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Abstract: 
 

We present a facile colloidal synthesis method to produce uniform-sized (9 nm) CoMn2O4 

spinel nano-octahedra tailored with {101} facets. These nano-octahedra demonstrate enhanced 

electrocatalytic activity for the oxygen reduction reaction (ORR) in alkaline media compared to 

their spherical counterparts and previously reported spinel electrocatalysts. At 0.85 V, they achieve 

a high mass activity (MA) of 60.0 A/g, surpassing the spherical counterparts (38.6 A/g). Moreover, 

the CoMn2O4 nano-octahedra exhibit favorable stability, maintaining an MA of 47.2 A/g after 

10,000 durability cycles. This work highlights a promising approach for synthesizing advanced 

spinel nano-oxides with controlled crystal facets, which holds the potential to serve as non-

precious metal ORR electrocatalysts. The enhanced ORR performance is attributed to the exposed 

active catalyst surfaces in the well-defined structures of the nano-octahedra, emphasizing the 

significance of catalyst shape control.  
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Hydrogen fuel cells are gaining attention as a renewable energy technology to address global 

energy demand and environmental pollution caused by fossil fuels.1-5 However, the sluggish 

oxygen reduction reaction (ORR) at the cathode,6-7 the high cost and scarcity of precious metal-

based electrocatalysts hinder their widespread industrial use.8-10 Non-precious metal alkaline ORR 

electrocatalysts, particularly spinel oxides, offer a low-cost alternative with promising catalytic 

performance.11-15 The spinel phase of CoxMn3–xO4 (0 < x < 2) has been reported to exhibit several 

advantages over other phases for ORR.16 These advantages include a higher number of catalytic 

sites on the surface, stronger binding ability to O2, and a higher average oxidation state of Mn ions 

with a mixture of Mn3+ and Mn4+. This higher oxidation state contributes to enhanced electronic 

conductivity by facilitating the electron hopping mechanism and improving charge transfer 

through redox reactions. Recent studies16-25 have highlighted the importance of surface structures 

in determining catalytic performance, emphasizing the necessity for spinel oxides with controlled 

crystal facets. However, the challenging task of identifying the most promising surface of spinel 

oxides and achieving exclusive facets with the desired ORR performance still persists. 

Traditional solid-state approaches yield spinel oxides with irregular morphologies and large 

particles, limiting their catalytic performance.26-28 Alternative solution-based methods have been 

explored,29-34 but synthesizing ultra-small, monodisperse, crystallographically tailored, and highly 

efficient spinel oxides for alkaline ORR is highly desirable yet challenging. In this study, we 

present a facile colloidal synthesis method to produce CoMn2O4 spinel nano-octahedra with 

exclusively exposed {101} facets. These nano-octahedra exhibit superior electrocatalytic activity 

and stability compared to their spherical counterparts and previously reported spinel 

electrocatalysts (Table S1). To our knowledge, shape-controlled and ultra-small spinel 

electrocatalysts with such high activity have not been reported before. 



 

4 
 

 

Figure 1. (a) Low-magnification TEM and (b) HAADF-STEM image of the as-prepared CoMn2O4 
nano-octahedra. (c, d) HAADF-STEM images of a representative, as-prepared CoMn2O4 nano-
octahedron. (e, f, h, i) EELS maps of an individual CoMn2O4 nano-octahedron shown in (d). (g) 
normalized EELS line scans along the dashed path shown in (e), indicating a homogenous 
elemental distribution. The inset in (b) displays the 3D model of the octahedral nanocrystal 
corresponding to the STEM image.  
 
 

CoMn2O4 nano-octahedra and nanospheres were synthesized with deliberate control by 

introducing different types of Co-precursors into the organic reaction solution, followed by an 
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injection of water at 90 oC. The details (Figure S1) can be referred to in the Supporting Information. 

