.

Hence, the associated charge is = 0.000041440 VA / 0.005 Vs-1

                                                   = 0.08288 As



                                                   = 0.08288 C

Now, the number of electron transferred is = 0.08288 C / (1.602 × 10-19 C)

                                                                     = 5.17 × 1017

It is anticipated that the reduction a single electron transfer process, the number of electrons involved 

directly corresponds to the number of surface-active sites.

Hence, the number of M active sites participating in OER is = 5.17 × 1017

Therefore, surface concentration of active sites in the Mn3O4@CeO2/γ-FeOOH is 5.17 × 1017.

The current density at 1.48V potential was evaluated from the backward LSV curve of 

Mn3O4@CeO2/γ-FeOOH.

Hence, from equation (1)

TOF1.48 V = (200 × 10-3) × (6.022 × 1023) / (96485 × 4 × 5.17 × 1017)

                                      = 0.603 s-1

Similarly, TOF of other catalyst was also calculated following the identical procedure and the values 

are as follows. 

Catalyst Turnover Frequency (TOF)1.48V

Mn3O4@CeO2/γ-FeOOH 0.603 s-1

Mn3O4@γ-FeOOH 0.241s-1

Mn3O4@CeO2 0.056s-1

Mn3O4 0.0138s-1



Procedure for the calculation of Faradaic efficiency of Mn3O4@CeO2/γ-FeOOH.

Faradaic efficiency was calculated using the Eq. (1)

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 µ𝑚𝑜𝑙 𝑜𝑓 𝑂2 𝑔𝑎𝑠

𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙  µ𝑚𝑜𝑙 𝑜𝑓 𝑂2 𝑔𝑎𝑠
× 100        (1)

The theoretical amount of O₂ gas was calculated using Faraday's laws.

𝑛 =
𝐼 × 𝑡
𝑧 × 𝐹

      (2)

=
0.5 × 4500
4 × 96484

                                                                    = 5829 µmol
Where n = number of mol, I = current in ampere, t = time in second, z = electrons transfer (for OER= 
4), and F = Faraday constant (96485 C mol-1).

The theoretical amount of O2 gas produced in 75 minutes after 1 h activation = 5829 µmol

The experimental amount of gas (H2+O2) was evaluated from the water displacement method at 
ambient temperature and pressure.

Finally, the total number of moles of gas (H2+O2) produced in 75 minutes using water displacement 

is calculated by the Eq.(3) (considering the ideal behaviour of the gas)

PV = nRT                                        (3)

Where, V = produced volume of gas in litters, T= temperature in Kelvin, and R = 0.0821 L 

atm./mol.K, the ideal gas constant.

After 1 h of catalyst activation, the total moles of gas produced in 75 minutes using water 

displacement:

      (1 atm)(0.435L) = n (0.0821 L atm/ mol K) (298K)

𝑛 =
(1 𝑎𝑡𝑚) × (0.435𝐿)

(0.082 𝐿 𝑎𝑡𝑚/ 𝑚𝑜𝑙 𝐾) × (308 𝐾)

                                             n=17223 µmol

The molar ratio of produced hydrogen and oxygen in the gas mixture is 2:1 

Thus, the moles of O2 in the gas mixture produced in 75 minutes is

𝑛 𝑂2 = 17223 ×
1
3

                                                                                = 5741 µmol



                                               Faradaic efficiency: 
=

5741 µ𝑚𝑜𝑙
5829 µ𝑚𝑜𝑙

 × 100

                 = 98.4 %

Similarly, the number of moles of gas produced in 75 minutes using water displacement after 50 

hour stability:

      (1 atm)(0.431L) = n (0.0821 L atm/ mol K) (298K)

𝑛 =
(1 𝑎𝑡𝑚) × (0.431𝐿)

(0.082 𝐿 𝑎𝑡𝑚/ 𝑚𝑜𝑙 𝐾) × (308 𝐾)

                                                n=17065 µmol

The molar ratio of produced hydrogen and oxygen in the gas mixture is 2:1 

Thus, the moles of O2 in the gas mixture produced in 75 minutes is

𝑛 𝑂2 = 17065 ×
1
3

                                                                                = 5688 µmol

                                               Faradaic efficiency: 
=

5688 µ𝑚𝑜𝑙
5829 µ𝑚𝑜𝑙

 × 100

                                                                               = 97.5 %
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Fig. S2 Theoretical and measured faradaic efficiency after 50 h stability of Mn3O4@ CeO2 / γ-

FeOOH.



Other Supporting Figures. 

Fig. S3 XRD pattern of bare γ-FeOOH and CeO2 synthesized in absence of Mn-acetate, the 
precursor of Mn3O4. The synthesis was performed following identical condition of Mn3O4 synthesis. 

Fig. S4 EDX elemental mapping of the synthesized Mn3O4@CeO2/γ-FeOOH nanocubes. 



