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Abstract 

Mn3O4@CoMn2O4 nanoparticles (NPs) were produced at low temperature and 

ambient atmosphere using a one-pot two-step synthesis protocol involving the cation 

exchange of Mn by Co in preformed Mn3O4 NPs. Selecting the proper cobalt 

precursor, the nucleation of CoxOycrystallites at the Mn3O4@CoMn2O4 surface could 

be simultaneously promoted to form Mn3O4@CoMn2O4–CoxOy NPs. Such 

heterostructured NPs were investigated for oxygen reduction and evolution reactions 

(ORR, OER) in alkaline solution. Mn3O4@CoMn2O4–CoxOyNPs with [Co]/[Mn] = 1 

showed low overpotentials of 0.31 V at −3 mA•cm–2 and a small Tafel slope of 52 

mV•dec–1 for ORR, and overpotentials of 0.31 V at 10 mA•cm–2 and a Tafel slope of 

81 mV•dec–1 for OER, thus outperforming commercial Pt-, IrO2-based and previously 

reported transition metal oxides. This cation-exchange-based synthesis protocol opens 

up a new approach to design novel heterostructured NPs as efficient nonprecious 

metal bifunctional oxygen catalysts. 
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1 Introduction 

 

The development of highly active, low-overpotential, stable, and low-cost 

electrocatalysts based on abundant and conflict-free raw materials is a critical 

challenge in several energy conversion technologies. In particular, high-performance 

bifunctional electrocatalysts for oxygen reduction and evolution reactions (ORR and 

OER) are an essential component in rechargeable metal–air batteries and regenerative 

low-temperature fuel cells.(1-6) In these devices, the use of a catalyst based on scarce 

and high-cost platinum group metals represents a severe cost constraint that strongly 

limits deployment. Alternative cost-effective and abundant transition metal oxides have 

been recently shown as outstanding candidates for ORR and/or OER in alkaline media. 

Some transition metal oxides show excellent stability, very high activity, low 

overpotential, and large roundtrip efficiency associated with their multiple possible 

oxidation states, off-stoichiometric compositions, defects, and vacancies.(7-14) 

Among transition metal oxides, Mn-based oxides and particularly spinels have shown 

outstanding performance for ORR and, to a minor extent, for OER.(7, 15-21) Besides, 

Co-based oxides are excellent electrocatalysts for OER,(22-25) although particular Co-

based catalysts have also shown excellent properties as bifunctional OER/ORR 

catalysts.(26-29) For instance, Co3O4 NPs supported on graphene demonstrated 

excellent electrocatalyst not only for OER but also for ORR.(8) Outstanding 

performances were also demonstrated from Co3O4 nanoparticles (NPs) on carbon 

nanofibers and Vulcan carbon as oxygen catalysts in zinc–air batteries.(30) 

The combination of Mn and Co oxides, among other applications,(31-34) may thus 

provide excellent ORR/OER activities useful for a range of technologies.(35-43) In this 

direction, Cheng et al. demonstrated that CoxMn3–xO4 NPs have considerable catalytic 

activity toward ORR and OER.(9) Liang et al. demonstrated MnCo2O4–graphene 

hybrids to be excellent electrocatalysts for ORR.(35) D. Wang et al. produced 

Co2MnO4–Co3O4 nanocomposites and demonstrated their excellent performance as 

bifunctional oxygen electrocatalyst.(22) Y. Wang et al. showed MnOx–Co3O4 supported 

on carbon to outperform MnOx/C and Co3O4/C catalysts in the ORR.(36) Xiao et al. 

produced Mn3O4–CoO core–shell structures and demonstrated that they have high 

performance in the ORR.(37) Mn1.5Co1.5O4 oxides were produced by Xu et al., who also 

evaluated their electrocatalytic ORR performance.(38) In another excellent work, 

Menezes et al. demonstrated that tetragonal CoMn2O4 catalyst outperforms 

MnCo2O4 in the ORR but MnCo2O4outperforms CoMn2O4 in the OER.(39) Zhao et al. 
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also produced spinel Mn–Co oxides and demonstrated their superior bifunctional 

electrocatalytic properties when supported on N-doped carbon 

nanotubes.(10) Recently, C. Li et al. demonstrated the phase and composition control 

of cobalt manganese spinel NPs to provide improved oxygen electrocatalysis 

performances.(14) G. Li et al. probed Co3O4–Mn3O4 composites having discovered 

their excellent performance as oxygen electrocatalysts in zinc–air batteries.(40) MnO2–

