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ABSTRACT: The development of cheap and efficient catalysts for the oxygen evolution reaction 

(OER) plays a critical role for sustainable energy conversion and storage. Herein, we report on 

Mn2O3-based systems supported on nickel foams and functionalized with first-row transition metal 

(Fe, Co, Ni) oxide nanoparticles (NPs) as OER electrocatalysts in alkaline media, fabricated by a 

plasma-assisted process. The remarkable substrate porosity and high Mn2O3 active area, due to the 

quasi-1D nano-organization, enabled an efficient ultra-dispersion of Fe2O3, Co3O4 and NiO NPs 

into Mn2O3 and an intimate oxide-oxide interfacial contact, enhancing thus charge carrier 

transport, and facilitating reactants and products diffusion. Among the developed systems, Fe2O3-

Mn2O3 yielded the highest electrocatalytic activity, corresponding to a low overpotential of 350 

mV at 10 mAcm-2 and a Tafel slope of 70 mVdec-1, allowing high current density values. The 

obtained performances, discussed in relation to material properties, are superior to almost all state-

of-the-art manganese oxide catalysts and compare favorably with various noble metal-based 

systems, paving the way to additional activity improvements via compositional and interfacial 

engineering. 
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◼ INTRODUCTION 

The rapid and continuous increase of the global energy demand, along with the rising concern 

on environmental issues,1-4 has drawn a considerable attention on alternative energy technologies, 

in order to minimize the dependency on unsustainable fossil fuels.5-8 In this context, water 

electrolysis is one of the most efficient and environmentally friendly methods for the large-scale 

production of molecular hydrogen, considered as the clean energy carrier of the future.4,9-11 

Nevertheless, the current process bottleneck is the oxygen evolution reaction (OER), characterized 

by a high energy barrier and sluggish kinetics.1,3,8,12-18 To date, the benchmark OER catalysts 

showing an excellent activity in alkaline environments are Ir- and Ru-based materials, but their 

high cost, low abundance and poor long-term stability5,7,10,19-22 have stimulated the search for 

efficient alternatives based on earth-abundant elements.2,23-25 To this regard, amenable candidates 

are first-row transition metal oxides, thanks to their unique 3d electronic structures and the 

possibility of yielding a stable O2 evolution at modest overpotentials.2,10,12,14,26 Among them, 

manganese oxides offer a rich variety of crystal structures and Mn oxidation states, whose tailoring 

is an important, though challenging, issue to develop effective electrocatalysts operating under 

basic conditions.4,17,23,27-30 In particular, Mn2O3 is considered the most active manganese oxide 

thanks to the presence of highly distorted [MnO6] octahedra, leading to a variety of Mn-O bond 

distances and an enhanced reactivity of Mn(III) d4 centers in OER-related processes.8,13-14,24,31 

Indeed, Mn(III)-containing nanostructures with tailored defectivity feature labile Mn−O bonds, 

allowing an easier formation of OER intermediates and promoting the cleavage of Mn−O2 adducts, 

which facilitates water oxidation reactions and increases the overall turnover frequency of the 

catalytic centers.14,31  

So far, Mn2O3 OER electrocatalysts have been prepared both from powders eventually mixed 
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with binders/conductive species,20,23,27-29,31-33 and as nanostructures/thin films directly grown onto 

suitable substrates.6,11-15,21,24 Indeed, the latter systems represent a more practical choice, since they 

enable to prevent undesired aggregation/phase segregation phenomena and to overcome issues 

related to poor conductivity and durability, avoiding the use of binders that typically decrease 

conductivity.3,6,19,24 To this aim, a suitable nanoscale engineering of the system architecture 

through versatile synthetic routes16,29-30 can facilitate electron/mass transfer and ensure a high 

density of surface active sites, improving OER activity.5-7,27 As water oxidation involves four 

different steps, each one with its energy barrier, the use of complementary catalysts can trigger the 

overall process, exerting a favorable promotional effect. Therefore, an additional synergistic mean 

to boost functional performances relies on the fabrication of multi-component Mn-based oxides, 

which outperform their single-phase counterparts thanks to the tuning of metal site redox 

properties and interfacial electron transfer phenomena at oxide-oxide interfaces.2,11,19,26 In this 

regard, Mn2O3-based composites with Cr2O3,
8 MnO2,

4 and RuO2,
11,34 have been so far tested for 

OER electrocatalysis. Among the possible complementary catalysts, Fe, Co, and Ni oxides are 

well-known and attractive activators,1,8,12,16,19-20,30,33,35 but, to our knowledge, no literature works 

on Mn2O3 OER electrocatalysts functionalized with Fe2O3 and NiO are available, whereas Co3O4-

