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Abstract 

Knowledge on the mechanisms of oxygen reduction reaction (ORR) and descriptors linking the 

catalytic activity to the structural and electronic properties of transition metal oxides enable 

rational design of more efficient catalysts. In this work ORR electrocatalysis was studied on a set 

of single  and complex Mn(III) oxides  with a rotating disc electrode method and cyclic 

voltammetry. We discovered an exponential increase of the specific electrocatalytic activity with 

the potential of the surface Mn(IV)/Mn(III) red-ox couple, suggesting the latter as a new 

descriptor for the ORR electrocatalysis. The observed dependence is rationalized using a simple 

mean-field kinetic model considering availability of the Mn(III) centers and adsorbate-adsorbate 

interactions. We demonstrate an unprecedented activity of Mn2O3, ca. 40 times exceeding that of 

MnOOH and correlate the catalytic activity of Mn oxides to their crystal structure.  

 

Keywords: manganese oxides; oxygen reduction reaction (ORR); red-ox transition; rotating disc 

electrode (RDE); meanfield kinetic modeling 

  



3 

1. Introduction 

Transition metal oxides (TMOs) have attracted much attention as promising catalysts for 

the electrochemical oxygen reduction reaction (ORR) in alkaline media in view of their potential 

applications for metal-air batteries, fuel cells, and, recently, also for regenerative fuel cells [1] 

[2] [3]. Manganese oxides are of particular interest as low cost, abundant and green materials 

with high electrocatalytic activities in the ORR and the OER (oxygen evolution reaction) [4]. It 

is the observation, early in the 19th century, of the sensitivity of MnO2 cathode of the 

Leclanché’s element to air, which stimulated interest in oxygen electrocatalysis on Mn oxides 

and lead to the introduction of zinc-air batteries (see Ref. [5] and references therein). Since then, 

numerous studies have been performed in order to evaluate the activity, understand the ORR 

mechanism, and unveil structure - activity relationships in ORR electrocatalysis on Mn oxides 

[6] [7] [8] [9] [10] [11] [12] [13] [14]. Despite the fact that numerous single and complex Mn 

oxides have been studied as the ORR catalysts, the main structural and compositional factors 

determining their electrocatalytic activity are still poorly understood, and the values of 

electrocatalytic activities reported in the literature are often contradictory. This may be attributed 

to a number of factors, such as electrochemical degradation of Mn oxides at excessively high or 

low electrode potentials [11], or insufficient electronic conductivities of some Mn oxides, 

prompting researchers to add carbon to the catalytic layers [6] [14] [15] [16] [17]. Considering 

that in alkaline media carbon also participates in the ORR [18], singling out the contributions of 

the oxide and of carbon to the ORR activity is not a trivial task, and the reported activities may 

change by order(s) of magnitude depending on the presence of carbon and on its amount [17]. A 

yet another difficulty relates to the fact that there is no common view on which parameter to use 

to characterize the catalytic performance. For the case of the OER, this is well discussed by 

Fabbri et al. [19]. Materials are compared in terms of the ORR onset (or potential at a specified 

current) neglecting the catalyst loading and its specific surface area, or in terms of current at a 

defined potential (usually 0.9 V vs RHE) normalized to the mass or surface area of the oxide. 
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These uncertainties complicate understanding of the structure-activity relationships in the ORR 

electrocatalysis by oxides. 

Already early studies attempted to find ORR/OER descriptors which could be further 

used for guiding the design and optimization of the TMO catalysts. A prediction of the OER 

activity increase  with the M-OH bond strength for metal electrodes [20], raised attempts to 

correlate the OER activity of perovskite oxides with the enthalpy of formation of corresponding 

hydroxides [21]. Importance of the red-ox transitions of metal cations has also been recognized 

[22], supported by a “volcano” relationship of the OER activity vs. the enthalpy of lower-to-

higher oxide transition for a wide range of oxides [23]. Goodenough and Cushing [24] and 

Suntivich et al. [25] applied molecular orbital considerations and proposed the eg-orbital 

occupancy activity descriptor, which postulates that the latter determines the strength of the 

oxygen bonding to metal oxide surfaces and thus the ORR/OER activity. By studying a range of 

perovskite-type oxides of various transition metals it was conjectured that an eg occupancy 

slightly below 1 is required for achieving high ORR activity [25] [26]. 

In the last decades application of first-principles computational methods using density 

functional theory (DFT) offered a molecular level insight into the elementary steps of reactions 

on surfaces. Su et al. [27] performed periodic DFT calculation for Mn oxides, and considered an 

“associative” mechanism of the ORR and OER occurring through the formation of OHads, Oads 

and OOHads intermediates. By establishing a “scaling relationship” between the adsorption 

strength of OOHad and that of OHad, Su et al. suggested Gibbs energy of OH formation (GOH) 

as a unique ORR descriptor and predicted similar ORR activities for Mn3O4, Mn2O3 and MnO2. 

Recently, from combined experimental and kinetical modeling studies on the ORR on 

perovskite-type oxides, we discovered that the measured ORR activity strongly depends on the 

amount of carbon which had to be introduced in the catalytic layer for improving its electronic 

conductivity and maximizing the utilization of the catalyst active centres, and worked out the 

tools to extract the specific activity of oxides [17]. Then, we came to the conclusion that Mn-
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perovskites are much better ORR catalysts compared to Co-based counterparts, the latter only 

acting as co-catalysts in tandem with carbon. Finally, by studying the ORR and the 

oxidation/reduction reactions of its stable intermediate, hydrogen peroxide, and by combining  

experimental studies with a mean-field kinetic model, we arrived at the conclusion that the 

apparent 4e- ORR on (Mn and Co) TMOs with the perovskite structure follows a “series” 2e-+2e- 

pathway, where the O2 molecule is first reduced to hydrogen peroxide, the latter reacting on the 

catalyst surface to produce water [28] [29]. We put forward a kinetic model, which is based on 

the reaction mechanism shown in Figure 1. The model is not only capable of reproducing the 

experimental data on the ORR and H2O2 red-ox transformations in a wide range of experimental 

parameters, but  helps predicting factors responsible for the activity of TMOs. The mechanism 

shown in Figure 1 builds on earlier studies [7] [24] [25] [26] [28] and is based on the assumption 

of the key role played by the M(n)/M(n+1) red-ox transition (steps 1 and 5 in Figure 1). Note 

that red-ox transformations of Mn cations in the potential interval of the ORR/OER have been 

confirmed by in situ XAS [10] [30] and ex situ XRD studies [31]. 