As shown by the low-magnification transmission electron microscopy (TEM) and high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) images in Figure 

1a-b, at a synthesis time of 24 hours, CoMn2O4 nanocrystals exhibit a uniformly octahedral 

morphology enclosed by {101} facets and narrow size distribution with an average edge length of 

9.0 ± 0.5 nm (Figure S2a-b). HAADF-STEM images of an individual octahedron are shown in 

Figure 1c-d, where the lattice spacings were measured to be 4.90 Å and 2.50 Å, respectively, 

corresponding to the (101) and (211) planes of the CoMn2O4. The presence of (101) lattice plane 

was also observed in the high-resolution TEM (HRTEM) image (Figure S2c). The corresponding 

selected area electron diffraction (SAED) pattern further supports the crystallization of the 

CoMn2O4 nano-octahedra in the tetragonal phase of I41/amd symmetry (Figure S2d). This 

observation is consistent with the powder X-ray diffraction (XRD) pattern, as shown in Figure 2a. 

Moreover, electron energy loss spectroscopy (EELS) elemental maps (Figure 1e, 1f, 1h, and 1i) 

and normalized line profiles (Figure 1g) were used to investigate the microstructure of CoMn2O4 

nano-octahedra, exhibiting homogenous elemental distributions of Co and Mn. The Co/Mn atomic 

ratio in CoMn2O4 nano-octahedra was determined to be 1:1.97 by inductively coupled plasma-

optical emission spectroscopy (ICP-OES). 

 

It is well-known that the synthesis of CoMn2O4 comprises the formation of hydroxides, 

subsequent oxidation of partial hydroxides into oxyhydroxides, and dissolution-crystallization 

process to minimize standard Gibbs free energy.35 It has also been reported that the development 

of {101}-facet terminated octahedral CoMn2O4 is highly dependent on the dissolution-

crystallization process.34 In this study, we examined the surface lattice of the as-synthesized 
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CoMn2O4 nano-octahedra and determined that they possess {101} facets through analysis of their 

HAADF-STEM image (Figure S3). Furthermore, we investigated the HRTEM image of a carbon-

supported CoMn2O4 nano-octahedron following accelerated durability tests (ADTs) and verified 

that the crystal facets remained unchanged (vide infra). The key to the successful formation of 9 

nm CoMn2O4 nano-octahedra relies on the use of CoCl2ꞏ6H2O, the deliberately selected Co-

precursors, with striking discrepancies in reaction kinetics during the dissolution-crystallization 

process while oleylamine (OAm) provides an alkalescent environment for the synthesis and oleic 

acid (OA) regulates the alkalinity of the reaction solution. As an example, a replacement of the 

CoCl2ꞏ6H2O precursors with Co(acac)2, while other synthetic conditions were kept the same, 

changed the morphology of the resultant CoMn2O4 to nanospheres. As shown in the low-

magnification TEM image, such a replacement results in nearly 100% of spherical CoMn2O4 

nanocrystals (Figure S4a) with an average size of 5.0 ± 0.1 nm (Figure S4b). In the HRTEM images, 

the spherical nanocrystals exhibit single-crystal spinel structures with good crystallinity (Figure 

S4c-d). Specifically, the clear lattice fringes with spacings of 2.50 Å and 2.04 Å correspond to 

lattice planes of (211) and (220) in tetragonal CoMn2O4, respectively. This observation further 

reveals that the as-synthesized CoMn2O4 nanospheres also possess the tetragonal phase. Moreover, 

the ICP-OES analysis suggests that the Co/Mn atomic ratio of the CoMn2O4 nanospheres is 1:2.00, 

almost the same as the nominal composition in the CoMn2O4 nano-octahedra. 
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Figure 2. (a) XRD patterns of carbon-supported CoMn2O4 nano-octahedra before and after 
annealing. (b-d) XPS spectra of Mn 2p (b), Co 2p (c), and O 1s (d) for carbon-supported CoMn2O4 
nano-octahedra after annealing. Relative ratios of element states: Mn2+/Mn3+/Mn4+ = 15/78/7; 
Co2+/Co3+ = 71:29. 
 