Mn2O3 anodes obtained from powder mixtures have been reported only once.20 

In this work, Mn2O3 nanostructures decorated with Fe, Co and Ni oxides were fabricated on 

low-cost and high area nickel foam (NF) substrates, favorably acting as current collectors and 

favoring electrolyte diffusion and gas evolution during OER, thanks to their inherent porosity.5,10 

The adopted plasma-assisted synthesis procedure is illustrated in Figure 1a, and the pertaining 

details are reported in the Supporting Information. In particular, after the initial plasma enhanced-

chemical vapor deposition (PE-CVD) of manganese oxide, Fe2O3, Co3O4, and NiO nanoparticles  
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Figure 1. (a) Schematic illustration of the fabrication procedure adopted for Mn2O3-based 

electrodes functionalized with Fe2O3, Co3O4, and NiO complementary catalysts. Field emission-

scanning electron microscopy (FE-SEM) images (b,c) and scanning transmission electron 

microscopy (STEM) micrograph (d) of bare Mn2O3. FE-SEM pictures of Mn2O3-Fe2O3 (e), 

Mn2O3-Co3O4 (f), and Mn2O3-NiO (g) electrodes. STEM micrographs pertaining to each 

nanocomposite are reported as insets in panels (e), (f) and (g). 
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annealed under an inert atmosphere, to ensure the formation of pure Mn2O3. The inherent 

advantages of the used strategy35-36 yielded high area quasi-1D arrays, featuring an intimate contact 

between Mn2O3 and the complementary catalysts, of crucial importance to benefit from their 

chemical and electronic interplay for the target applications. The best Fe2O3-MnO2 systems 

achieve an overpotential (η) as low as 350 mV vs. the reversible hydrogen electrode (RHE) at a 

current density of 10 mAcm-2, and a low Tafel slope of 70 mVdec-1, which, to our knowledge, 

are among the best values reported for OER catalysts based on manganese oxides in alkaline 

environments. 

 

◼ EXPERIMENTAL SECTION 

Sample Preparation. PE-CVD of MnO2 nanodeposits was performed on Ni foams (Ni-4753, 

RECEMAT BV; lateral size = 1 cm ×1.5 cm), pre-cleaned by sonication in dichloroethane (10 

min), 3.5 M HCl (10 min) and ethanol (10 min).6,37-41 Ni foams were mounted on the grounded 

electrode of a custom-built two-electrode plasmochemical apparatus, and RF-power (13.56 MHz) 

was delivered to a second electrode. A diketonate-diamine Mn(II) compound, Mn(hfa)2TMEDA 

(Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione; TMEDA = N,N,N’,N’-

tetramethylethylenediamine),42-43 used as manganese precursor, was vaporized at 70°C in an 

external glass reservoir, and delivered into the reactor by means of an Ar flow [rate = 60 standard 

cubic centimeters per minute (sccm)] through metal gas lines maintained at 130°C. Additional Ar 

and O2 flows (rates = 15 and 5 sccm, respectively) were separately introduced into the reaction 

chamber. Basing on previous results,44 depositions were performed for 180 min at a substrate 

temperature of 300°C and a total pressure of 1.0 mbar, using a RF-power of 20 W. 

Functionalization of the obtained deposits with Fe2O3, Co3O4, and NiO was carried by RF-
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Sputtering from Ar plasmas using the same instrumentation and the above obtained manganese 

oxide specimens as substrates. Fe (Alfa Aesar, purity = 99.995%, thickness = 0.25 mm), Co (Alfa 

Aesar, purity = 99.95%, thickness = 0.30 mm), or Ni (Alfa Aesar, purity = 99.994%, thickness = 

0.5 mm) targets were fixed on the RF electrode. Depositions were performed using the following 

settings: RF-power = 20 W; total pressure = 0.3 mbar; growth temperature = 60°C; Ar flow rate = 

10 sccm; process duration = 180 min for Fe sputtering, and 120 min for Co and Ni sputtering. The 

fabricated systems were annealed at 500°C for 60 min under Ar to ensure the formation of phase-

pure Mn2O3.
21 For comparison, a bare manganese(III) oxide sample was obtained adopting the 

same deposition and thermal treatment conditions, but without any RF-Sputtering treatment. 