CoO supported on reduced graphene oxide was also demonstrated as an excellent 

catalyst for ORR,(41) and CoMn2O4 nanodots on graphene showed efficient ORR and 

OER.(42) Interestingly, ordered CoMnO NPs within a nitrogen carbon framework also 

showed excellent OER activity.(11) Ge et al. also showed MnCo2O4 supported on 

nanocarbon supports to be an excellent electrocatalyst for ORR and OER.(43) 

However, the multiple valence and related structural variability of transition metal 

oxides, which is at the origin of their exceptional electrocatalytic performance, is also 

behind the difficulty to produce these compounds in a reproducible and controlled 

manner. This is a particularly important limitation when taking into account the strong 

dependence of the physicochemical properties of transition metal oxides on 

composition, structural parameters, and distribution and oxidation state of cations. 

Besides, beyond performance and reproducibility, to ensure technological relevance, 

materials with large surface areas to maximize activity need to be produced in a cost-

effective manner, what requires the synthesis of NPs using low reaction temperatures 

and ambient pressures. 

In this work, we detail a scalable, low-temperature, and ambient pressure protocol to 

produce monodisperse Mn3O4@CoMn2O4 and Mn3O4@CoMn2O4–CoxOy NPs with 

controlled composition and phase distribution. We characterized the ORR and OER 

performance in alkaline solution of such heterostructured NPs performance to 

demonstrate their superior activity and durability when compared with benchmark 

electrocatalysts. 

 

2 Experimental Section 

 

Chemicals 

Manganese(II) acetate (Mn(OAc)2, 98%), cobalt(II) perchlorate hexahydrate 

(Co(ClO4)2·6H2O), xylenes (≥98.5%), cobalt(II) chloride hexahydrate (CoCl2·6H2O, 

98%), oleylamine (OLA, >70%), oleic acid (OA, 90%), Nafion (5%), and carbon-
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supported Pt nanoparticles (Pt/C, 10 wt % Pt) were purchased from Sigma-Aldrich. The 

reference IrOx:/Ti dimensionally stable anode (DSA) electrocatalyst was obtained from 

ElectroCell Systems. Toluene, chloroform, and ethanol were of analytical grade and 

obtained from various sources. Milli-Q water was supplied by the PURELAB flex from 

ELGA. All chemicals were used as received without further purification, except OLA, 

which was purified by distillation. 

Synthesis of Mn3O4@CoMn2O4 Core–Shell NPs 

Mn3O4@CoMn2O4 core–shell NPs were synthesized by means of a one-pot two-step 

procedure. First Mn3O4 NPs were prepared similarly to previously reported 

procedures.(44) Briefly, xylene (15 mL), OLA (0.82 mL), OA (0.16 mL), and 

Mn(OAc)2 (1 mmol) were placed in a 50 mL three-neck flask. Under air conditions, the 

solution was heated to 90 °C at 5 °C/min, the temperature at which deionized water (1 

mL) was injected. The reaction mixture was maintain at 90 °C for 100 min to form 

Mn3O4 NPs. At this point, 1.0 M CoCl2·6H2O aqueous solution (1 mL) was added and 

the reaction was continued for an additional 300 min. Finally, the solution was cooled to 

room temperature, and NPs were purified by multiple precipitation/re-dispersion steps 

using toluene as solvent and ethanol as nonsolvent. 

Synthesis of Mn3O4@CoMn2O4–CoxOy NPs 

Mn3O4@CoMn2O4–CoxOy NPs were prepared following the exact same procedure but 

using a different cobalt precursor: Co(ClO4)2·6H2O. By tuning the Co:Mn molar ratio, 

NPs with different sizes and different compositions were obtained. In order to tune the 

Co:Mn molar ratio, we modified the concentration of the Co(ClO4)2·6H2O aqueous 

solution between 0.5 and 2 M. The obtained Mn3O4@CoMn2O4–CoO NPs were 

denoted MC0.5, MC1, and MC2 referring to the Co:Mn molar ratios of 0.5, 1, and 2, 

respectively. 