Armed with the knowledge acquired recently on the oxygen electrocatalysis on TMOs, in 

this publication we seek for establishing the structure-activity relationship by studying a set of 

Mn oxides adopting different crystal structures (Figure 2): Mn2O3, MnOOH, A1-xA
’
xMnO3 

perovskites (LaMnO3, PrMnO3, La0.8Ca0.2MnO3), MnO2, and Mn3O4. All of them (with the 

exception of MnO2) primarily contain Mn(III) cations (Mn3O4 contains 2/3 Mn(III) and 1/3 

Mn(II), and La0.8Ca0.2MnO3 contains 4/5 Mn(III) and 1/5 Mn(IV)), and are expected to satisfy 

the eg-occupancy requirement of efficient ORR electrocatalysis proposed in refs [24] [25]. By 

juxtaposing the ORR activity measured with a rotating disc electrode (RDE) with surface red-ox 

properties of oxide materials studied with cyclic voltammetry (CV), we arrive at the conclusion 

that the potential of the surface Mn(IV)/Mn(III) red-ox transition can be used as a descriptor of 

the ORR activity. We complement this with the mean-field modeling in order to rationalize the 

observed behavior and to provide a self-consistent phenomenological description of the 
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interfacial red-ox mediator ORR catalysis. We explore adsorbate coverage effects and a likely 

influence of lateral adsorbate interactions. 

 

2. Experimental 

2.1. Sample preparation 

MnOOH sample was prepared according to the procedure described in Ref. [32]. Aqueous 

solution of KMnO4 was added to a stirred solution, containing sucrose, MnSO4and HNO3. The 

resultant mixture was refluxed at 100 °C under constant stirring for 4 h. MnO2 and Mn3O4 were 

prepared by thermal decomposition of MnOOH for 2h at 240°C (in air) and 600°C (in Ar), 

respectively (cf. thermal gravimetric analysis in Figure S1 of ESI). Three Mn2O3 samples were 

studied in this work. The first one (Mn2O3_wet1, refer to Table 1 for sample notations) was 

prepared by aerosol spray pyrolysis [33]. The aerosol was produced from 0.3 M Mn(CH3COO)2 

aqueous solution using ultrasonic generator operated at 2.64 MHz. The obtained aerosol was 

directed to the furnace by an air flow where pyrolysis occurred at 800-900 °C. The second 

sample (Mn2O3_wet3) was obtained by calcination of an amorphous product of co-

proportionation of Mn(CH3COO)2 and KMnO4 in air at 550 °C for 12 h [34]. Mn2O3_wet_2 

sample was discarded, since it was not a single phase. Commercially available Mn2O3 

(“Reachim”, Russia) was milled in the planetary-type mill Fritsch Pulveresitte 6 operated at 120 

rpm for 30 min in ethanol with the addition of fish oil (Mn2O3_milled) and used for comparison 

purposes. LaMnO3, PrMnO3, La0.8Ca0.2MnO3 perovskites were prepared by the procedure 

described in Ref. [35]. Briefly, La2O3, Pr6O11, and CaCO3 were first reacted with nitric acid to 

form nitrates, and then mixed with Mn(CH3COO)2. Then aqueous solutions of precursors were 

mixed with acrylamide and bis-acrylamide and slowly heated up to 300°C to form a 

polyacrylamide gel. The gel was annealed in air at 650°C for 1h to produce desired perovskite 

oxides, which thereafter were milled in a planetary mill for 3 h at 120 rpm using WC balls. 
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2.2. Sample characterization  

Phase composition was determined by X-ray powder diffraction (XRPD) with a Huber G670 

Image plate Guinier diffractometer (CuK1 radiation, curved Ge monochromator, image plate 

detector), and (for Mn2O3 samples) also with a Rigaku D/Max RC powder diffractometer (CuKα 

radiation, graphite analyser crystal, scintillation counter). The instrumental line profile 

broadening effects were measured on the NIST SRM 660a (LaB6) standard. Microstructural 

analysis (domain size distribution) was performed within the framework of the Whole Powder 

Pattern Modeling (WPPM) approach using the PM2K software package [36] [37]. 

Thermogravimetric (TG) analysis was performed in synthetic air (20% O2, 80% Ar), Ar 

(g) or O2 (g) in the temperature range from 25 to 800 °C with a heating rate of 3 °C min-1 using 

Netzsch STA 449C thermoanalyser. 

Scanning electron microscopy (SEM) measurements were performed with Carl Zeiss 

NVision 40 operated at 1-20 kV. High angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) images were obtained with an aberration-corrected Titan G3 

electron microscope operated at 300 kV.  

Specific surface area was determined by N2 physisorption using ASAP 2010 analyser 

(Micromeritics, USA) by multiple point Brenauer-Emmett-Teller (BET) approach. 

 

2. 3. Electrode preparation and electrochemical measurements 

Oxides were deposited as thin films on a glassy carbon (GC) support. Compared to our previous 

work [17] the electrode preparation procedure was modified in order to improve the 

oxide/carbon contact. Namely, a required amount of carbon and oxide was first ground in a 

mortar, and then a desired sample weight was mixed with ultra-pure water (18.2 M Ωcm, <3 ppb 

TOC, Purelab) to prepare an ink which was ultrasonicated for 30 min, and drop cast onto the 

upper face of a GC rod (0.07 cm2 geometric area) of an Autolab rotating disc electrode (RDE) 

polished to a mirror finish using alumina paste (down to 0.05 μm). The layer was dried, and then 
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2 μL of an alkaline ionomer AS-4 from Tokuyama Company (8.68 μL As-4 in 4 mL H2O) was 

deposited onto it and again dried under N2. The oxide/carbon mass ratio was varied until an 

optimum 1:1 ratio was established The latter allowed decreasing the Ohmic resistance without an 

excessive increase of the electrode layer thickness (for the influence of carbon on RDE curves of 

selected samples the reader is referred to Figure S2 of the Electronic Supplementary Information, 

ESI). If not otherwise stated the loading was 91 μg.cm-2
geo both for oxide and for carbon. Carbon 

of the Sibunit family [38] [39] with BET surface area 65.7 m2 g-1 was chosen for its high purity 

and high electronic conductivity. Pt/C catalyst (40 wt.% Pt on carbon black, Alfa Aesar) was 

used for benchmarking.  