Chemico-Physical Characterization. Field emission-scanning electron microscopy (FE-SEM) 

and low-resolution scanning transmission electron microscopy (STEM) analyses were carried out 

on a Zeiss SUPRA 40VP instrument, at primary beam voltages of 20 kV. The mean aggregate 

dimensions were evaluated using the ImageJ® software,45 averaging over various independent 

measurements. 

X-ray diffraction (XRD) patterns were recorded with a Bruker D8 Advance diffractometer 

equipped with a Göbel mirror, operating at 40 kV and 40 mA with CuKα radiation (λ = 1.541 Å) 

at an incidence angle of 1.0°, in the 2 range of 16-42°. 

During thin cross-sectional sample preparation for transmission electron microscopy (TEM), a 

carbon coating and a Pt protective layer (thickness = 1 µm and 2 µm, respectively) were deposited 

to prevent detrimental nanostructure damage. Pre-thinned lamellas were lifted-out, attached to 

TEM grid and then thinned down to electron transparency, performing final cleaning by focused 

ion beam (FIB) at 5 kV, 25 pA. The analyses, including bright field-high resolution TEM (BF-

HRTEM), high angle annular dark field-STEM (HAADF-STEM) and STEM-EDXS (energy 
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dispersive X-ray spectroscopy) mapping experiments were carried out on an aberration double-

corrected cold FEG JEM ARM200F microscope operated at 200 kV and equipped with a large 

angle CENTURIO EDX detector, ORIUS Gatan camera and Quantum GIF. 

Surface X-ray photoelectron spectroscopy (XPS) characterization was performed by a Perkin-

Elmer  5600-ci spectrometer, using a standard AlK X-ray source (h = 1486.6 eV). Binding 

Energy (BE) values (uncertainty = 0.2 eV) were referenced to the C1s peak at 284.8 eV to correct 

the shift caused by charging effects.46 After a Shirley-type background subtraction,47 atomic 

percentage (at.%) values were obtained by peak area integration using  V5.4A sensitivity factors. 

Elemental molar fractions were calculated as:35-36 

XM = ((M at.%) / (M at.% + Mn at.%)) × 100           (1) 

where M = Fe, Co, Ni.  

In-depth secondary ion mass spectrometry (SIMS) measurements were carried out by means of 

a IMS 4f mass spectrometer (Cameca) using a Cs+ primary beam (14.5 keV, 25 nA, stability = 

0.3%), rastering over a 175×175 m2 area and detecting secondary ions from a sub region close to 

8×8 m2 to avoid detrimental crater effects. The erosion rate was estimated at various depths 

through the measurement of the corresponding crater height by a Tencor Alpha Step profiler, and 

erosion time values were converted into depth accordingly. 

Electrochemical tests. Electrocatalytic activity of the target systems was tested with a standard 

three-electrode setup (Figure S1), using a VMP3 (BioLogic Science Instruments) electrochemical 

working station. Hg/HgO (MMO) and a Pt mesh were used as the reference and counter electrode, 

respectively. OER performances were measured using Ni foam-supported specimens as working 

electrodes through linear sweep voltammetry (LSV), scan rate = 1 mV×s-1 in freshly prepared 1 M 

KOH (pH = 14) solution. 
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The peculiar material chemico-physical characteristics and the intrinsic uncertainty in the 

estimation of double layer capacitance and specific capacitance48-49 prevented from a reliable 

calculation of the electrochemical active surface area (ECSA). On this basis, the material catalytic 

activity and the measured currents were related to the geometrical surface (1.01.0 cm2), which 

has indeed a practical meaning in terms of technological applications.50  

The measured potentials (vs. MMO) were converted into the reversible hydrogen electrode 

(RHE) scale.23 The overpotential for oxygen evolution η was computed at 10 mAcm-2 using the 

formula:4,51 

η (V) = Emeasured (V vs. RHE) - 1.23              (2) 

where Emeasured is the experimental potential and 1.23 is the E° value for O2 evolution vs. RHE. The 

data presented for the electrochemical characterization in aqueous solutions in three-electrode 

configuration do not include compensation for the series resistance of the solution.  