Structural and Chemical Characterization 

Sizes and shapes of the initial NPs were examined by transmission electron 

microscopy (TEM) using a ZEISS LIBRA 120, operating at 120 kV. High-resolution 

TEM (HRTEM) studies were conducted using a field emission gun FEI Tecnai F20 

microscope at 200 kV with a point-to-point resolution of 0.19 nm. Scanning electron 

microscopy (SEM) analyses were done in a ZEISS Auriga microscope with an energy 

dispersive X-ray spectroscopy (EDS) detector operating at 20 kV that allowed studying 

the NP composition. For SEM characterization, the materials were dispersed in 

chloroform and drop cast on silicon substrates. Powder X-ray diffraction (XRD) patterns 
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were collected directly from the as-synthesized NPs dropped on Si(501) substrate on a 

Bruker AXS D8 Advance X-ray diffractometer with Ni-filtered (2 μm thickness) Cu Kα 

radiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. A LynxEye linear position-

sensitive detector was used in reflection geometry. Nitrogen adsorption–desorption 

events were performed on a BEL-Mini adsorption analyzer. Thermogravimetric analysis 

was carried out on a Netzsch STA 449 F3 Jupiter analyzer. Hydrogen temperature-

programmed reduction (TPR) was performed using a Micromeritics AutoChem HP 

2950 chemisorption analyzer. A 20 mg amount of sample was pretreated at 100 °C for 

30 min under an He flow of 50 mL/min. After cooling to room temperature, the samples 

were reduced in a flow of 12 vol % H2/Ar (50 mL/min), and temperature was linearly 

increased at a rate of 10 °C/min up to 600 °C. X-ray photoelectron spectroscopy (XPS) 

was done on a SPECS system equipped with an Al anode XR50 source operating at 

150 mW and a Phoibos 150 MCD-9 detector. The pressure in the analysis chamber 

was always below 10–7 Pa. The area analyzed was about 2 mm × 2 mm. The pass 

energy of the hemispherical analyzer was set at 25 eV and the energy step was set at 

0.1 eV. Data processing was performed with the CasaXPS program (Casa Software 

Ltd., Teignmouth, U.K.). Binding energy (BE) values were centered using the C 1s 

peak at 284.8 eV. The atomic fractions (%) were calculated using peak areas. 

Catalyst Preparation 

The as-synthesized Mn–Co oxide NPs were mixed with carbon powder (Vulcan XC-72) 

with a weight ratio of 30% through sonication of NPs and carbon in chloroform and 

ethanol mixture (1:1). The NP/C composite was washed several times with chloroform 

and acetone. As formed NP/C nanocomposites were treated under air atmosphere at 

180 °C for 5 h to remove surface organic ligands.(7) The catalyst ink for 

electrochemical measurements was prepared by mixing 5 mg of NP/C, 0.5 mL of 

deionized water, 0.5 mL of isopropanol, and 17.5 μL of 5 wt % of Nafion solution. The 

electrode was prepared by drop casting 10 μL of the catalyst ink on glassy carbon 

electrode, to afford a catalyst mass loading of approximately 275 mg·cm–2. For 

comparison, electrodes with commercial Pt/C and an IrOx-based catalyst (DSA, 

Electrocell A/S) were also prepared following the same experimental procedure. 

Electrochemical Measurements 

Electrochemical measurements were performed with a computer-controlled workstation 

bipotentiostats (VMP3 multichannel, BioLogic Instruments). A three-electrode system 

and rotator assembly (Pine rotator, AFMSRCE Pine Intruments) were used for 

electrochemical measurements containing a Teflon surrounded glassy carbon working 
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electrode (5 mm in diameter), a silver–silver chloride reference electrode (Ag/AgCl with 

3.5 M KCl encapsulated, 012167 RE-1B, ALS Co. Ltd.-BAS Inc.), and a platinum wire 

for the counter electrode. The Ag/AgCl electrode was calibrated in a standard three-

electrode system with two Pt wires used as working and counter electrodes and the 

Ag/AgCl electrode as reference electrode, using a 0.1 M KOH electrolyte saturated with 

pure H2.(45) From linear scanning voltammetry at a scan rate of 0.1 mV·s–1, the 

thermodynamic potential (versus Ag/AgCl) for the hydrogen electrode reaction 

(potential at which the current crossed zero) was measured as −0.9863 V (Suppporting 