Electrochemical measurements were performed in 1M NaOH electrolyte in a standard three-

electrode cell at 25°C using Autolab potentiostat (PGSTAT302N) equipped with an analog scan 

generator. All parts of the electrochemical cell in contact with the alkaline electrolyte were from 

Teflon and the remaining parts were from Pyrex glass. The electrolyte was prepared from extra 

pure NaOH solution (Acros Organics, 50 wt.% aqueous solution) and ultra-pure water (18.2 MΩ 

cm, < 3 ppb TOC, Purelab). The working electrode was an RDE described above. The counter 

electrode was a Pt wire and the reference electrode was a Hg/HgO/1 M NaOH electrode (0.93 V 

vs. Reversible Hydrogen Electrode, RHE). In what follows all potentials (E) are referred to the 

RHE scale. The electrolyte resistance determined from the high frequency part of the 

electrochemical impedance spectra (measured in the 1 Hz to 100 kHz range) was equal to ca. 15 

Ohm.  

Cyclic voltammograms (CVs) were obtained in N2-purged electrolyte at a scan rate of 10 mV s-1  

within a stability potential window determined for each oxide sample individually. RDE 

voltammograms were obtained in O2-saturated electrolyte at rotation rates from 400 till 2500 

rpm at a 10 mV s−1 scan rate. Under these conditions the difference between the positive and the 

negative-going scans after the background correction (a CV under N2 atmosphere) was 

negligible. RDE currents are normalized to the geometric area of the electrode and corrected to 
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the background currents measured in the N2 atmosphere. Only positive RDE scans are shown in 

the figures. Ohmic drop correction was not applied. Kinetic currents are calculated via mass-

transport correction of the RDE voltammograms following a standard procedure described in our 

previous publication [17] and normalized to the BET surface area of oxides after subtraction of 

the kinetic ORR current on carbon. For Pt/C, “electrochemical” surface area determined from 

desorption of “under-potentially deposited hydrogen” was applied. 

 

3. Kinetic modeling 

Microkinetic modeling was applied in order to rationalize the influence of the Mn(IV)/Mn(III) 

red-ox potential and the presence of adsorbate-adsorbate interactions on the ORR activity. 

Determining the exact values of the rate constants was beyond the scope of this work. The 

modeling is based on the ORR mechanism proposed in our previous work [28] [29] and shown 

schematically in Fig. 1 and also presented in the ESI. This model was able to reproduce semi-

quantitatively the oxygen reduction and the hydrogen peroxide oxidation/reduction data for Mn 

and Co based perovskites for various catalyst loadings in a wide range of H2O2 concentrations 

[28]. At variance from our previous work [29], the contribution of carbon to the ORR activity 

was neglected in order to simplify the model. The Oad and OHad species were assumed to be 

coordinated to the Mn(IV) and Mn(III) surface sites, respectively. All electron transfer processes 

were mathematically modeled assuming Butler-Volmer electrochemical kinetics. Frumkin-type 

isotherm was used to account for the adsorbate-adsorbate interactions. The ORR current-

potential curves were simulated under steady-state conditions assuming a linear concentration 

profile for O2 and HO2
- in the diffusion layer. The kinetic equations as well as the values used 

for simulations can be found in the ESI. 
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4. Results 

4. 1. Phase composition and microstructure 

X-ray Powder Diffraction (XRPD) analysis confirmed formation of highly crystalline target 

phases (phase compositions are given in Table 1, while XRPD patterns are shown in Figure S3 

of the ESI). Morphology of the samples was examined with SEM (Figure 3). The MnOOH, 

MnO2 and Mn3O4 samples are polydisperse, consisting of a mixture of round and rod-like 

crystals. Three Mn2O3 specimens exhibit different morphologies. The Mn2O3_wet1 sample, 

prepared at 800 – 900 oC, shows micron-sized sintered faceted crystals. The Mn2O3_milled 

sample, prepared from commercial specimen by ball milling, contains sintered particles with the 

size < 100 nm. The Mn2O3_wet3 sample, prepared at 550 oC, demonstrates the lowest particle 

size (~ 50 nm) and agglomeration degree. BET surface area (Table 1) in the Mn2O3_wet1 - 

Mn2O3_milled - Mn2O3_wet3 series increases with decreasing the particle size from 3 to 27 

m2 g-1. All perovskite oxides show similar morphology, consisting of sintered ca. 20 – 40 nm 

crystals.  

 

4.2. Formal potentials of surface Mn(IV)/Mn(III) red-ox transition 

Cyclic voltammetry (CV) with a decreasing negative potential limit was applied to determine the 

stability window of oxide materials in 1M NaOH and establish characteristic potentials of 

surface red-ox transitions (Figure 4). Typical CVs acquired in the potential interval from 0.5 to 

1.15 V are compared in Figure 5a. Note that for MnO2 the shape of CVs changes with the 

negative shift of the cathodic potential limit, suggesting that the surface of the sample degrades 

at low potentials.  

In the potential range from 0.7 to 1.15 V, corresponding to the onset of the ORR (Figure 5b), all 

materials show red-ox peaks, which may be attributed to the Mn(IV)/Mn(III) transition of 

surface cations [10] [40]. The reaction scheme shown in Figure 1 suggests that adsorption of O2 

molecule requires availability of a Mn(III) site on the oxide surface. Thus, the Mn(IV)/Mn(III) 
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red-ox transition, corresponding to the Mn(IV)=O/Mn(III)-OH conversion (step 1 in Figure 1) is 

an important step, which in what follows is characterized by formal potential (Ef) calculated as a 

half-sum of the respective anodic and cathodic peak potentials (see Figure S4 of ESI). In the 

series of investigated Mn oxides Ef spans from 0.88 to 0.99 V, showing the most positive values 

for the Mn2O3 samples (Table 1). In what follows we will show that higher Ef values for Mn2O3 

compared to MnOOH oxide lead to more than an order of magnitude higher ORR rate for the 

former.  