Tafel slopes were obtained by plotting potential against logarithm of the current density from 

LSV curves.1 Chronoamperometric analyses were carried out at a fixed potential value of 1.60 V 

vs. RHE in order to test the system time stability. 

 

◼ RESULTS AND DISCUSSION 

Material characterization. In this study, the attention was initially dedicated to the investigation 

of the system morphology by means of FE-SEM and STEM analyses. The morphology of bare 

Mn2O3 (Figures S2 and 1b-d) was characterized by a uniform coverage of Ni foam branches with 

quasi-1D nanostructures (average length and diameter 600 and 150 nm respectively; mean 

aspect ratio = 4), assembled into high-area arrays. The obtainment of the latter paves the way to 

attractive OER electrocatalytic performances thanks to their high interfacial area, short diffusion   
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Figure 2. (left panel) Cross-sectional HRTEM images of Mn2O3-Fe2O3 (a), Mn2O3-Co3O4 (b), and 

Mn2O3-NiO (c) samples. The insets in (a), (b) and (c) are higher magnification micrographs of the 

areas marked by white boxes. The amorphous part in (a, b, c) corresponds to the carbon coating 

deposited during sample preparation. White arrows in (b) and (c) indicate Co3O4 and NiO NPs, 

respectively. FT patterns of single NPs (insets in (a, b, c)) reveal γ-Fe2O3 (a), Co3O4 (b) and NiO 

(c) structures oriented along the [001] zone axis. (right panel) Corresponding HAADF-STEM 

images together with STEM-EDXS chemical maps of MnKα, OKα and of FeKα, CoKα and NiKα 

for the various specimens.  
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paths for electrons and ions, and facilitated O2 evolution.4,6,16,25 In addition, Mn2O3 nanorods act 

as trapping network towards Fe, Co and Ni nanoparticles (NPs), resulting in their efficient 

dispersion and immobilization onto the pristine manganese oxide.34 This peculiar quasi-1D 

morphology did not undergo significant alterations after RF-Sputtering (Figures 1e-g), indicating 

that the adopted functionalization procedure enabled to preserve the pristine Mn2O3 nano-

organization. 

Preliminary XRD analyses revealed the presence of cubic -Mn2O3 as the sole crystalline phase 

(Figure S3).52 The low signal intensity suggested the formation of small and defective 

nanocrystallites,30 in line with XPS data (see below). After RF-Sputtering, no pattern modification 

and no additional peaks could be observed, suggesting a relatively low Fe, Co, Ni oxide amount 

along with the formation of low-sized and highly dispersed nanocrystallites.35-36 To attain a deeper 

insight into the system nanostructure, TEM and EDXS analyses were performed (Figure 2). The 

crystal structure of Mn2O3 and of the complementary catalysts were determined from HRTEM 

images and corresponding Fast Fourier transforms (FTs) (Figure 2, left panel) patterns. For all 

samples, lattice parameters specific for cubic Mn2O3,
52 along with γ-Fe2O3

53 (Figure 2a), Co3O4
54 

(Figure 2b), and NiO55 (Figure 2c) were detected. In the first case, the occurrence of γ-Fe2O3 

(maghemite) instead of the most thermodynamically stable α-Fe2O3 (hematite) was traced back to 

the non-equilibrium plasma conditions characterizing RF-Sputtering.35-36 For all samples, the 

quasi-1D Mn2O3 nano-organization was confirmed by HAADF-STEM images (Figure 2, right 

panel), in line with FE-SEM results (see above). The uniform distribution of Mn and O throughout 

the sampled regions, evidenced by cross-sectional STEM-EDXS maps, was in line with the 

formation of phase-pure Mn2O3. For Fe2O3-Mn2O3, despite the weakness of the FeKα signal due 

to the small γ-Fe2O3 amount and the high NPs dispersion, the corresponding STEM-EDXS 
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chemical maps suggested a homogeneous distribution of γ-Fe2O3 nanoaggregates (5-10 nm) 

throughout the whole specimen. As concerns Co3O4-Mn2O3 (Figure 2b), at variance with the 

previous case, EDXS mapping revealed that cobalt oxide NPs (5-15 nm) were mainly concentrated 

in the outermost regions of the Mn2O3 deposit. A similar phenomenon took place even for NiO-