Information Figure S8). Then, potential was transformed to the reversible hydrogen 

electrode (RHE) scale as follows: ERHE = EAg/AgCl + 0.9863 V. Both ORR and OER 

polarization curves were obtained in O2-saturated 0.1 M KOH electrolyte. ORR 

experiments were tested from 0.1 to −0.55 V versus Ag/AgCl (i.e., 1.09 to 0.44 V 

versus RHE) at a scan rate of 5 mV·s–1 with different rotating rates (400–2000 rpm). 

OER polarization curves were obtained at potentials from 0.1 V versus Ag/AgCl (i.e., 

1.09 V versus RHE) until current density reached 15 mA·cm–2 at a scan rate of 5 mV·s–

1. To evaluate the catalyst durability, chronoamperometry was collected at 0.79 V 

versus RHE without rotation (0 rpm) in O2-saturated 0.1 M KOH solution. For all 

measurements, the current density was iR-corrected (R ≈ 45 Ω) using the solution 

resistance measured by EIS (electrochemical impedance spectroscopy) at open circuit 

potential with 5 mV amplitude over the frequency range of 200 kHz to 100 mHz. 

 

3 Results and Discussion 

 

Mn–Co oxide (MC) NPs were prepared by a one-pot, two-step process. First 

Mn3O4 NPs with octahedral geometries were produced by decomposing Mn(OAc)2 at 

90 °C in the presence of OLA, OA, and water.(44) In a second step, within the same 

flask and at the same temperature, an aqueous cobalt chloride (CoCl2·6H2O) solution 

was added and allowed to react for 300 min. Panels a and b of Figure 1 show 

representative transmission electron microscopy (TEM) micrographs of the initial 

Mn3O4 NPs and those produced after adding an equivalent molar amount of Co 

chloride ([Co]/[Mn] = 1; MC1-Cl). Upon Co addition, the initial octahedral-shaped 

Mn3O4 NPs were slightly rounded (Figure 1a,b) without undergoing significant growth 

even for [Co]/[Mn] ratios up to 5. Annular dark field scanning TEM (ADF-STEM) in 

combination with electron energy loss spectroscopy (EELS) showed a core–shell type 

Co and Mn distribution with core and shell compositions compatible with Mn3O4 and 
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CoMn2O4 stoichiometries (Figure 1c). We observed no modification of the shell 

thickness when increasing the [Co]/[Mn] ratios above one, what points toward a self-

limited reaction. High-resolution TEM (HRTEM) analysis showed Bragg reflections from 

two body centered tetragonal Mn3O4 phases (space group = I41/amd) with close lattice 

parameters. Upon filtering, a crystallographic epitaxial core–shell distribution was 

identified (Figure 1d). H2 temperature-programmed reduction (TPR) profiles of 

Mn3O4 and MC1-Cl NPs were performed after ligand removal at 180 °C. H2 TPR profile 

of Mn3O4 NPS showed two peaks, at 173 and 380 °C, which are associated with the 

reduction of low-coordinated surface and bulk Mn ions, respectively. MC1-Cl NPs did 

not present the 173 °C peak related to surface Mn ions in Mn3O4. However, it displayed 

the main Mn3O4 reduction peak at 380 °C and an additional peak at 490 °C, which can 

be associated with the reduction of a CoMn2O4 phase (Figure 1e).(46, 47) 

When cobalt perchlorate (Co(ClO4)2·6H2O) instead of chloride was used as cobalt 

precursor, NPs with rougher surfaces were produced (Figure 2a–c). Upon Co 

perchlorate addition, a clear increase of the NP size was observed, with a final 

diameter depending on the amount of Co precursor used (Figures S1–S3). HRTEM 

and EELS mapping (Figure 2d,e) displayed a clear core–shell type element distribution 

with a central core phase and composition consistent with Mn3O4 and a Co-rich shell. 

At the NP surface, several crystallites with a CoO phase were evidenced (Figure 2e). 