Fig. S5  HR-TEM image of Mn3O4 nanocube.

Fig. S6 TEM images of Mn3O4@CeO2/γ-FeOOH indicating the formation of γ-FeOOH nanosheet 
outside of Mn3O4 nanocubes in addition to surface of the cubes. The fringe structure  



Fig. S7 TEM EDX elemental mapping images of Mn3O4@CeO2/γ-FeOOH

Fig. S8 XPS survey spectra of different samples.



Fig. S9 The nitrogen adsorption desorption isotherm and respective pore size distribution of the 
synthesized bare Mn3O4 nano-cube and Mn3O4@CeO2/γ-FeOOH nanocomposite. 

Fig. S10 CV curves at varying scans rate of 50, 60, 70, 80, 90 mV S-1 of different samples. 
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Fig. S11 Summarized OER performances of all the tested samples in bar diagram.

Fig. S12 LSV after and before stability a) OER b) HER.



20 30 40 50 60

 

 

In
te

ns
ity

 (a
.u

)

2degree

 After 50 h (Mn3O4@CeO2/FeOOH)

(101)

(112)
(200)

(103) (211)

(004)

(220)
(105)

(3
21

)
(2

24
)

(4
00

)
Fig. S13 XRD pattern of Mn3O4@CeO2/γ-FeOOH after 50h of chronopotentiometry experiment 

at 1.53 V to attain a current density of 1000mA cm-2.

Fig. S14 SEM image of Mn3O4@CeO2/γ-FeOOH after 50h of chronopotentiometry experiment 

at 1.53 V to attain a current density of 1000mA cm-2.



Fig. S15 XPS spectra of Mn3O4@CeO2/γ-FeOOH after 50h of chronopotentiometry experiment 

at 1.53 V to attain a current density of 1000mA cm-2.
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Fig. S16 HER chronoamperometric measurement as a function of different current densities of 

Mn3O4@CeO2/γ-FeOOH.



Supporting Tables

Table S1. Comparison of the OER activities of Mn3O4@CeO2/FeOOH.

Electrocatalyst Electrolyte η10 
Overpoten
tial (mV)

η100 
Overpotenti

al (mV)

η500 
Overp
otenti

al 
(mV)

Tafel 
(mV 

dec-1 )

References

Mn3O4@CeO2/-

FeOOH

1M KOH 190 240 280 34 This work

MnFeO-NF-0.2 1M KOH 227 274 295 S-2

MnFeO-NF-0.4 1M KOH 157 225 257 S-2

MnFeO-NF-0.6 1M KOH 220 285 312 S-2

MnFeO-NF-0.8 1M KOH 243 319 356 S-2

MnFeO-NF-1 1M KOH 258 340 405 S-2

MnO2-NF 1M KOH 342 433 464 S-2

Mn3O4-NF 1M KOH 339 438 481 S-2

Fe2O3-NF 1M KOH 318 432 S-2

Co0.85Se/NC 1M KOH 406 93 S-3

Ce-NiCoP/NF 1M KOH 282 52.3 S-4

Mo–NiCoP/C 1M KOH 364 76.7 S-5

Mo-NiCoP/NF 1M KOH 326 49.4 S-6

Co(Ni)Ox@CoPx-3 1M KOH 479 108.4 S-6

Ni2P-CoCH/CFP 1M KOH 320 36 S-8

ho-LaNi5/NF 1M KOH 347 82 S-9

Co-CoO/Ti3C2-MXene 1M KOH 196 400 47 S-10

Ni–W–P@HFC 1M KOH 380 88.3 S-11



FeMnZn/Mn-FeS 1M KOH 390 S-12

Cu(OH)2/Cu 1M KOH 390 S-13

MCo2O4@MCo2S4@ PPy 1M KOH 395 S-14

CuO NCA 1M KOH 400 S-15

Pd 1M KOH 400 S-16

N–FeP 1M KOH 440 S-17

Fe7S8/NGF 1M KOH 450 S-18

Ni2Mo3N/NF 1M KOH 392 S-19

MoSe2–Ni3Se2/NF 1M KOH 395 S-20

CoFe–LDH /CoFe2O4/NF 1M KOH 400 S-21

Table S2. Comparison of the HER activities of Mn3O4@CeO2/FeOOH

Electrocatalyst Electrolyte η10 
Overpotential 

(mV)

η20 
Overpotential 

(mV)

