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§ S-1. Experimental

§ S-1.1 Characterization

X-ray photoelectron spectroscopy (XPS) wide-scan spectra were recorded in the 0-1350 eV 

binding energy (BE) range using a constant pass energy of 100 eV, at 1.0 eV/step, with a dwell 

time of 50 ms. High-resolution spectra were collected using a pass energy of 50 eV, at 0.02 

eV/step, with a 50 ms dwell time. 

C1s and O1s peak fitting was carried out by XPSPEAK software (version 4.1),1 using Gaussian-

Lorentzian sum functions. Deconvolution of the Fe2p and Mn2p XPS signals was not 

attempted, since it poses a number of complications due to peak asymmetries, shake-up 

structures, and multiplet splitting phenomena, with several distinct contributions per 

oxidation state. Altogether, the strong energy overlap between the resulting spectral features 

complicate chemical state identification and prevent from a reliable peak fitting.2-4 

Nonetheless, it is worth noticing that the presently reported XPS results well support the net 

predominance of Fe3+ and Mn2+ in the fabricated MFO spinel films, in line with results 

provided by the other characterization techniques.

Work function measurements were carried out with the sample biased at −10.0 V.

The estimation of band gap (EG) values was performed from reflection electron energy loss 

spectroscopy (REELS) spectra, after subtraction of the elastic peak and of Tougaard 

background.5

Root-mean-square roughness (RMS) values were obtained from 3×3 m2 atomic force 

microscopy (AFM) micrographs, after background subtraction and plane fitting.3 AFM 

micrographs collected on different material regions enabled to confirm the specimen 

homogeneity.

For transmission electron microscopy (TEM) analyses, thin cross-sectional samples were 

prepared via a standard protocol by means of focused ion beam (FIB) technique, using a Helios 

450s FIB/SEM (Thermo Fisher) instrument. Pre-thinned lamellas were lifted-out from the 

material, attached to a TEM grid and then thinned down to electron transparency. Final 

treatment was performed with FIB operating at 5 kV and low current (25 pA). The recorded 

images are displayed without the application of any filter/mask.
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§ S-1.2 Electrochemical tests

Electrical contacts were applied to the target samples using a copper tape attached to an 

uncovered fluorine-doped tin oxide (FTO) conductive region (0.5×1 cm2). 

All potentials referenced to the reversible hydrogen electrode (RHE) were calculated through 

the relation:6, 7

ERHE (V) = EMMO (V) + 0.169 + 0.0592×pH (S1)

The recorded ERHE values were subjected to iR drop correction according to equation:8

E (V) = ERHE (V) – iRu (S2)

where i and Ru are the current (in A) and the uncompensated cell resistance (in ), estimated 

from electrochemical impedance spectroscopy (EIS) as the lowest impedance in the Nyquist 

plots high-frequency region9, 10 (see the values reported in Tables S5-S6 below).

EIS analyses were performed at a fixed potential of 1.5 V vs. RHE, with an amplitude of 5 mV, 

in the frequency range from 1 kHz to 100 kHz. The obtained Nyquist plots were fitted using a 

simple RC circuit model. The obtained charge transfer resistances are reported in Tables S5-

S6).

The reported current densities were obtained by normalizing the registered currents to the 

sample geometric area [0.2830.002) cm2], which has a practical meaning in view of eventual 

technological applications for device engineering.11, 12 In fact, BET surface area measurements 

for supported nanosystems/thin films like the present ones represent a critical problem, since 

conventional N2, and even Kr, physisorption methods fail, due to the very low material mass 

in comparison to the supporting substrate. Alternatively, scratching of the deposited material 

from the FTO substrate results in further uncertainties undermining the reliability of the 

results, precluding thus similar measurements. In addition, the inherent uncertainty on 

literature data pertaining the specific capacitance of MFO deposits, also in consideration of 

their different composition and physicochemical characteristics,13-16 prevents from a 

consistent estimation of the electrochemical active surface area (ECSA). 