Mn2O3 (Figure 2c). For this specimen, the average NiO aggregate dimensions were estimated to 

be 7-10 nm. As discussed below, the different spatial distribution of the complementary catalysts 

in the Mn2O3 deposits has a direct influence on the resulting electrocatalytic performances.  

Material surface and in-depth chemical composition was investigated by the combined use of 

XPS and SIMS. XPS surface analyses evidenced in all specimens the presence of manganese and 

oxygen signals (Figure S4a), together with Fe, Co, and Ni ones for the functionalized systems. The 

Mn2p and Mn3s spectral features (Figures 3a-b; average Mn2p3/2 BE = 641.8 eV; spin-orbit 

separation (SOS) = 11.6 eV; Mn3s multiplet splitting separation = 5.4 eV) were in line with the 

presence of pure Mn2O3.
15,20,28,32,56-57 The O1s signals (see Figure 3c and S4b-e; Supporting 

Information), revealed a main band due to lattice oxygen (I; mean BE = 529.9 eV) and an 

additional one (II, mean BE = 531.6 eV; on average, 30% of the total O content) attributed to 

oxygen/hydroxyl groups chemisorbed on O defects.2,5,17,35-36,45,57-58  

The presence of the latter species is indeed beneficial in enhancing material performances in 

OER applications.17 The Fe (Figure 3d; BE(Fe2p3/2) = 711.2 eV; SOS = 13.4 eV), Co (Figure 3e; 

BE(Co2p3/2) = 780.3 eV; SOS = 15.8 eV), and Ni (Figure 3f; BE(Ni2p3/2) = 855.0 eV; SOS = 17.4 

eV; shake-up satellites at values  8 eV higher than the main spin-orbit components) peak features 

were in good agreement with previous literature data for Fe2O3,
5,36,45 Co3O4,

26,35,45 and NiO.1,5,7 

The mean surface molar fraction was XM = (9±1) % (M = Fe, Co, Ni). Overall, XPS data, in line 

with XRD results, enabled to discard the presence of ternary Mn-M-O phases and highlighted the 



 

13 

formation of composite systems. In-depth compositional analyses by secondary ion mass 

spectrometry (SIMS) (Figure S5) revealed a good purity of the target materials (average C 

concentration < 100 ppm). 

 

Figure 3. XPS spectra of (a) Mn2p, (b) Mn3s, (c) O1s, (d) Fe2p, (e) Co2p, (f) Ni2p for Mn2O3-

based electrodes. 

Electrochemical characterization. To evaluate OER electrocatalytic activities of the developed 

materials, electrochemical measurements were performed in 1 M KOH solutions. Linear sweep 

voltammetry (LSV) curves (Figure 4a) displayed a sharp increase of the anodic current response 

at an onset potential (i.e., the potential needed to reach 1 mA/cm2) of 1.5 V and 1.6 V vs. RHE 

for Mn2O3-based materials and bare Ni foam, respectively. The current densities for bare and 

functionalized Mn2O3 systems were all systematically higher than that of the Ni foam substrate  
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Figure 4. OER electrochemical performances of Mn2O3-based electrodes and bare Ni foam in 1.0 

M KOH solution. (a) LSV traces (the inset shows an enlargement of the curves in the potential 

window 1.4-1.7 V vs. RHE). Bar diagrams reporting (b) current densities at different potentials, 

and (c) potential values at different current densities. (d) Comparison between the performances 

of manganese oxide-based materials reported in literature (blue markers), and the present ones (red 

markers; see Table S1 for details). 

and increased in the order Mn2O3 < Co3O4-Mn2O3 < NiO-Mn2O3 < Fe2O3-Mn2O3, indicating a 

higher activity for the composite materials. This latter observation is particularly evident from the 

inspection of Figures 4b-c. As illustrated in Figure 4c, composite materials and, in particular 

Fe2O3-Mn2O3, required lower potentials than bare Mn2O3 to achieve fixed current density values. 