H2 TPR analysis of the MC/C samples after thermal treatment at 180 °C showed the 

main Mn3O4 and the CoMn2O4-related components and an additional peak at the 

reduction temperatures of CoxOy (300 °C, Figure 2f).(48-51) 

From the structural and chemical characterization, we conclude that when reacting 

Mn3O4 with a solution of cobalt chloride or perchlorate in the above-defined conditions, 

a partial cation exchange between Mn2+ and Co2+ takes place at the Mn3O4 surfaces, to 

form a CoMn2O4 shell.(52) Besides, when compared with the Co chloride, the lower 

coordination ability of the perchlorate translates in a relatively higher reactivity of the 

Co ions in solution.(53-55) The higher propensity of Co2+ ions to incorporate to the 

oxide structure in the presence of the weaker perchlorate ion coordination makes the 

Co2+ ion uptake by cation exchange not fast enough, which results in the simultaneous 

nucleation of a cobalt oxide phase at the surface of the growing 

Mn3O4@CoMn2O4 structure. The initially nucleated cobalt oxide phase was identified 

as CoO by HRTEM, but it oxidized to Co3O4 with time and/or under mild thermal 

treatment. On the other hand, the lower reactivity of Co2+ in the presence of the more 

strongly coordinating chlorine ions prevented the nucleation of a CoxOy phase and 

constrained the Co incorporation to a self-limited partial cation exchange 
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reaction. Figure 3 shows a scheme of the growth mechanisms to produce either 

Mn3O4@CoMn2O4 or Mn3O4@CoMn2O4–CoxOy NPs. 

Figure 4 shows the XRD pattern of as-synthesized Mn3O4, MC1-Cl, and MC1 NPs. 

XRD patterns revealed NPs to have a body centered tetragonal phase. Due to the peak 

broadening associated with the small crystal domains and the very similar unit cell 

parameters of Mn3O4 and CoMn2O4, XRD patterns were consistent with Mn3O4 (JCPDS 

No. 00-018-0803), Co3O4 (JCPDS No. 00-018-1538), and Mn–Co mixed oxides having 

spinel structure. On the other hand, CoO peaks (JCPDS No. 01-070-2856) could not 

be observed for any of the samples. 

To study their electrocatalytic properties toward ORR and OER, NPs were supported 

on carbon powder (Vulcan XC-72) with a weight ratio of 30% through sonication of NPs 

and carbon in chloroform and ethanol (Figure S5). NP/C nanocomposites were then 

thermally treated under air atmosphere at 180 °C for 5 h to remove organic ligands. 

After this mild thermal treatment, no appreciable structural change was observed from 

TEM and XRD analyses (Figure S6). On the other hand, XPS analysis showed the 

presence of a main Co2+ component and an additional Co3+ contribution both before 

and after thermal treatment (Figure S7), which evidenced a partial oxidation of the 

cobalt ions at the CoMn2O4 and CoxOy surface. This oxidation was accentuated during 

the thermal treatment, with an increase of [Co3+]/[Co2+] from 0.43 to 0.59. This oxidation 

is consistent with the H2 TPR profiles also performed after the thermal treatment, since 

both CoO and Co3O4 phases show a similar reduction peak at 300 °C.(48-51) The final 

NP/C composites had specific surface areas and average pore sizes of around 140 

m2/g and 20 nm, respectively (Table S1). 

The ORR activity of NP/C was measured in O2-saturated 0.1 M KOH aqueous solution 

using a rotating disk electrode (RDE, Figures S9 and S10). Figure 5a shows linear 

sweep voltammograms (LSVs) of the different MC/C, and reference Mn3O4/C, Co3O4/C, 

and commercial Pt/C electrocatalysts. Figure 5b displays two ORR figures of merit, the 

current density at half-wave potential and the required overpotentials to reach −3 

mA·cm–2. Yet, an extended summary of the electrochemical data is presented 

in Tables S1–S4. When compared with Mn3O4/C and Co3O4/C, the current density at 

half-wave potential and the required overpotentials to reach −3 mA·cm–2 clearly 

improved with the presence of the CoMn2O4 shell (MC1-Cl). In addition, the 

overpotentials at −3 mA·cm–2 of MC/C catalysts, including the CoxOyphase, were lower 

than those of MC1-Cl. In particular, the MC1/C catalyst outperformed the rest, showing 

the highest half-wave current densities, −2.77 mA·cm–2, and the lowest overpotential, 
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0.4 V. Higher CoxOy concentrations (MC2/C) maintained the large current density in the 

diffusion limited region but with a slightly higher overpotential. 