The oxygen evolution reaction overpotential (η) was evaluated as:7, 10, 17-22

η (V) = E (V) − 1.23 (S3)

where 1.23 is the E° value for O2 evolution.
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The O2 amount produced in OER tests was monitored during chronoamperometric (CA) 

analysis by headspace gas analysis using a NEOFOX-KIT-PROBE system composed by a 

FOSPOR-R premium grade fiber optic probe connected to a NeoFox-GT fluorimeter, and 

subsequently used to calculate the OER Faradaic efficiency (see below). Before each 

measurement, O2 was removed by fluxing N2 into the reaction medium. The O2 probe was 

introduced into the electrochemical cell through a tightly sealed septum, and continuous 

readings of O2 partial pressure and temperature were performed throughout each 

experiment. 

The Faradaic efficiency (FE) for the OER process was calculated as:17

FE = [4  F  n(O2)/ (I  t)] 100 (S4)

where F indicates the Faraday constant (96485 C/mol), n(O2) are the moles of generated 

molecular oxygen, I is the current measured throughout CA, and t stands for the reaction 

time. The uncertainty on FE values was evaluated to be  1%.

For a relative comparison of the electrocatalytic activity of the present systems, the turnover 

frequency (TOF) is usually evaluated. The TOF is defined as the number of O2 molecules 

released per second per active site,23 and calculated according to the relation:10, 21, 24-26

TOF = (j × A) / (4 × F × n) (S5)

where j, A, F, and n indicate respectively the current density, the catalyst surface area, the 

Faraday constant (96485 C/mol), and the number of moles corresponding to the metal active 

sites in the target systems. The uncertainty on the estimated TOF values was estimated to be 

 0.05 s-1. As a matter of fact, the reliable and accurate measurement of the number of active 

sites is a challenging issue,23 and even the determination of the real surface area is a hard task 

(see the pertaining observations on page S4).27 In the present case, assuming 100% Faradaic 

efficiency28 and that all metal sites are active in the OER process,19, 27 TOF values were 

obtained from equation (S5), using the measured j (A/cm2) and the specimen geometric area 

A (see above). The number of moles n was evaluated from the average deposit mass 

[(0.1030.005) mg, measured using a Mettler Toledo XS105 DualRange microbalance] and the 

MFO molar mass (MM, in g/mol) for the different systems:

n = (3×0.103×10-3) / MM (S6)

To assess the possible presence of hypochlorite species generated during the OER process, 
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iodometric titration was used.3, 17 In this case, ClO-, if present, oxidizes I- species in alkaline 

solution according to the following reaction: 

H2O + ClO-
(aq) + 2I-

(aq)    I2 + Cl-(aq) + 2OH-
(aq) (S7)

The formed I2 subsequently yields polyiodide ions, like I3
-, that, in the presence of starch, 

generate the formation of a pink-violet complex,29 the fingerprint for hypochlorite presence, 

with a ClO- detection limit as low as 2×10-7 M.17 Conversely, if the solution is still colorless 

after starch introduction, the used electrocatalysts can be regarded as 100% selective towards 

OER.
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§ S-2. Characterization

Fe(hfa)2TMEDA Mn(hfa)2TMEDA
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Fig. S1 Differential scanning calorimetry (DSC) curves for Mn(hfa)2TMEDA, Fe(hfa)2TMEDA 
and their 1:2 mixture. Two endothermic peaks due to melting and vaporization are observed 
for the Fe (83°C, 186°C) and Mn compounds (85°C, 194°C), as well as for the Mn:Fe = 1:2 
mixture (77°C, 188°C). 
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Fig. S2 XRD patterns (a) and Raman spectra (b) for as-prepared MFO films. XRD patterns of 
as-prepared and annealed specimens obtained by the sole vaporization of Mn (c) and Fe (d) 
precursors. Curves have been vertically shifted for clarity. The XRD pattern (a, c, d) and Raman 
spectrum (b) of bare FTO are also reported for comparison. The main signals from MFO spinel, 
-Mn3O4, and -Fe2O3 are highlighted by a pale blue, green, and orange background, 
respectively.
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Fig. S3 XPS survey spectra for MFO deposits synthesized from different mixtures of 
Mn(hfa)2TMEDA and Fe(hfa)2TMEDA precursors. 