 

4.3. ORR on manganese oxide/carbon composites 

Figure 4b shows RDE curves acquired in O2-saturated 1 M NaOH for selected samples at 900 

rpm. RDE voltammograms for other materials are presented in the Figure S5 of ESI. One may 

notice a significant positive shift of the ORR onset potential for Mn2O3_wet3 compared to 

MnOOH, even though the BET surface area of the latter exceeds that of Mn2O3_wet3 by a factor 

of 2 (Table 1), and both contain Mn(III), and thus, according to the eg-occupancy criterion [24] 

[25], might be expected to have comparable activities. One may also see that the ORR onset for 

Mn2O3_wet3 is similar to that of Pt/C. The effective number of electrons transferred in the ORR 

was calculated from the slope of Koutecky–Levich plots at 0.65 V vs. RHE (Figure 6) and 

tabulated in Table 1. For the Mn2O3 samples as well as for perovskite oxides neff  is close to 4, 

while for MnO2, MnOOH and Mn3O4 it is around 3, suggesting that half of O2 is reduced to 

water, while half is transformed into H2O2. Note however that for a “series” ORR mechanism 

occurring via an intermediate hydrogen peroxide formation, the release of the latter in the 

electrolyte, and the ensuing neff depend on the catalyst loading [29] explaining different neff 

values reported in the literature. 

 One may also notice significant differences between the samples at potentials below 0.75 

V, where RDE currents attain their limiting values. According to our recent studies of the H2O2 

reduction, which will be subject of a forthcoming publication, for MnOOH, MnO2 and Mn3O4 
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samples, the limitation results from a slow chemical step (step 5 in Figure 1) rather than from 

slow diffusion. 

It is instructive to compare kinetic currents shown in Figure 5с (Tafel plots), which were 

obtained after mass transport correction of the RDE curves and normalization to the BET surface 

area of oxide materials. Tafel plots demonstrate the highest specific (surface weighted) activity 

for Mn2O3 samples, and the lowest for the MnO2 and MnOOH samples among all studied 

materials. The span in the specific activities of Mn oxides (40-fold at 0.9 V vs RHE) is 

significantly larger than the difference of surface density of Mn cations at their surfaces (Table 

S1 of the ESI). Note that at high potentials (0.90 – 0.95 V vs. RHE) the specific activity of 

Mn2O3 is only by factor of 4 inferior of that of Pt. It is worth mentioning that while the ORR 

onset for the three investigated Mn2O3 samples is very different (see Figure S5a of ESI) and, as 

expected, shifts positive following the increase of their BET surface areas from Mn2O3_wet1 (3 

m2 g-1) to Mn2O3_milled (8 m2 g-1) and then to Mn2O3_wet3 (27 m2 g-1), their specific activities 

are essentially the same in the potential range from 0.85 to 0.95 V. This fact underscores the 

importance of normalizing kinetic ORR currents to the surface areas determined either by BET 

(this work), or by other suitable methods [41]. Note that the exceptionally high activity of 

Mn2O3_wet3 sample prevents correct determination of kinetic currents at potentials below 0.85 

V, where measured currents are approaching the diffusion-limited value. All Tafel plots in 

Figure 5c demonstrate bending, which in what follows will be rationalized using the kinetic 

model. 

To verify the dependence of the ORR activity on the Mn(IV)/Mn(III) red-ox transition, in 

Figure 5d we plot surface-weighted ORR kinetic currents jk vs. Ef. The figure demonstrates that 

jk increases exponentially with the positive shift of the formal potential of surface red-ox 

Mn(IV)/Mn(III) couple, supporting the importance of the latter for the ORR mechanism. Similar 

red-ox potential effect has been observed in ORR electrocatalysis by metal complexes [42] but to 

the best of our knowledge has not been documented for transition metal oxides yet. The effect of 
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degradation is exemplified for MnO2, which shows a 2-fold ORR activity difference depending 

on the cathodic potential limit (Figure 5d). Note that cycling to potentials inferior of 0.4 V vs. 

RHE has a negative impact on the ORR activities of all samples. However, such low values are 

outside the potential interval of interest for fuel cell applications. Detailed investigation of 

degradation phenomena will be subject of a forthcoming publication. 

Comparing mass activity, specific activity and half-wave potentials from this work with 

the literature data for various Mn oxides (Table 2) reveals an exceptional performance of 

Mn2O3_wet3 in the ORR, which in what follows is attributed to the high formal potential of its 

surface Mn(IV)/Mn(III) cations. Note also that the mass-weighted ORR activity of Mn2O3_wet3 

is higher, and the half-wave potential more positive than the values reported for Mn2O3 in the 

literature. This may be explained by (i) the high (27 m2 g-1) specific surface area of Mn2O3_wet3, 

(ii) the integrity of the bixbyite structure during electrocatalysis thanks to respecting the oxide 

stability interval, and (iii) our improved preparation procedure of the thin electrode layer and an 

optimized oxide/carbon ratio (see Experimental), which maximize utilization of the oxide 

surface. 

 

4.4. Kinetic modeling 

Further insights into the dependence of the ORR activity on the red-ox properties of the Mn 

oxide surface can be gained by comparing the experimental results with the predictions of the 

kinetic model. Linking the ORR activity with the surface potential of the Mn(IV)/Mn(III) 

transition requires reconstructing the adsorption isotherm, that is the Oad coverage (O) as a 

function of the electrode potential E. Unfortunately, lack of the information on the potential of 

zero Oad coverage, as well as likely presence of concurrent processes contributing to the anodic 

and cathodic charging currents in CVs, prevented us from building realistic adsorption isotherms 

from the experimental data. To better understand the role of Mn(IV)/Mn(III) couple in the ORR 

electrocatalysis, CVs and corresponding Oad isotherms were simulated for a set of parameters 
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and shown in Figure 7a-c. A simplified kinetic model presented in our previous work [28] [29] 

was based on the Langmuir adsorption isotherm, which assumed an absence of adsorbate-

adsorbate interactions. In this work we consider a more realistic Frumkin isotherm and explore 

the effect of the interaction parameter , which was varied from 0 (no adsorbate-adsorbate 

interactions, Langmuir-type isotherm) to 10 (strong Oad – Oad repulsion), and the standard 

surface red-ox potential E°1 of the Mn(IV)/Mn(III) couple. Simulated CVs in Figure 7a,b show 

that an increase of E°1 at fixed  shifts the red-ox peaks and the corresponding O vs. E isotherms 

simulated for stationary conditions (Figure 7c) toward more positive potentials without 

modification of their shape. Note that the experimentally determined Ef is related to the standard 

potential E°1 as follows: 𝐸𝑓 = 𝐸1
° + 

𝑅𝑇

2𝐹
. That is, for =0 Ef is equal to E1°, and Ef linearly 

increases with E1° for constant . On the other hand, the increase of  from 0 to 10 at a constant 

value of E°1 leads to a significant broadening as well as a positive shift of the anodic and 

cathodic peak potentials (cf. Figure 7a and b). In this case the Oad isotherms exhibit similar onset 

potentials, their slope decreasing with the increase of . Furthermore, it should be noticed, that 

the increase of either E°1 or  induces a lower Oad coverage at a given potential (Figure 7c) and 

thus a higher fraction of Mn(III) sites available for the O2 adsorption.  