 
 

Typically, samples synthesized at a low temperature could result in a low crystallinity and 

abundant ionic deficiency, which can be improved by an annealing treatment. More importantly, 

thermal treatment in air has been demonstrated as an effective approach for removing surfactants 

from the nanocrystal surfaces, increasing average metal-oxygen bond length and lowering the 

average Mn valence in the product.36-37 We accordingly annealed the carbon-supported CoMn2O4 

nano-octahedra in air at 300 oC for 12 hours, and their crystal phases were further confirmed by 

XRD. As shown in Figure 2a, all of the detectable peaks in the XRD patterns of the CoMn2O4 

nano-octahedra before and after this thermal treatment match with the standard diffraction lines of 
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spinel CoMn2O4 very well (tetragonal, I41/amd, JCPDS no. 77-0471). The top pattern presented in 

Figure 2a shows that no phase transition took place for the CoMn2O4 nano-octahedra during the 

annealing. Broad peaks determined in both patterns indicate the small sizes of nanocrystallites both 

before and after this annealing process according to the Scherrer equation.38-39 Pawley fitting 

verified the single phase of the octahedral sample both before and after the annealing with an 

I41/amd (141) symmetry as shown in Figure S5. The fitting also indicates that this thermal 

treatment caused a tiny decrease in cell parameter a (from ~5.79 Å to ~5.77 Å) and a slight increase 

in c (from ~9.07 Å to ~9.13 Å), but these changes are insignificant. Furthermore, the valence states 

of Mn, Co, and O in the CoMn2O4 nano-octahedra after annealing were investigated using X-ray 

photoelectron spectroscopy (XPS). The XPS survey spectrum (Figure S6) indicates the 

coexistence of Co, Mn, and O, in which the atomic ratio of Co to Mn on the surface of the 

nanocrystals was determined to be 1:2.46. For the Mn 2p spectrum shown in Figure 2b, the peaks 

located at 641.0 and 652.3 eV in CoMn2O4 nano-octahedra are assigned to the Mn2+ with a 

separation of 11.3 eV,40-42 further demonstrating the successful formation of tetragonal CoMn2O4 

spinel nanocrystals. Meanwhile, the peaks located at 642.2 and 653.5 eV are assigned to the Mn3+, 

while the others located at 643.8 and 654.8 eV are attributed to Mn4+. XPS analysis suggests that 

Mn2+, Mn3+, and Mn4+ co-existed on the surface of the CoMn2O4 nano-octahedra with atomic 

fractions of 15%, 78%, and 7%, respectively, indicating that Mn3+ was dominant on the CoMn2O4 

nano-octahedral surface. Similarly, the Co 2p spectrum (Figure 2c) was also best fitted into two 

spin-orbit doublets characteristic of Co2+ and Co3+ and two shake-up satellites (denoted as sat.) 

using a Gaussian fitting method. The peaks located at 780.7 and 796.0 eV are assigned to the Co2+ 

with a separation of 15.3 eV, while the others located at 782.3 and 797.7 eV are ascribed to Co3+. 

This result suggests the co-existence of Co2+ and Co3+ on the surface of the CoMn2O4 nano-
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octahedra comprises molar contributions of 71% and 29%, respectively. Moreover, the oxygen 

species on the surface of the CoMn2O4 nano-octahedra were determined from the deconvolution 

of the O 1s spectrum in Figure 2d. The peak at 530.2 eV is attributed to the lattice oxygen, while 

the peak at 532.1 eV is ascribed to the oxygen-containing species absorbed on the surface. The co-

existence of Mn2+/Mn3+/Mn4+ and Co2+/Co3+ in CoMn2O4  spinels, based on the XPS analysis, is 

consistent with our previous Operando X-ray absorption spectroscopy measurements in which 

similar Co-Mn spinels, without the shape control, showed synergistic effects between Co and Mn 

as co-active sites to catalyze the ORR.12, 43-44 In summary, these results suggest that the surface of 

the CoMn2O4 nano-octahedra was predominated by Mn3+ and Co2+ with an Mn/Co ratio of 2.46:1, 

further corroborating the formation of the CoMn2O4 spinel nanocrystals. 