Mn (at.%) Fe (at.%) O (at.%)

Mn:Fe = 1:2 12.6 25.1 62.3

Mn:Fe = 1:1 18.6 17.6 63.8

Mn:Fe = 2:1 25.0 12.8 62.2

Table S1 XPS surface atomic percentages (at.%) for the target specimens calculated excluding 
carbon contribution.
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Fig. S4 C1s (a) and Mn3s (b) photoelectron peaks for MFO electrocatalysts obtained starting 
from different mixtures of Mn and Fe precursors.

As far as the C1s signal is concerned, the main contribution (I) was traced back to adventitious 

carbon (BE = 284.8 eV), whereas the two high BE components at 286.4 eV (II) and 288.4 eV 

(III) were attributed to C-O and C=O moieties, respectively.30-32
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Sample EG (eV) WF (eV) IP (eV) EA (eV) EF – VB (CB) (eV)

Mn:Fe = 1:2 1.7 4.1 5.3 3.6 1.2 (0.5)

Mn:Fe = 1:1 1.6 3.6 4.8 3.2 1.2 (0.4)

Mn:Fe = 2:1 1.4 3.7 4.8 3.4 1.1 (0.3)

Table S2 Energy gap values (EG, estimated by REELS), work function [WF, difference between 
Fermi level (EF) and vacuum level energies], ionization potential (IP), electron affinity (EA), 
and absolute value of the valence (conduction) band edge separation from the Fermi level 
[EF – VB (CB)] for the target specimens. IP (EA) are evaluated as the energy difference 
between the valence (conduction) band edges (VB and CB, respectively) and the vacuum 
level.27, 33
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Fig. S5 Line-scan energy dispersive X-ray spectroscopy (EDXS) profiles for O, Mn, and Fe, registered on the reported cross-sectional FE-SEM 
images along the yellow arrows, for MFO electrocatalysts obtained from different Mn and Fe precursors mixtures: (a) Mn:Fe = 1:2; (b) Mn:Fe = 
1:1; (c) Mn:Fe = 2:1.
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§ S-3. Electrochemical tests and related analyses

Sample Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

TOF  10-5 (s-1) Ref.

Mn:Fe = 1:2 (2.870.1) (591) 1.58

Mn:Fe = 1:1 (1.890.1) (631) 1.31

Mn:Fe = 2:1

Simulated alkaline seawater 
(0.5 M KOH + 0.5 M NaCl)

(1.560.1) (681) 1.15

Present 
work

Sample Electrolyte
j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

TOF  10-5 (s-1) Ref.

Mn:Fe = 1:2 (0.280.1) (641) 0.66

Mn:Fe = 1:1 (0.240.1) (671) 0.50

Mn:Fe = 2:1

Adriatic 
alkaline seawater 

(pH = 13.6)
(0.200.1) (721) 0.41

Present 
work

Table S3 Summary of OER activity metrics for MFO electrocatalysts in simulated alkaline seawater and Adriatic alkaline seawater splitting: current 
density at 1.80 V vs. RHE, Tafel slope values and TOF values at  = 350 mV. The onset potential at 0.02 mA/cm2 was estimated to be very close 
for all the target electrocatalysts (1.67 V and 1.73 V in simulated alkaline seawater and Adriatic alkaline seawater, respectively). 
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Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

Mn2O3 a 12.5 67
17

MnO2 a

Simulated alkaline seawater
(0.5 M KOH + 0.5 M NaCl)

12.4 47 17

MnO2 a Simulated alkaline seawater 
(1 M KOH + 0.5 M NaCl) n.a. 131.8 34

α-MnO2 
a 0.08 81.2 35

-MnO2 
a 0.033 96.7 35

γ-MnO2 
a 0.023 183.1 35

δ-MnO2 a

Simulated alkaline seawater
(0.1 M NaOH + 0.6 M NaCl)

0.067 186.8 35

Fe2O3 b n.a. 141 3

Fe2O3 a 4.5 n.a. 17

Fe2O3-M b n.a. 133 3

Fe2O3-CM b

Simulated alkaline seawater
(0.5 M KOH + 0.5 M NaCl)

n.a. 124 3
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Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