Comparison of experimental (Figure 5a) and simulated (Figure 7a,b) CVs suggests that 

the former differ from those expected for Langmuir-type adsorption, manifesting a pronounced 

repulsive interaction between the Oad species at the surface of the metal oxide particles. 

However, determination of the exact values of  is hindered by the presence of significant 

background currents in the experimental CVs. 

 The RDE ORR curves were simulated for various E°1 and  values. Other model 

parameters (Table S2) were kept constant, although their actual values may also vary depending 

on the oxide crystal structure. The RDE ORR current potential curves are plotted in Figure 7d 

for the set of E°1 and  values already considered in Figure 7,b. The onsets as well as the shapes 

of the simulated ORR current-potential curves are strongly affected by the E°1 and  values, the 
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ORR activity always increasing with Ef (Figure 7d) in agreement with the experimental data 

(Figure 5d). The modification of the shape of the ORR curves can be better seen using the Tafel 

representation constructed after mass transport correction of the current-potential curves. In good 

agreement with the experimental data, a change in the Tafel slope from 120mV/decade for 

E<0.85V to 30-50mV/decade for E >0.95V can be observed in the simulated plots (Figure 7e). 

The change in the Tafel slope occurring between 0.85 and 0.95V (depending on the sample) is 

caused by the decrease of the fraction of Mn(III) sites available for O2 and HO2
- adsorption when 

the electrode potential is increased (cf. Figure 7c). It should be noticed that at high 

overpotentials, when the Mn(III) surface coverage is high, the Tafel slope is close to 

120mV/decade whatever the value of the Frumkin interaction parameter. In contrast, the Tafel 

slope at low overpotentials is significantly affected by the repulsive interactions in the Oad layer, 

the slope increasing from 30 to ca. 50mV/decade when  is increased from 0 to 6. Note however 

that the value of the Tafel slope in the low overpotential region depends also on other parameters 

such as the ratio between the rate constants of steps (2) and (3) in Figure 1, and also on possible 

lateral interactions between other adsorbed intermediate species of the ORR that are not taken 

into account in our simulations.  

Finally, the correlation between the ORR kinetic current determined at 0.95 V and the red-ox 

peak position Ef is displayed in Figure 7f for three different cases: (i) increasing E°1 at constant 

=0 (blue), (ii) increasing E°1 at constant =6 (green), and (iii) increasing  at constant E°1 =0.85 

V (magenta). In all cases, the ORR kinetic current increases with Ef, in agreement with the 

experimental data. For =0, (case (i)), the model predicts an exponential increase of the ORR 

activity with a slope of ca. 60 mV/decade up to a potential of 0.95 V in agreement with the 

experimental finding. The exponential increase of the activity with E°1 is mainly caused by the 

increase of the number of available active Mn(III) sites in the range of the ORR onset potential. 

Since similar trends are observed in the experiment and in simulations, it might be concluded 

that the ORR activity of Mn oxides is limited by the oxidation of the Mn(III) active sites into 
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Mn(IV), the latter not being capable to adsorb either O2 or HO2
- species. For a higher =6, (case 

(ii)) the simulations also yield an increase of the ORR activity with Ef but with a smaller slope 

than in case (i). For such  values, strong repulsive interactions between Oad adsorbates prevent 

total blocking of the catalyst surface by Mn(IV) species for E°1 values below ca. 0.92 V, 

resulting in higher ORR activities (cf. blue and green symbols in Figure 7f). On the other hand, 

only a limited gain in the number of Mn(III) sites and thus in the ORR activity can be obtained 

for higher E°1 values.  In case (iii), increasing  at fixed E°1 yields the jk vs. Ef curve with a 

convex shape, showing that while the presence of weak repulsive interactions between the Oad 

species is expected to result in a significant improvement of the ORR activity, only a limited 

improvement of the latter is expected when  increases above 6. Overall, these results 

demonstrate that not only the red-ox peak position but also the shape of the CV and the presence 

of lateral adsorbate-adsorbate interactions should be analyzed for better understanding of the 

influence of Mn(IV)/Mn(III) red-ox couple on the ORR activity. Comparing model calculations 

(Fig. 7) with the experimental data (Fig. 5), we can unambiguously indicate Ef as the main factor 

responsible for the observed difference in the ORR activities of studied Mn oxides. Judging from 

the shapes of CVs under N2 atmosphere, one may assume that  does not differ significantly for 

the set of studied materials. Finally, it is worth mentioning that in our ORR model, some Oad 

species are also formed during the HO2ad decomposition (step (5) in Figure 1), suggesting that 

the rate of HO2
- reduction will also be affected by the Mn(IV)/Mn(III) red-ox transition.  

 

4.5. Microstructure of Mn2O3 catalysts 

It is remarkable that the Mn2O3 samples demonstrate exceptional specific electrocatalytic 

activity regardless the synthetic procedure, the ensuing morphology and their specific surface 

area (spanning from 3 to 27 m2 g-1). In order to better understand this, the samples Mn2O3_wet1 

and Mn2O3_wet3 with very different morphologies (cf. SEM images in Figure 3) were studied 

with transmission electron microscopy. Figure 8 shows HAADF-STEM images of Mn2O3 
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nanoparticles at low (a, c, e) and high (b, d, f) magnification. In the Mn2O3_wet3 sample one can 

observe separate round-shaped nanoparticles with the size of 20 – 100 nm as well as 

interconnected curved elongated particles (Figure 8a, c). In Mn2O3_wet1 the faceted particles 

from 50 nm up to few hundred nm in size are highly agglomerated forming framework structures 

(Figure 8e). This correlates well with the crystallite size distribution in the Mn2O3 samples 

determined from XRPD data using WPPM (Table S3 of ESI). In both samples particles are 

perfectly crystallized and do not demonstrate any extended defects. Although at small 

magnification particles in the Mn2O3_wet3 sample look round, at high magnification they appear 

faceted (Figures 7b, d). High resolution [011] HAADF-STEM images show that the dominating 

straight facets are confined to the {111} crystal planes of the cubic bixbyite structure (Figures 

7b, d). The assignment of the atomic columns to the contrast features in the HAADF-STEM 

image is provided in Figure S6 of the ESI. The round particle edges  are formed by short 

segments of the {111} planes limited by steps of one or two atomic layers along another 

symmetry-related {111} plane. The surface of the particles is clean and does not show any 

amorphous matter or substantial atomic disorder. In comparison with Mn2O3_wet3, the 

Mn2O3_wet1 sample demonstrates longer and more perfect {111}-terminated surfaces (Figure 

8f). 