Electrochemical kinetics was evaluated from Tafel slopes obtained from the middle 

ORR current density range, where the limitation by O2 diffusion in the active layer was 

negligible (Figure S11). MC1/C exhibited a Tafel value of 52 mV·dec–1, much lower 

than MC1-Cl/C (95 mV·dec–1), Mn3O4/C (100 mV·dec–1), Co3O4/C (124 mV·dec–1), and 

even benchmark Pt/C (76 mV·dec–1). The higher sensitivity of the electric current 

response to the applied potential for the MC1/C sample indicates this sample to have 

much more favorable kinetics. The lower Tafel slopes also indicate the ORR in this 

material to be most probably limited by a different reaction rate than in Mn3O4 or Co3O4, 

showing Tafel slopes closer to the 120 mV predicted when the formation of O2
– is the 

rate-determining step.(56) The values obtained for MC1/C coincide with some of the 

best ORR Tafel values found in the literature, also associated with Mn-based oxide 

electrocatalysts under alkaline conditions.(57) 

The electron transfer number (nt) was calculated by Koutecky–Levich (K-L) method 

from the RDE current–potential curves at various rotation speeds (Figure 

S12).(58) Figure 5c shows nt as a function of electrode potential from the slope of the 

resulting best-fit line, i.e., 0.45–0.7 V. The presence of CoMn2O4 on the Mn3O4 surface 

had a minor influence on nt, which increased just slightly from bare Mn3O4/C to MC1-

Cl/C. However, the presence of CoxOy at the Mn3O4@CoMn2O4 surface facilitated a 

rapid electron transfer, clearly shifting the ORR mechanism toward the four-electron 

pathway as evidenced by the increase of nt values up to 3.68, 3.98, and 3.86 for 

MC0.5/C, MC1/C, and MC2/C, respectively. 

In terms of stability, a critical requirement for practical applications, MC1/C and MC2/C 

catalysts showed current retention above 95% of the initial current after 20 h 

(Figure 5d), well above that of Mn3O4/C, Co3O4/C, MC1-Cl/C, and Pt/C catalyst, losing 

nearly half of its current density within the first 20 h (Figure 4d). Further, MC/C samples 

showed outstanding current retention 76% of the initial current compared to benchmark 

Pt/C catalyst, which lost 70% after 60 h durability test (Figure S13). For MC1/C and 

MC2/C, nt values close to 4 revealed a direct O2 reduction path and an advanced 

decomposition activity against deteriorating peroxide species, which is beneficial for 

holding a stable catalytic activity. On the contrary, in reference catalysts, the four-

electron O2 reduction into OH– competed with the two-electron pathway yielding HO2
–

 species which can induce electrode corrosion.(59, 60) Besides, LSV before and after a 

20 h test showed no significant change either in the onset voltage or in current density 

http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/suppl/10.1021/acsami.6b02786/suppl_file/am6b02786_si_001.pdf
javascript:void(0);
javascript:void(0);
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/suppl/10.1021/acsami.6b02786/suppl_file/am6b02786_si_001.pdf
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/suppl/10.1021/acsami.6b02786/suppl_file/am6b02786_si_001.pdf
javascript:void(0);
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/full/10.1021/acsami.6b02786#fig5
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/full/10.1021/acsami.6b02786#fig5
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/full/10.1021/acsami.6b02786#fig5
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/full/10.1021/acsami.6b02786#fig5
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/full/10.1021/acsami.6b02786#fig4
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/full/10.1021/acsami.6b02786#fig4
http://pubs.acs.org.recursos.biblioteca.upc.edu/doi/suppl/10.1021/acsami.6b02786/suppl_file/am6b02786_si_001.pdf
javascript:void(0);


of both ORR and OER for MC0.5/C, MC1/C, and MC2/C electrocatalyts (Figure S14). A 

slight OER current density improvement was actually observed after a 20 h test, which 

we associate with the slow penetration of electrolyte into the film nanopores to meet 

additional catalytic sites. 