 

To acquire additional insights into the formation mechanism of the CoMn2O4 spinel 

nanocrystals, sets of control experiments were conducted. In this case, OAm plays a crucial role 

as an alkalescent medium during the synthesis. When the synthesis was conducted with the 

addition of OA in the absence of OAm, no products were generated and only a transparent solution 

was observed. On the other hand, when only OAm was used as the solvent in the absence of OA, 

nanoparticles with a relatively broad size distribution were obtained without octahedral products 

(Figure S7a). Therefore, achieving an appropriate volume ratio of OAm to OA in the synthesis is 

crucial for controlling the morphology of the final product. Additionally, we found that the 

selection of Co precursors is critical for the successful formation of octahedral nanocrystals. As 

previously reported, anions can have a significant impact on the reaction kinetics and thus the 

morphology of the final product. This is due to the substantial differences in coordination ability 

between anions and metallic cations.8, 45 For instance, when CoBr2 was used as the Co precursor, 
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the majority of the final products appeared as concave nanocubes.46 This is because Br-ions have 

a stronger coordination ability with metallic cations and a stronger capping effect on {001} facets 

(Figure S7b),8 when compared to Cl-ions and acetylacetone ligands. Furthermore, reducing the 

volume of water by half resulted in more spherical nanocrystals compared to the octahedral ones 

(Figure S7c). Based on these observations, it can be inferred that the introduction of water at an 

elevated temperature may promote the formation of the bimetallic Co-Mn hydroxides as nuclei 

during the initial reaction stage and prevent the formation of the metal-oleylamine complex. 

Consequently, we conclude that all the aforementioned factors, including achieving a suitable ratio 

between OAm and OA, utilizing the appropriate Co precursors, and adjusting the water fraction, 

play significant roles in determing the formation of CoMn2O4 octahedral nanocrystals. 

 

To demonstrate a proof-of-concept application, we comparatively evaluated the ORR 

activities of CoMn2O4 nano-octahedra and nanospheres that were loaded on carbon and annealed 

in air at 300 oC for 12 hours. The rotating disk electrode (RDE) measurement was conducted in 1 

M O2-saturated KOH at 1,600 rpm for this purpose. Figure 3a shows that the ORR polarization 

profile of the benchmark Pt/C exhibited a half-wave potential (E1/2) of 0.890 V vs. reversible 

hydrogen electrode (RHE), which is considered a benchmark activity value in O2-saturated 1 M 

KOH at a scan rate of 5 mV/s and a rotation rate of 1,600 rpm. It is worth noting that 1 M KOH is 

more similar to the realistic OH− concentration in practical membrane electrode assembly (MEA) 

tests, as opposed to 0.1 M KOH.47-48 The ORR polarization profiles of both the CoMn2O4 sample 

and benchmark Pt/C showed similar diffusion-limited current density, id, of approximately −3.7 

mA/cm2, indicating a leading role of the 4e− process in reducing O2 to H2O based on the Levich 

equation,49 instead of the 2e− process of forming peroxide species. Moreover, the CoMn2O4 nano-
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octahedra exhibited a more positive E1/2 value of 0.875 V vs. RHE, which is 25 mV higher than 

that of CoMn2O4 nanospheres (0.85 V), revealing that the CoMn2O4 nano-octahedra have better 

alkaline ORR catalytic activity than the nanospheres. Unlike Pt or other transition metal 

electrocatalysts, for which the electrochemical active surface area (ECSA) can be typically 

determined using hydrogen underpotential deposition (HUPD) or CO-stripping methods, it is quite 