In order to make sure that an exposure to an alkaline environment (in the presence of 

oxygen) does not lead to either re-structuring or amorphization of the pristine surface, the 

Mn2O3_wet3 sample was examined with HAADF-STEM after 72h exposure to 1 M NAOH 

under ambient conditions. No visible changes were detected in the particle’s shape and size and 

their surface structure (compare Figures 7a,b and Figures 7c,d). 

 

5. Discussion 

By studying a set of single and complex Mn oxides with RDE voltammetry, we have 

demonstrated that electrocatalytic activities of Mn oxides are grossly different even if they 
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contain Mn(III), which from the point of view of molecular orbital considerations is expected to 

satisfy the requirements of an optimum catalyst. It is also shown that the activity exhibits a 

remarkable correlation with the potential of the interfacial Mn(IV)/Mn(III) red-ox couple, the 

latter being directly related to the Gibbs energy difference for surface adsorbates Oad and OHad 

(E1°=(GO - GOH)/F cf. scheme presented in Figure 1). The surface-weighted catalytic activity 

in the electrochemical ORR increases exponentially with the potential of the interfacial 

Mn(IV)/Mn(III) red-ox couple. Overall activity gain by the 100 mV potential shift of the red-ox 

peak is ca. 40-fold at 0.9 V vs. RHE. Although the importance of red-ox transitions of a 

transition metal cation for the ORR/OER has been evoked in previous publications, the 

M(n+1)/M(n) potential has never been so clearly demonstrated to act as a descriptor of the ORR 

activity. This provides a simple means to screen catalytic materials for the ORR. 

We rationalize the observed ORR activity vs Mn(IV)/Mn(III) potential dependence using 

a simple mean-field kinetic model considering that O2 adsorption can only occur on Mn(III) 

centers, which are oxidized to Mn(IV) during the catalytic cycle, and have to be converted back 

to Mn(III) thus requiring a fast red-ox step. Note that at variance with Su et al. [27], our kinetic 

model considers the active site coverage effects. This is why our model proposes E1°=(GO - 

GOH)/F as a the activity descriptor, while Su et al. [27] based on their DFT study, suggest GOH 

as a unique descriptor of the ORR electrocatalysis. That may explain why according to Su et al. 

[27] Mn2O3, MnO2 and Mn3O4 are expected to have the same activity, which, however, is not 

supported by this work. Our model also predicts that besides the red-ox potential, the adsorbate-

adsorbate interactions may also strongly affect the ORR activity, repulsive interactions in the 

adlayer favoring availability of Mn(III) sites, where the reaction occurs. 

 Between different Mn oxides explored in this work, Mn2O3 samples exhibit 

unprecedentedly high mass and specific activities in the ORR, which can hardly be matched by 

the values previously published in the literature (Table 2). Different specific surface areas, 

crystallite size, and density of the surface terraces for the Mn2O3 samples result in virtually 
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identical specific activity, measured currents increasing with the increase of the specific surface 

area. Such striking independence points towards a fundamental relation between the specific 

catalytic activity and the crystal structure of the material, which can be traced through the 

established kinetic ORR current –surface red-ox potential correlation. Heterogeneous catalysis 

and electrocatalysis are surface phenomena and correlation of the bulk structure with the surface 

reactivity is not straightforward. Admitting an obvious fact that the interfacial structure is 

different from that of the bulk, one cannot ignore, however, that the latter affects the surface 

structure. Citing recent perspective of Wachs and Routray, one may say that “…the function of 

the bulk mixed oxide phase is to serve as a unique support for the surface catalytic active 

sites…” [43]. From this point of view materials of various crystal structures could be treated as 

templates affecting their surface red-ox properties. 

In all studied compounds Mn(III) cations are in octahedral coordination, with a 

pronounced Jahn-Teller distortion, but differ in the connectivity of the MnO6 octahedra (Mn3O4 

contains tetrahedrally coordinated Mn(II) cations as well). In the crystal structures of -MnOOH 

and -Mn2O3 corner and edge sharing takes place with the shortest Mn-Mn distances of 2.78 Å 

and 3.10 Å, respectively [44] [45]. In the perovskite structure octahedra are connected by corners 

only, with large (3.85 Å) distance between the Mn(III) cations [46].  

-MnOOH and -MnO2, which show the lowest ORR activity in the studied series of 

materials, have very similar rutile-like structure (Figure 2). Crystal structure of -MnO2 consists 

of nearly regular MnO6 octahedra with Mn-O bond lengths spanning from 1.884 Å (equatorial) 

to 1.897 Å (axial) [47]. In the case of -MnOOH, MnO6 octahedra are rather distorted due to the 

presence of Jahn-Teller Mn(III) cation, metal-oxygen bond distances spanning from 1.881-1.982 

Å for Mn-O to 2.213 Å, 2.337 Å for Mn-OH [44]. We infer that it is the small perturbation of the 

crystal structure accompanying the Mn(IV)/Mn(III) red-ox process, which accounts for a small 

value of GO - GOH  and the correspondingly low Ef   for -MnOOH and -MnO2. 
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Perovskite and spinel structures are known for their flexibility and can accommodate 

cations with different crystal chemistry and charges. Structural reorganization concomitant to the 

red-ox transition is relatively small resulting in an intermediate (between MnOOH and Mn2O3) 

value of red-ox potentials for these materials. 

-Mn2O3 (bixbyite, Figure 2a) crystallizes in the oxygen-deficient fluorite-related 

structure. Among M2O3 oxides with d-metal cations Mn2O3 is the only one having such a unique 

crystal structure. Oxygen anions are shared by four Mn(III) cations and are strongly bound. 