Fe2O3-CoPi b n.a. 111 3

Fe2O3-M-CoPi b n.a. 108 3

Fe2O3-CM-CoPi b n.a. 102 3

Co3O4-Mn2O3 a 16.0 64
17

Fe2O3-Mn2O3 
a 12.9 66

17

Co3O4-MnO2 a 16.5 41 17

Fe2O3-MnO2 a

Simulated alkaline seawater
(0.5 M KOH + 0.5 M NaCl)

14.5 43
17

MnO2-RuO2 a n.a. 75.7131.7 34

Mn2NiO4 a,c

Simulated alkaline seawater 
(1.0 M KOH + 0.5 M NaCl)

75 130 36

Ni0.85Fe0.15O a Simulated alkaline seawater
(0.1 M KOH + 2.45 wt.% NaCl) n.a. 78 37

NiFe-LDH a Simulated alkaline seawater
(1.0 M KOH + 0.5 M NaCl) n.a. 174 38
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Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

NiFe-LDH a 10.0 299.4 39

NiFe-LDH a n.a. 215233 40

NiAl-LDH a 110 87.9 41

NiFe-LDH/NF a n.a. 89.2 42

MnOx/NiFe-LDH/NF a

Simulated alkaline seawater 
(1.0 M KOH + 0.5 M NaCl)

n.a. 72.7 42

CaSrCo2O5 a n.a. 107 43

CaSrCoFeO5 a n.a. 102 43

CaSrCo2O5 + FeOOH a 48 77.3 43

La0.5SrCo0.5Fe0.5Ox a 28 125 44

CaSrCo2O5 a

Simulated alkaline seawater 
(0.1 M KOH + 0.5 M NaCl)

n.a. 107 43

CaSrCoFeO5 a Simulated alkaline seawater 
(0.1 M KOH + 0.5 M NaCl) n.a. 102 43



S17

Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

CaSrCo2O5 + FeOOH a 48 77.3 43

La0.5SrCo0.5Fe0.5Ox a 28 125 44

La0.4SrCo0.5Fe0.5Ox a

Simulated alkaline seawater 
(0.1 M KOH + 0.5 M NaCl)

n.a. 86 44

La0.9Sr0.1CoO3/NF a n.a. 85.6 45

La0.9Sr0.1CoO3/NF-CA a

Simulated alkaline seawater
(1.0 M KOH + 3.5 wt.% NaCl)

n.a. 73.8 45

NiCoFe-PBA a Simulated alkaline seawater 
(1.0 M KOH + 0.5 M NaCl) n.a. 86.2 46

IrO2 a Simulated alkaline seawater
(1.0 M KOH + 0.5 M NaCl) n.a. 130 38

IrO2 a Simulated alkaline seawater
(1.0 M KOH + 0.5 M NaCl) n.a. 94.5 42

IrO2 a Simulated alkaline seawater
(0.1 M NaOH + 0.6 M NaCl) n.a. 351 35

RuO2 a Simulated alkaline seawater 
(1.0 M KOH + 0.5 M NaCl) n.a. 81.5 34
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Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

RuO2 a n.a. 73.6 47

RuO2 a

Simulated alkaline seawater 
(1.0 M KOH + 0.5 M NaCl)

n.a. 108.4 48

RuO2 a Simulated alkaline seawater
(1.0 M KOH + 3.5 wt.% NaCl) n.a. 220 49

RuO2 a Simulated alkaline seawater 
(1.0 M KOH + 0.6 M NaCl) 75 110.3 50

Mn2O3 a Real alkaline seawater
(pH: 13.5) 5.6 82 17

MnO2 a Real alkaline seawater
(pH: 13.5) 6.5 72 17

Fe2O3-CoPi a n.a. 144 3

Fe2O3-M-CoPi a n.a. 136 3

Fe2O3-CM-CoPi a n.a. 125 3

Co3O4-Mn2O3 a

Real alkaline seawater
(pH: 13.6)

7.0 78 17

Fe2O3-Mn2O3 a Real alkaline seawater
(pH: 13.5) 6.7 81 17
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Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

Co3O4-MnO2 a 8.0 67 17

Fe2O3-MnO2 a
Real alkaline seawater

(pH: 13.5)
7.0 70 17

MnFe2O4 a 100 150 51

NiFe2O4 a n.a. 75.2 52

CoFe2O4/NF a n.a. 67 53

CoFe2O4/NF a n.a. 54.3 53

NiFe-LDH a n.a. 105 51

NiCo-LDH a 280 191.8 54

NiFe-LDH/NF a n.a. 126136 55

NiFe-LDH/NF a n.a. 140.3 42

ZnFe-LDH/NF a

Real alkaline seawater
(1.0 M KOH)

n.a. 94.5 56
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Material Electrolyte j @ 1.80 V 
(mA/cm2)

Tafel slope 
(mV/dec)

Ref.