challenging to accurately evaluate the ECSA of oxide electrocatalysts although several methods 

have been under development.50-52 As exemplified in the recent literature,12, 43-44, 53-54 in this work 

we only focus on the mass activity-based assessment due to the lack of a benchmark ECSA 

measurement approach for spinels. To quantitatively evaluate the activity of the CoMn2O4 nano-

octahedra and nanospheres, we calculated the mass activity (MA) at 0.85 V by normalizing the 

kinetic current to the mass loading of metal oxides. As depicted in Figure 3b, the MA at 0.85 V of 

the CoMn2O4 nano-octahedra, with a value of 60.0 A/g, was approximately 1.6 times and ~1.9 

times as high as the values measured for CoMn2O4 nanospheres in this study (38.6 A/g) and 

reported earlier (31 A/g),12 respectively. The superior ORR activity of the CoMn2O4 nano-

octahedra was further supported by the smaller Tafel slope of 42.1 mV/decade compared to those 

measured from the CoMn2O4 nanospheres (46.3 mV/decade) and the benchmark Pt/C (61.6 

mV/decade), indicating a lower overpotential required to achieve the same kinetic current change 

(Figure S8). As a result, the enhanced alkaline ORR activity of CoMn2O4 nano-octahedra 

compared to CoMn2O4 nanospheres is likely attributed to the {101} planes exclusively exposed 

on the catalyst surface. The ORR kinetics of the CoMn2O4 nano-octahedra in 1 M KOH were 

subsequently investigated using RDE measurements at different rotation rates. Figure 3c-d shows 

the ORR polarization profiles of the CoMn2O4 nano-octahedra in O2-saturated 1 M KOH at a scan 

rate of 5 mV/s at the different rotation rates and the corresponding Koutecky-Levich plots at 
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different potentials, respectively. According to the slopes of Koutecky–Levich plots, the electron 

transfer number (n) can be determined with a value of ~3.9 at 0.60-0.75 V, further revealing a 4e− 

oxygen reduction process on CoMn2O4 nano-octahedra, similar to the case of the benchmark Pt/C.5  

 

 

Figure 3. (a) ORR polarization profiles of CoMn2O4 nano-octahedra, CoMn2O4 nanospheres and 
benchmark Pt/C, in O2-saturated 1 M KOH at a scan rate of 5 mV/s at 1,600 rpm. (b) Mass 
activities of CoMn2O4 nano-octahedra and CoMn2O4 nanospheres at 0.85 V vs. RHE, which was 
calculated by normalizing the kinetic current to the mass loading of metal oxide. (c) CoMn2O4 
nano-octahedra in O2-saturated 1 M KOH at a scan rate of 5 mV/s at the different rotation rates 
indicated. (d) Corresponding Koutecky-Levich plots (J-1 vs. ω-1/2) at different potentials. The 
electron transfer number (n) was calculated to be ~3.9 at 0.85 V based on the slopes of Koutecky-
Levich plots. Spinel samples were annealed in air at 300 oC for 12 hours before these 
measurements. 
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The CoMn2O4 nano-octahedral catalyst also exhibited remarkable durability in addition to its 

significant enhancement in MA, outperforming both the CoMn2O4 nanospheres and the benchmark 

Pt/C. After 10,000 cycles of ADTs at room temperature with potential cycling between 0.6 to 1.0 

V at 100 mV/s, the CoMn2O4 nano-octahedral catalyst showed an activity decay with a ΔE1/2 value 

of 24 mV, which is superior to the benchmark Pt/C with a ΔE1/2 value of 28 mV (Figure 4). 