Stabilization of this structure requires presence of trivalent large cations like Sc, In, Rare Earth 

etc, or Jahn-Teller cations like Mn(III), hindering oxidation of the latter to a much smaller 

Mn(IV). Even though the Mn(IV)/Mn(III) redox transition under the ORR conditions is expected 

to be confined to the surface [48], where atoms have higher degree of freedom to adopt to the 

changes in the red-ox state, the bixbyite structure requires significant reorganization to allow the 

red-ox transformation to occur. This results in a higher Mn(IV)/Mn(III) potential, offering 

Mn(III) active sites for the O2 adsorption at high potentials, and accelerates the rate of the ORR 

in the case of -Mn2O3. 

Thus, the observed differences in the catalytic activities between the investigated Mn 

oxides may be explained by different connectivity of MnO6 octahedra in their crystal structures. 

The latter affects the flexibility of the crystal structure, and its capability to adapt to surface red-

ox transitions, and thus determines the value of their surface red-ox potential. The highest 

activity of Mn2O3 compared to other single or complex oxides is likely to be related to the 

singularity of bixbyite structure, which fits larger Mn(III) rather than smaller Mn(IV) cations. To 

sum up, we attribute the exceptional total activity of Mn2O3 observed in this work to (i) its 

unique crystal structure, resulting in favorable properties of the interfacial Mn(IV)/Mn(III) red-

ox couple; (ii) the integrity of the oxide structure studied in the range of the oxide stability; (iii) 

its high specific surface area (for Mn2O3_wet3), (iv) the optimized composition and the 

preparation procedure of the oxide/carbon electrode. 
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In the future, deeper understanding of the influence of the surface and bulk structure on 

the kinetics of different ORR steps requires application of in situ spectroscopies (such as Raman 

and Near-Ambient Pressure X-Ray Photoelectron Spectroscopy [49] [50]), combining mean-

field kinetic modeling with quantum chemical approach to the description of the reaction layer, 

and estimation of rate constants for key elementary steps of oxygen electrocatalysis in the frames 

of modern charge transfer theory. The present study calls for further investigations in order to 

define the limits of the discovered exponential dependence of the ORR activity on the surface 

red-ox potential and its applicability to other catalytic systems with different structures and 

chemical compositions. 

 

6. Conclusions 

A set of binary and complex Mn oxides was investigated as catalysts of the electrochemical 

oxygen reduction reaction using rotating disc electrode method. It was demonstrated that their 

electrocatalytic activity correlates with the potential of the surface Mn(IV)/Mn(III) red-ox 

couple, suggesting the latter as a new descriptor for the ORR electrocatalysis. The observed 

dependence is rationalized using a mean-field kinetic model, which considers the surface site 

availability and adsorbate-adsorbate interactions. Among studied Mn oxides, Mn2O3 

demonstrates an unprecedented catalytic activity, which is attributed to (i) its unique crystal 

structure; (ii) the integrity of the oxide structure studied in the range of the oxide stability; (iii) 

its high specific surface area, (iv) the optimized composition and the preparation procedure of 

the oxide/carbon electrode. 
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Figure Captions 

 

Figure 1. Proposed oxygen reduction mechanism. Step 1 is Oad/OHad conversion accompanied 

by Mn(IV)/Mn(III) red-ox transition (Mn(IV)=O/Mn(III)-OH). Step 2 is electrochemical O2 

adsorption, which proceeds via displacement of adsorbed OH species accompanied by an 

electron transfer, and can only occur on Mn(III) sites (green). Step 3 is coupled electron and 

proton (from water molecule) transfer. Step 4 is adsorption/ desorption of hydrogen peroxide, the 

latter dissociating into HO2
- in alkaline medium. Step 5 is a chemical step resulting in formation 

of two Mn(IV) sites (red). For further details see text and Electronic Supplementary Information 

(ESI). 
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Figure 2. Crystal structures of Mn oxides studied in this work: (a) -Mn2O3 (bixbyite), (b) -

MnOOH (manganite), (c) -MnO2 (pyrolusite) (d) LaMnO3 (perovskite-type) and (e) Mn3O4 

(spinel). 
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Figure 3. Representative SEM images of the prepared Mn oxides: (a) MnOOH; (b) MnO2; (c) 

Mn3O4, (d) Mn2O3_wet1; (e) Mn2O3_wet3; (f) Mn2O3 milled; (g) LaMnO3; (h) PrMnO3; (i) 

La0.8Ca0.2MnO3.  
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Figure 4. Experimental CVs with decreasing cathodic potential limit for GC-supported thin 

films of oxide/carbon composites in N2-purged 1 M NaOH at 10 mV s-1 for LaMnO3 (a), 

Mn2O3_milled (b), MnO2 (c), and MnOOH (d). Currents are normalized to the geometric area of 

the electrode, and corrected to the background currents measured on Sibunit carbon under the 

same conditions.  
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Figure 5. CVs in N2-saturated 1M NaOH (a), and RDE voltammograms in O2-saturated 1M 

NaOH at 900 rpm (b) for selected samples, the corresponding Tafel plots (c), and kinetic ORR 

currents at 0.9 V vs. RHE vs. Ef (d). For sample numbers refer to Table 1. Color and symbol 

codes: Mn2O3_milled (stars, red), Mn2O3_wet1 (diamonds, red), Mn2O3_wet3 (circles, red), 

LaMnO3 (stars, cyan), PrMnO3 (diamonds, cyan), La0.8Ca0.2MnO3 (circles, cyan), MnO2 (circles, 

blue), MnOOH (circles, green), Mn3O4 (circles, wine). Considering its cathodic degradation, 

RDE curves and kinetic currents for MnO2 are shown for two cathodic limits (0.75 V, non-

degraded, solid line, labelled as 7) and (0.65 V, degraded, dashed line, labelled as 7’). Error bars 

represent standard deviation from at least two independent repeated measurements. 
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Figure 6. Koutecky–Levich plots at 0.65 V vs. RHE constructed from RDE data acquired at 

various rotating rates for different Mn oxides, Pt/C and carbon (Sibunit) in O2-saturated 1M 

NaOH. Error bars represent standard deviation from at least two independent repeated 

measurements. Dashed lines show slopes calculated for a 4e (grey) and 2e ORR (khaki). 
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Figure 7. Simulated CVs (a, b), Oad adsorption isotherms (c), RDE ORR curves (d), Tafel plots 

(e), and kinetic ORR currents vs. the Ef potential for the Mn(IV)/Mn(III) redox transition (f). 