References

Mn3O4@CeO2/FeOOH 1M KOH 180 190 This Work

FeMnZn/Mn-FeS 1M KOH 118 S-12

Fe1–xCoxS2/CNT 1M KOH 120 S-22

NiOx NPs 1M KOH 174 S-23

Co2P 1M KOH 171 S-24

CNTs@NiP2/NiP 1M KOH 137 S-25

FeCoNi– 

LTH/NiCo2O4/CC

1M KOH 151 S-26

Cu@Cu2S 1M KOH 203 S-27



VC–NS 1M KOH 120 S-28

MoP/Mo2N 1M KOH 165 S-29

Co2P 1M KOH 167 S-30

Ni(OH)2 1M KOH 170 S-31

m–NiSx–0.5/NF 1M KOH 137 S-32

Ni–NiO/N–rGO 1M KOH 160 S-33

CoSx–Ni3S2/NF 1M KOH 146 S-34

Ni3S2/Co3S4 1M KOH 150 S-35

NiCo2O4 1M KOH 160 S-36

Co–B/Ni 1M KOH 200 S-37

Co3O4/MoS2 1M KOH 221 S-38

Table S3. Comparison of the overall water splitting performance of reported catalysts.

Catalyst Electrolyte Potential Current density Reference
Mn3O4@CeO2/-FeOOH 1M KOH 1.55 V 10 mAcm-2 This work

FeMnZn/Mn-FeS 1M KOH 1.62 V 10 mAcm-2 S-12

NF 1M KOH 1.65 V 10 mAcm-2 S-39

Ni3Se2 1M KOH 1.65 V 10 mAcm-2 S-40

xNiP@SS 1M KOH 1.77 V 10 mAcm-2 S-41

CoP@NF||CoP/CoO@NF 1M KOH 1.62 V 10 mAcm-2 S-42

CoP/VGNHs 1M KOH 1.63 V 10 mAcm-2 S-43

CoS2/CC 1M KOH 1.66 V 10 mAcm-2 S-44

Co2N/TM/Co–Pi/TM 1M KOH 1.78 V 10 mAcm-2 S-45

Co0.4Fe0.6 LDH/g– 1M KOH 1.61 V 10 mAcm-2 S-46



CNx

CoFe@N–GCNCs-

700

1M KOH 1.63 V 10 mAcm-2 S-47

CoFe2O4 1M KOH 1.63 V 10 mAcm-2 S-48

CoNiN@NiFe LDH 1M KOH 1.63 V 10 mAcm-2 S-49

CuFe Composite 1M KOH 1.64 V 10 mAcm-2 S-50

NiCo2O4 1M KOH 1.65 V 10 mAcm-2 S-51

FeCoS/C 1M KOH 1.66 V 10 mAcm-2 S-52

DLD–FeCoP@CNT 1M KOH 1.67 V 10 mAcm-2 S-53

Ni–Co–S/CF 1M KOH 1.67 V 10 mAcm-2 S-54

NiMoP2 1M KOH 1.67 V 10 mAcm-2 S-55

FeCoP 1M KOH 1.68 V 10 mAcm-2 S-56

Ni/MoN@NCNT/CC 1M KOH 1.69 V 10 mAcm-2 S-57

NiS/MoS2 1M KOH 1.69 V 10 mAcm-2 S-58

NiCo2O4 1M KOH 1.72 V 10 mAcm-2 S-59

Cu2S–Ni3S2 1M KOH 1.77 V 10 mAcm-2 S-60

Co–Fe binary oxide 1M KOH 1.92 V 10 mAcm-2 S-61

Ni–Fe–Doped K0.23MnO2 1M KOH 1.62 V 10 mAcm-2 S-62

Fe–Ni–Cr 1M KOH 1.64 V 10 mAcm-2 S-63

Te/Fe–NiOOH 1M KOH 1.65 V 10 mAcm-2 S-64

Fe–Ni2P/MoSx/NF 1M KOH 1.68 V 10 mAcm-2 S-65

FexNiy/CeO2 1M KOH 1.70 V 10 mAcm-2 S-66

CoFeNiO 1M KOH 1.96 V 10 mAcm-2 S-67

Co0.85Se/NC 1M KOH 1.7 10 mAcm-2 S-68



Table S4. Comparison of the AEM electrolyzer performance with relevant literature

Catalyst Electrolyte Potential
(2V)

Current density 
(mAcm-2)

Reference

Mn3O4@CeO2/-FeOOH ‖ AEM 

‖ Mn3O4@CeO2/-FeOOH

1M KOH 366 This Work

Pt/C ‖ AEM ‖ IrO2 1M KOH 101 This Work

NiCoTi/Ti ‖ AEM ‖ NiCoTi/Ti 1M KOH 180 S69

NiCo/r-GO ‖ AEM ‖ Co3O4/r-GO 1M KOH 105 S70

CuCoO ‖ AEM ‖ Ni 1M KOH 156 S71

CuxCo3-xO4 ‖ AEM ‖ Ni 1M KOH 100 S72

NiCo2O4/Ni ‖ AEM ‖ Ni 1M KOH 106 S73

-FeOOH-NS ‖ AEM ‖ -FeOOH-

NS

1M KOH 209 S74
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