These data clearly show the beneficial role of metal oxide NPs on the overall OER activity, with 
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a current density improvement up to 45% and an overpotential drop of 30 mV with respect to 

pristine Mn2O3 for Fe2O3-Mn2O3, the best performing sample. Notably, the current densities at 

1.65 V vs. RHE and the overpotential values (Figure 4d and Table S1) position the target materials 

among the most active manganese-based materials reported in the literature up to date. In addition, 

Mn2O3 functionalization promoted a decrease of Tafel slopes (Figure 5a), according to the 

following trend: Fe2O3-Mn2O3 (70 mVdec-1) < NiO-Mn2O3 (84 mVdec-1) < Co3O4-Mn2O3  

Mn2O3 (95 mVdec-1)  Ni foam (100 mVdec-1), thus confirming the beneficial effect of the 

functionalizing agent on the overall catalytic activity - a lower Tafel slope value is in fact 

associated with faster reaction kinetics.30,58-59 The decrease of Tafel slope values for composite 

samples could be ascribed to a change in the reaction mechanism60 (the Tafel slope decreases once 

the rate-determining step is closer to the end step of a series of reactions)61 and/or to a different 

degree of surface coverage by reaction intermediates (the higher the coverage, the lower the 

corresponding Tafel slope) even for the same rate-determining step.62 If the former is the case, this 

could suggest an active role of functionalizing species, inducing a shift towards the last reaction 

of the four-step OER mechanism.61 Remarkably, Tafel slope values were among the lowest 

reported so far for manganese oxide-based materials (Table S1). As shown in Figure 5b and 5c, 

Fe2O3-Mn2O3 exhibited the second best electrocatalytic performances among manganese oxide-

based systems reported in the literature up to date and compared favorably with various benchmark 

IrO2 and RuO2 materials (similar overpotential and Tafel slope, see Table S1 and S2; Supporting 

Information).  

The attractive performances, and activity enhancement, resulting from Mn2O3 functionalization 

with Fe, Co, and Ni oxide NPs, can be traced back to the concurrence of morphological, catalytical 
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Figure 5. (a) Tafel plots for Mn2O3-based electrodes in 1.0 M KOH. (b,c) Comparison between 

the performances of manganese oxide-based catalysts reported in the literature (blue markers) with 

the present ones (red markers; see also Table S1). (d) Sketch of the mechanism accounting for the 

activity enhancement of Fe2O3-, Co3O4-, and NiO-functionalized electrodes with respect to the 

pristine Mn2O3. Blue 1D structures, red spheres, and yellow markers represent Mn2O3, metal oxide 

NPs, and recombination/trapping site, respectively. 

and electronic effects. In general, the unique system morphology ensures a reduced charge carrier 

diffusion distance from the catalytic sites to the Ni foam substrate and, hence, to the external 

circuit, suppressing detrimental recombination/trapping phenomena and yielding an enhanced 

OER activity (Figure 5d).63 For all the target composites, the decrease of overpotential and Tafel 

slope values, suggesting a change in the reaction kinetics, indicates that Fe, Co and Ni oxides likely 

act as OER promoters (see Figure 5d),63-64 due to their well-known catalytic activity.1,5,7,9-10,26,30,61 
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Additional contributions are related to electronic effects resulting from the formation of oxide-

oxide heterojunctions.63 In particular, at p-n heterojunctions (Co3O4/Mn2O3 and NiO/Mn2O3), 

electrons in Mn2O3 (n-type semiconductor) will flow to Co3O4 or NiO (p-type semiconductors).65 

Similarly, at n-n heterojunction (Fe2O3/Mn2O3), electrons will flow from the higher-energy 

conduction band (CB) of Mn2O3 to the lower-energy Fe2O3 one.65 The resulting enhanced 

separation of charge carriers yields an additional catalytic activity improvement. Last but not least, 

the spatial dispersion of functionalizing NPs into Mn2O3 is an additional factor directly influencing 

their mutual interactions and performances. 