Color codes for panels (a)-(e):  𝐸1
° =0.85 V,  = 0 (magenta);  𝐸1

° =0.85 V,  = 6 (blue);  𝐸1
° =0.85 

V,  = 10 (green); 𝐸1
°  =0.95 V,  = 0 (black);  𝐸1

° =0.95 V,  = 6 (red). For further details see text. 
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Figure 8. HAADF-STEM images of the interconnected Mn2O3 nanoparticles in the pristine 

Mn2O3_wet3 sample (a), Mn2O3_wet3 sample kept in alkaline solution at room temperature for 

72 hours (c) and Mn2O3_wet1 sample (e). High resolution [01 1 ] HAADF-STEM images 

showing terraced surface of the particles with dominating {111} crystal planes (b, d, f: the same 

sequence of samples).  
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Table 1. Structural, morphological and electrochemical characteristics of Mn oxides  

 

No Sample 

notation 

Main phase* 

(structure 

type) 

BET 

area, 

m2g-1 

Ef,
† 

V vs 

RHE 

neff
†† 

1 Mn2O3_mille

d 
-Mn2O3 

(bixbyite) 

8 0.99 3.8 

2 Mn2O3_wet_

1 
-Mn2O3 

(bixbyite) 

3 0.96 3.9 

3 Mn2O3_wet_

3 
-Mn2O3 

(bixbyite) 

27 0.96 3.9 

4 LaMnO3 LaMnO3 

(perovskite) 

14 0.93 3.8 

5 PrMnO3 PrMnO3 

(perovskite) 

18 0.92 3.7 

6 La0.8Ca0.2Mn

O3 

La0.8Ca0.2Mn

O3 

(perovskite) 

20 0.93 3.7 

7 MnO2 -MnO2 

(pyrolusite) 

48 0.88 3.0 

8 MnOOH α-MnOOH 

(manganite) 

55 0.90 3.1 

9 Mn3O4 Mn3O4 

(hausmannite

) 

13 0.95 2.7 

10 Pt/C  - - 3.9 

11 Sibunit 

carbon 

 66 - 2.0 

 

* Determined from XRPD patterns presented in Figure S3. 

 
† Formal potential for Mn(IV)/Mn(III) interfacial red-ox transition Ef determined with the 

accuracy of ±0.02 V. Refer to Figure S4 for the explanation of how Ef is calculated from the 

experimental CVs. 

 
†† Effective number of electrons transferred in the ORR (neff) and determined from the slope of 

Koutecky-Levich plots (see Figure 6).  

  



35 

Table 2. Comparison of ORR activities found in this work with some representative literature 

data 

 

Sample Specif

ic 

surfac

e area 

of 

oxide, 

m2g-1 

Oxide 

/carbon 

loading

, 

µg cm-2 

Electroly

te*/T °C 

Potenti

al 

limits 

vs.RHE 

Half-

wave 

potentia

l, 

vs.RHE 

 

Specifi

c 

activity 

at 0.9 V 

vs. 

RHE, 

µA cm-

2 

Mass 

Activit

y 

at 0.9 V 

vs. 

RHE, 

A g-1 

Ref 

Mn2O3_wet_3 27 91/91 1M 

NaOH/ 

25 

0.65 – 

1.15 

0.89 62 17 This 

work 

Mn2O3 NA 1300/0 0.1 M 

KOH/ 

25 

-0.3 – 

0.9 

0.66 NA NA [8] 

20% 

Mn2O3/Vulcan 

XC-72  

NA 40/160 1 M 

KOH/ 

25 

0.05 – 

1.5 

0.75 NA 4 [10]*

* 

MnOOH 55 91/91 1M 

NaOH/ 

25 

0.65 – 

1.15 

0.82 1.7 0.9 This 

work 

LaMnO3 14 91/91 1M 

NaOH/ 

25 

0.65 – 

1.15 

0.82 9 1.3 This 

work 

LaMnO3+δ  

 

0.5 250/50  

 

0.1 M 

KOH 

NA NA 60 0.3 [25] 

La0.5Ca0.5MnO3 

 

2.1 

 

250/50  

 

0.1 M 

KOH 

NA NA 10 0.2 [25] 

Mn3O4 
13 91/91 1M 

NaOH/ 

25 

0.65 – 

1.15 

0.83 15 2 This 

work 

20% 

Mn3O4/Vulcan 

XC-72 

NA 40/160 1 M 

KOH/ 

25 

0.05 – 

1.5 

0.80 NA 5 [10]*

* 

-MnO2 48 91/91 1M 

NaOH/ 

25 

0.75 – 

1.15 

0.86 4 2 This 

work 

20% -

MnO2/Vulcan 

XC-72  

NA 40/160 1 M 

KOH/ 

25 

0.05 – 

1.5 

0.82 NA 14 [10]*

* 

20%MnOx/ C 

(Chezacarb SH) 

280-

350† 

160/64

0 

1 M 

KOH/ 

25 

0.31 – 

1.01 

NA 0.2-

0.3†† 

0.75†† [9] 

Ni-MnOx/C 

 (Chezacarb 

SH) 

200-

270† 

160/64

0 

1 M 

KOH/ 

25 

0.31 – 

1.01 

0.83 0.9 – 

1.3 

2.6 [9] 

MnOx 

electrodeposited 

on GC 

NA‡ NA 0.1 M 

KOH/ 

23 

0.05 – 

1.8 

0.73 NA NA [51] 
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* Note that Suntivich et al. [52] found significant effect of cations on the ORR at Pt, the activity 

increasing by ca. a factor of 2 from NaOH to KOH 

** Potentials in the reference are given in Hg/HgO scale and recalculated into RHE scale via 

addition of + 0.93 V 

† Recalculated from the data presented in the article as mass activity divided by specific activity 

 †† Recalculated from the data presented in the article considering the values of specific and 

mass activity at 0 V vs NHE and the value of the Tafel slope 

‡ Oxide surface area estimated from cyclic voltammetry as 2.8 cm2 (to be compared to ca. 24 

cm2 for Mn2O3_wet_3 in this work) 

 