Specifically, the MA at 0.85 V only dropped to 47.2 A/g, representing a loss of 21% relative to the 

pristine MA. Nevertheless, this value was still 22% higher than the MA of the pristine CoMn2O4 

nano-spherical catalyst, indicating the promising stability of the CoMn2O4 nano-octahedra. The 

activity decay was found to be caused by a gradual decrease in the ECSA due to particle 

aggregation/sintering during long-term potential cycles, as shown by the cyclic voltammetric (CV) 

measurements before and after the ADTs (Figure S9). However, low-magnification (Figure S10a) 

and high-magnification (Figure S10b) of the HAADF-STEM images and HRTEM image (Figure 

S10c) of the carbon-supported CoMn2O4 nano-octahedra revealed that the size, morphology, and 

crystal phase were still well-preserved after the ADTs. The diffractogram (the inset in Figure S10c) 

obtained from a fast Fourier transform (FFT) on the basis of Figure S10c and structural models in 

different zone axes (Figure S10d,e) further indicate the unchanged {101} crystal facets after the 

ADTs. Furthermore, STEM-EDX mapping (Figure S10f-h) and corresponding EDX line scan 

(Figure S11) confirmed the octahedral morphology of CoMn2O4 nano-octahedra and the uniform 

distribution of compositions Mn and Co elements after the ADTs, with Mn/Co ratio of 1.92 :1. 

Additionally, XPS analysis was carried out to determine the chemical valence states of Mn and Co 

after the ADTs. The results show that Mn2+/Mn3+/Mn4+ = 23:62:15 and Co2+/Co3+ = 70:30. The 

fraction of Mn3+ in Mn element, indicated by Mn3+/(Mn2+ + Mn3+ + Mn4+), decreased from 78% 

(before the ADTs) to 62% (after the ADTs, Figure S12a). Meanwhile, the ratio of Co2+ to Co3+ 
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remained relatively unchanged before (Co2+/Co3+ = 71:29) and after the ADTs (Co2+/Co3+ = 70:30, 

Figure S12b) the ADTs. This finding is consistent with a previous study that showed a strong 

correlation between the ORR activity and the valent states of Mn on the surface of Mn-based spinel 

oxides.14 This suggests that the decrease in the relative amount of Mn3+ contents on the surface of 

CoMn2O4 nano-octahedra may be responsible for the decrease in ORR activity, as Mn ions have 

been identified as the key active sites for O2 activation, while Co serves as the co-catalytic sites 

for the activation of interfacial water.55 In addition, noticeable surface area decay was observed in 

CV profiles after 10,000 potential cycles, indicating a mild particle aggregation (Figures S9a and 

S10a). Taken together, these results demonstrate the promising catalytic durability of the 

octahedral nanocrystals synthesized in the reported approach.   

 

 

Figure 4. ORR polarization profiles of (a) CoMn2O4 nano-octahedra (annealed in air at 300 oC for 
12 hours) and (b) Pt/C at a scan rate of 5 mV/s at 1,600 rpm. The accelerated durability tests were 
performed in O2-saturated 1 M KOH at a scan rate of 100 mV/s from 0.6 to 1.0 V vs. RHE. 
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This study presents a simple and efficient method for synthesizing uniform CoMn2O4 spinel 

nano-octahedra with exclusively exposed {101} planes. The electrocatalytic evaluation 

demonstrates that these nano-octahedra outperform their nano-spherical counterparts and 

previously reported catalysts in terms of activity and stability for ORR in alkaline media. We 

attribute the decline in ORR activity over time to the decrease in Mn3+ content on the octahedral 

surface of the catalyst. This research not only introduces a novel strategy for producing spinel-

based nanocrystals with enhanced ORR performance but also provides valuable insights into the 

facet-dependent behavior of the ORR. Overall, our findings pave the way for further exploration 

of facet-engineered catalysts in efficient ORR applications, opening up new avenues for 

advancements in this field. 
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annealed CoMn2O4 nano-octahedra; TEM images of CoMn2O4 nanocrystals synthesized under different 
conditions; Tafel plots of CoMn2O4 nano-octahedra, CoMn2O4 nanospheres, and Pt/C; CV curves of 
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