MnOx/NiFe-LDH/NF a n.a. 77 42

LaMn0.5Co0.5O3 a 138 99 57

NiCoFe-PBA a n.a. 108.5 46

IrO2 a n.a. 84.3 58

RuO2 a

Real alkaline seawater
(1.0 M KOH)

n.a. 235.9 47

Table S4 OER activity metrics of previously reported electrocatalysts based on manganese or iron oxides in the splitting of simulated alkaline 
seawater and real alkaline seawater at room temperature. The electrochemical performances of selected RuO2 and IrO2 benchmarks are also 
reported for comparison. a dark conditions. b light conditions. c contains even MnO and Ni as separate phases. n.a. = not available. M = bulky 
graphic carbon nitride; CM = exfoliated graphitic carbon nitride; CoPi = cobalt(II) phosphate; LDH = layered double-hydroxide; NF = Ni foam; CA 
= cellulosic aerogel. Prussian blue analogues (PBAs) are a kind of perovskite-type compounds with general formula of AxM[Fe(CN)6]ymH2O (y < 
1, 0 < x < 2), where A and M are alkali and transition metals, respectively.46
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Fig. S8 Current densities at different potential values for the present electrocatalysts in 
Adriatic alkaline seawater.
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Fig. S9 TOF vs. overpotential plots for the present electrocatalysts in Adriatic alkaline 
seawater.
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OER solutions
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Fig. S10 Photographs of the reference and OER solutions taken upon iodometric titration for 
Mn3O4 and Fe2O3, evidencing ClO- formation in both cases.
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sample, the reproducibility of experimental curves revealed by the comparison of the two 
panels further supports the good operational stability of the developed materials. The 
progressive decrease of current density values as a function of time should be attributed to 
the evolution of O2 bubbles on the electrode surface (see the inset in the right panel), 
hampering an efficient contact with the electrolyte. 
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Fig. S12 LSV curves recorded in Adriatic alkaline seawater on the pristine MFO samples (solid 
lines) and collected every 90 days for 6 months upon specimen storage under ambient 
conditions (grey dashed lines).
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Fig. S13 Chronoamperometric tests for Mn3O4 and Fe2O3 electrocatalysts in Adriatic alkaline 
seawater, performed at 1.80 V vs. RHE.
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Fig. S14 XRD patterns of MFO electrocatalysts obtained from Mn:Fe = 1:2 and Mn:Fe = 2:1 
precursor mixtures after completion of the tests indicated in Fig. S12. Curves have been 
vertically shifted for clarity. The XRD pattern of the bare FTO substrate is also reported for 
comparison.
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Fig. S15 Representative FE-SEM micrographs for MFO specimens synthesized from Mn:Fe = 
1:2 and Mn:Fe = 2:1 precursor mixtures after completion of the tests indicated in Fig. S12.
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Sample Electrolyte Ru () RCT ()

Mn:Fe = 1:2 131  2 1143  2

Mn:Fe = 1:1 163  2 1795  2

Mn:Fe = 2:1

Simulated alkaline 
seawater (0.5 M KOH + 

0.5 M NaCl)
354  2 2290  2

Table S5 Uncompensated resistances (Ru) and charge transfer resistances (RCT) for MFO 
electrocatalysts in simulated alkaline seawater.

Sample Electrolyte Ru () RCT ()

Mn:Fe = 1:2 368 2 3409  2

Mn:Fe = 1:1 386  2 3706  2

Mn:Fe = 2:1

Adriatic 
alkaline seawater 

(pH = 13.6)
683  2 4896  2

Table S6 Uncompensated resistances (Ru) and charge transfer resistances (RCT) for MFO 
electrocatalysts in Adriatic alkaline seawater.
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