On the basis of the above observations, the higher catalytic activity of iron oxide-containing 

Mn2O3 nanocomposites can be ascribed to the synergistic contribution of different concurring 

effects. Although single-phase Co/Ni oxides usually display better OER performances than Fe 

ones,59,66-69 the use of the latter as functionalizing agent has been reported to yield a higher 

performance improvement than the former ones,51,69-71 as indeed observed in the present case. In 

addition, the more effective in-depth dispersion of Fe oxide nanoparticles into the Mn2O3 open 

structure (see above) is a key issue to facilitate electron transfer and mass transport and allow an 

optimal interaction of catalytic sites with the reaction environment.64 Finally, the already 

mentioned electronic effects at oxide-oxide heterojunctions are expected to be higher for Fe2O3-

Mn2O3 than for Co3O4-Mn2O3 and NiO-Mn2O3, due to the smaller dimensions of functionalizing 

Fe2O3 NPs (see TEM results) with respect to Co3O4 and NiO ones.72  

Taken together, these results demonstrate the validity of our fabrication strategy to enhance the 

OER electrocatalytic performances of Mn(III) oxide catalysts, and highlight the potential of the 

developed materials for possible real-world end-uses. This conclusion is further corroborated by 

the operational stability of the target systems, evaluated by chronoamperometry measurements 
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(CA, Figure S6). After an initial period of 5 min, current density drops of 18%, 13%, 12%, and 

8% were observed for Mn2O3, NiO-Mn2O3, Co3O4-Mn2O3, and Fe2O3-Mn2O3, respectively. In line 

with the above findings, these data highlight that Mn2O3 functionalization with Fe, Co, and Ni 

oxide complementary catalysts improves the resulting time stability, a phenomenon particularly 

evident for Fe2O3-containing systems.  

To verify the occurrence of possible material deterioration upon aging, the target systems were 

stored at room temperature under air at atmospheric pressure for six months, and repeatedly tested 

as OER anodes on a monthly basis. Figure S7 contains a comparison of LSV curves recorded over 

a period of six months with those pertaining to as-prepared samples. For all specimens, the current 

density was almost constant after six months, thus excluding any significant corrosion phenomena. 

This conclusion, of particular importance for practical applications, was further corroborated by 

XPS analyses, which did not reveal any appreciable compositional variation and highlighted a 

good material stability (Figure S8).  

 

◼ CONCLUSIONS 

In conclusion, highly active Mn2O3-based OER electrocatalysts were fabricated by an original 

plasma-assisted procedure, involving the initial PE-CVD preparation of manganese oxide on Ni 

foam scaffolds, the subsequent dispersion of Fe, Co, and Ni oxide NPs by RF-Sputtering, and the 

final thermal treatment in an inert environment. The obtained results highlight the successful 

fabrication of quasi-1D Mn2O3 nanoarrays, acting as trapping network for the anchoring of Fe2O3, 

Co3O4, and NiO nanoaggregates. The resulting materials were characterized by a different spatial 

distribution of the adopted complementary catalysts, which directly influenced OER 

electrocatalytic performances. The higher electroactivity enhancement with respect to bare Mn(III) 
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oxide, enabled by Fe2O3-Mn2O3 materials, corresponded to an overpotential as low as 350 mV 

to achieve a current density of 10 mAcm-2, with a Tafel slope of 70 mVdec-1. To our 

knowledge, this catalytic performance is one of the best among those reported for manganese oxide 

OER catalysts. This achievement was traced back to the unique system morphology and the 

interplay between the single oxides, maximized for Fe2O3-containing systems thanks to the 

homogeneous spatial dispersion of low-sized iron(III) oxide nanoaggregates throughout Mn2O3. 

Taken together, the present results candidate the proposed route, which is also amenable for a 

possible scale-up, as an effective strategy to improve the intrinsic activity of manganese(III) oxide 

nanostructures, opening up promising opportunities for the nano-engineering of electrocatalysts 

based on earth-abundant and non-precious materials. In this regard, attention will be dedicated to 

more detailed analyses coupled with theoretical calculations, in order to gain a detailed insight into 

the electronic structure and the nature of active centers in the target materials. In addition, efforts 

will be devoted to the investigation of the electrode stability for longer times, in view of eventual 

real-world applications. 
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