Catalytic activities for OER are shown in Figure 6, including LSV driven to higher 

values than water oxidation standard potential, 1.23 V versus RHE and the 

corresponding Tafel plots. Co3O4/C showed state-of-the-art values, with an excellent 

catalytic activity, clearly outperforming that of Mn3O4/C. Since the Pt/C catalyst was not 

stable in OER, exhibiting an oxidation peak in the LSV,(61) an IrO2-based commercial 

anode (Ti/IrO2:Ta2O5, DSA) was tested as OER benchmark catalyst. This material 

showed exceptionally low onset voltages (0.25 V) and high current densities. On the 

other hand, all MC/C catalysts showed excellent OER performances close to the 

Co3O4 and DSA references, with low overpotentials (e.g., 0.31 V for MC1/C) and sharp 

current density increases. MC1/C exhibited a Tafel value of 81 mV·dec–1, clearly below 

that predicted for a single-electron rate-determining step, but slightly larger than lowest 

slopes obtained in literature, several of them using Ni-, Fe-, or Co-based 

electrocatalysts.(62, 63)Nevertheless, MC1/C showed the lowest Tafel slope from the 

materials tested here, with a value well below that of Mn3O4 (151 mV·dec–1) and MC1-

Cl (106 mV·dec–1), but also of Co3O4 (110 mV·dec–1) and even DSA (104 mV·dec–1). 

This demonstrates the higher sensitivity to overpotential of the electrocatalytic activity 

of this material. 

Overall, MC/C and MC-Cl/C composites clearly outperformed Mn3O4/C and Co3O4/C. 

We associate this fact with the presence of Co ions on the surface, which provide 

enhanced electron transfer capacity and strong coupling, thus resulting in more 

favorable reaction kinetics for OER. The better performance of MC/C over MC-Cl 

catalyst showed the addition of cobalt as a CoxOyphase to be particularly favorable. In 

particular, MC1/C exhibited the faster reaction kinetics, with a Tafel value of 81 

mV·dec–1, clearly below that of Mn3O4, but also of that of Co3O4 and even DSA. 

A main figure of merit for practical electrochemical and photoelectrochemical 

applications is the difference between the potential at ORR current density of −3 

mA·cm–2 and that at OER current density of 10 mA·cm–2 (ΔEORR–OER, Table 1). The 

smaller this difference, the closer a material is to being an ideal reversible catalyst. This 

value was 1.53 for Mn3O4/C and 1.07 for Co3O4. Lower ΔEORR–OER values were 

obtained for all the MC samples, especially for MC1/C, 0.85 V, which is among the best 

values reported (Tables S2–S4). 
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Electrocatalytic performance is boosted by enhancing charge transfer and increasing 

the number of available catalytic sites, i.e., proper energy band alignment and affinity 

for O2/OH–absorption. In this direction, cation ion doping and nanocrystallite surface 

decorating have provided relatively low onset potentials for spinel structures through 

increasing availability of catalytically active sites and their adsorption capabilities.(9, 

15) In particular, the electrocatalytic activity of Co–Mn–O spinels was correlated with 

the oxygen binding ability on the catalyst surface.(9) Obviously, in such a complex 

catalyst, composition should be carefully adjusted to optimize performance in the two 

reactions. As an example, J. Li et al. calculated the OH–adsorption energy of Co–Mn 

oxide with 1:1 ratio to be larger than that of pristine CoO and MnO, yet the trend was 

the opposite for the corresponding adsorption energy of O2 molecule, suggesting that 

an optimum ratio must be reached to bridge these two abilities (ORR + 

OER).(11) Consistently with previous works, we found Mn3O4@CoMn2O4 to outperform 

Mn3O4 and Co3O4 catalysts in the ORR, but to be outperformed by the Co3O4 catalyst 

in the OER. However, Mn3O4@CoMn2O4–CoxOy catalysts reached OER performances 

above those of Co3O4, while simultaneously further enhancing ORR. The higher 

performance of Mn3O4@CoMn2O4–CoxOycatalysts compared with 

Mn3O4@CoMn2O4 demonstrates CoxOy to play a key role in the electrocatatlyic 

performance. Besides, the lower performances obtained for Mn3O4@CoMn2O4–

CoxOy materials with too high cobalt concentrations (MC2) demonstrate the availability 

of MnCo2O4 surface sites to also play an important role in the overall performance. 

Such uniquely heterogeneous nanocomposite structure, making strong interface 

coupling between CoxOy and spinel, can not only provide intrinsic electronic structure 

but also a favorable electronic transport capability. We hypothesize these 

improvements to be related with (i) a higher surface site density on the much rougher 

NP surface after CoxOy nucleation; (ii) an enhanced charge transfer from the lower 

band gap CoxOy; and (iii) a modified adsorption affinity for O2 and OH–that requires 

extensive computational work to be elucidated. 

 

4 Conclusion 

 

In summary, Mn3O4@CoMn2O4–CoO NPs were synthesized at low temperature and air 

atmosphere by the cation exchange of Mn by Co in preformed Mn3O4 NPs and the 

simultaneous growth of CoO crystallites at the Mn3O4@CoMn2O4 surface. Such 

hetereostructured NPs showed electrocatalytic activities for both ORR and OER in 
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alkaline media outperforming those of Mn3O4, Co3O4, and benchmark electrocatalysts. 

In particular, the optimized MC1 composition showed exceptionally low overpotentials, 

high current densities with excellent overall oxygen electrode activity and an improved 

durability. The cation-exchange-based synthesis protocol reported here with and 

without nucleation of secondary phases should be used as an additional tool to further 

aid precise engineering of complex heterostructured oxide catalysts directed toward 

optimizing their performance. 
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Figure 1. TEM micrographs of Mn3O4 NPs (a) and MC1-Cl NPs (b). (c) ADF-STEM image and EELS 

elemental mapping of MC1-Cl NPs and compositional line profile of Mn, Co, and O elements 

recorded along the arrow in the STEM images. (d) HRTEM micrograph of a MC1-Cl NP, power 

spectra of the blue squared region, and colorful structural map showing the distribution of 

Mn3O4 (red) and CoMn2O4 (green) phases. (e) H2 TPR profile of Mn3O4and MC1-Cl NPs. 

 

 

Figure 2. TEM (scale bar = 100 nm) and HRTEM micrographs of MC0.5 (a), MC1 (b), and MC2 (c) 

NPs. (d) ADF-STEM image and EELS elemental mapping of MC2 NPs and compositional line 

profile of Mn, Co, and O elements recorded along the arrow in the STEM image. (e) HRTEM 

micrographs of a MC1 NP, details of the red and green squared regions with the corresponding 

power spectra, and colorful structural map showing the distribution of body centered 

tetragonal Mn3O4 (red) and face centered cubic CoO (green) phases. (f) H2 TPR profile of 

Mn3O4, MC2, and Co3O4 NPs. 



 

Figure 3. Scheme of the formation of the Mn3O4@CoMn2O4 and Mn3O4@CoMn2O4–CoxOy nano-

heterostructures when using either a cobalt chloride or a cobalt perchlorate solution. 

Mn3O4@CoMn2O4 NPs were obtained by partial cation exchange between Mn2+ and Co2+ when 

using a cobalt chloride precursor. Mn3O4@CoMn2O4–CoxOy NPs were obtained by the same 

cation exchange reaction and the additional and simultaneous nucleation of a CoxOy phase 

when using a cobalt perchlorate. Green arrows in the bottom cartoon point at 

CoxOy nanocrystal nucleation sites. 

 

 

Figure 4. XRD patterns of as-synthesized, Mn3O4 and Mn–Co oxide NPs. 

 

 



 

Figure 5. (a) ORR polarization curves of MC/C, Mn3O4/C, Co3O4/C, and Pt/C in O2-saturated 0.1 

M KOH at 1600 rpm using a scan rate of 5 mV/s. (b) Kinetic current densities at half-wave 

potential (red) and overpotentials (blue). (c) K–L plots at 0.5 V versus RHE. The standard lines 

for two- and four-electron pathways are also plotted as a guideline. Inset shows nt at 

different potentials. (d) Chronoamperometric data at 0.79 V in O2-saturated 0.1 M KOH. 

 

 

Figure 6. (a) OER polarization curves of Mn3O4/C, Co3O4/C, MC/C, Pt/C, DSA, and glassy 

carbon (GC) in O2-saturated 0.1 M KOH at a scan rate of 5 mV/s. (b) Tafel plots derived from 

OER polarization curves. 

 


