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ABSTRACT:  Surface-structure engineering represents an attractive strategy to optimize the 

energy conversion performance of nanocatalysts using their deliberately controlled exposed facets. 

To further exploit the potential of non-PGM-based spinel catalysts for alkaline oxygen reduction 

reaction (ORR), a cathodic fuel cell reaction, we hereby report a strategy of ORR improvement by 

controlling the crystallographic facets of ultra-small CuMn2O4 spinel nanocatalysts through a 

developed colloidal synthesis approach. The synthesis of CuMn2O4 nanocrystals with 

morphological control relies on the design and selection of the Cu-/Mn-precursors with striking 

discrepancies in reaction kinetics. Following carbon loading and an annealing post-treatment of 

the as-synthesized nanocatalysts, the exclusively {101} facet-exposed CuMn2O4 spinel nano-

octahedra exhibit improved electrocatalytic activity toward ORR in 1 M KOH, when compared to 

their spherical counterparts, exhibiting a mass activity (MA) of 37.6 A/g at 0.85 V. After 10,000 

cycles of ORR durability test, the nano-octahedra still retain an MA of 24.5 A/g, which is twice 

that of the CuMn2O4 spinel nanospheres. Structural characterizations after durability testing 

indicate that the MA decay is likely associated with a decrease in the Mn3+ fraction and the 

emergence of Cu+ on CuMn2O4 nano-octahedral surfaces. As a paradigm, this synthesis approach 

could be extended to other Mn-based spinel nanocatalysts with precise shape control, enabling us 

to understand and establish the relationship between the surface lattice/valence state and 

electrocatalytic properties. 
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1. INTRODUCTION

The oxygen reduction reaction (ORR) represents a significant electrocatalytic reaction in fuel cells, 

a class of transformative energy conversion technologies. While many advances have been made 

in the widespread development of ORR catalysts for proton exchange membrane (PEM) fuel cells 

(i.e., acidic conditions), further mass-utilization of this technology is impeded by the limit of the 

ORR catalysts including the need for precious metals such as platinum (Pt) or Pt-group metals 

(PGMs) and their sluggish kinetics. In alkaline fuel cells, alternatively, the PGM-containing 

expensive electrocatalysts can be replaced with a wide range of earth-abundant element-based 

catalysts in a less corrosive environment and the ORR is kinetically faster. 

Transition metal spinel oxides are one class of state-of-the-art catalysts that are potentially 

suitable for ORR in alkaline media,1-4 and have been extensively studied due to their earth 

abundance, low cost, and access to multiple valence states.5-8 To boost their electrocatalytic 

performance toward the ORR,9-12 deliberately and precisely regulating the surface structure, at the 

atomic level, has been recognized as an effective strategy, which can fully combine and take 

advantage of the unique morphologies/facets and tunable chemical valence states.8, 13-15 Due to the 

lack of accessible synthetic approaches to tailor/control the exposed crystal facets, the underlying 

origination of how surface structure affects catalytic performance has not been systematically 

investigated, resulting in an insufficient insight into crystal facet reactivity. Thus, the development 

of effective synthesis protocols for the preparation of spinel oxides in ultra-small sizes with well-

defined facet control is still a formidable challenge yet. Moreover, further elucidating the 

relationships between the exclusive facets and their collective electrocatalytic behaviors is a 

rewarding endeavor due to the potentially significant impact on ORR performance improvement.   
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Similar to the fact that the crystallographic facet of PGM-based catalysts is an intimate factor 

associated with the ORR performance in a PEM fuel cell,16-18 it was experimentally determined 

that different facets on a spinel oxide, as well as their diverse prorations of chemical valence states 

on the surfaces, could also alter the catalytic performance.13, 19-21 Despite various efforts,22-26 

limited work on ORR performance of spinel oxides with controlled catalyst facets has been 

reported. Herein, we demonstrate a facile and colloidal approach to prepare {101}-terminated 

CuMn2O4 spinel nano-octahedra and demonstrate improved mass activity and durability toward 

ORR in 1 M KOH solutions, when compared with their spherical counterparts. The experimental 

result indicates that control and tuning of the crystallographic facet, as a new strategic direction 

for the spinel electrocatalyst design, could also leverage the ORR performance in alkaline media. 

The motivation of this work is to explore the “shape effect” on ORR performance. As far as we 

know, such kind of study on ultra-small spinel electrocatalysts has never been reported. 

2. EXPERIMENTAL SECTION

2.1 Chemicals 

Copper(II) chloride dihydrate (CuCl2ꞏ2H2O, ≥99%), manganese(II) acetate tetrahydrate 

(Mn(Ac)2ꞏ4H2O, 98%), copper(II) acetylacetonate (Cu(acac)2, 97%), oleylamine (OAm, 70%), 

oleic acid (OA, 90%), xylenes (≥98%), hexane (≥98.5%), ethanol (99.9%), chloroform (AR), 

potassium hydroxide (KOH, ≥99.95%), 5% Nafion and isopropanol (anhydrous, 99.5%) were 

purchased from Sigma-Aldrich and used as received without further purification. Ketjen Black 

EC600JD was provided by Lion Specialty Chemicals Co., Ltd (JP). Deionized (DI) water with a 

resistivity of 18.2 MΩꞏcm was obtained from a Purelab Flex3 water purification system (ELGA, 

UK). 

2.2 Colloidal Synthesis of CuMn2O4 Spinel Nano-octahedra and Nanospheres 

In a typical synthesis of CuMn2O4 spinel nano-octahedra, CuCl2ꞏ2H2O (13.9 mg),  

Mn(Ac)2ꞏ4H2O (40.0 mg), OAm (2.6 mL), OA (1.3 mL), and xylene (6.0 mL) were combined in 

a 100 ml three-neck flask in air atmosphere. The as-prepared mixture was sonicated for 6 min at 
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room temperature to help dissolve all the solids completely and then heated to 90 °C at 5 oC/min 

under vigorous magnetic stirring. After 20 min, DI water (1.0 mL) was rapidly introduced into the 

aforementioned mixture using a syringe. Subsequently, the resultant solution was aged at 90 °C 

for 24 h and then cooled to room temperature naturally. Finally, the products were precipitated 

using a mixture of hexane and ethanol (5.0 mL/15.0 mL) and collected by centrifugation at 9,000 

rpm for 10 min. After further washing twice using a mixture of hexane and ethanol (v:v = 1:2) 

followed by centrifugation, the nanocrystals were re-dispersed in 5.0 mL of hexane as stock 

suspensions. 

For the synthesis of CuMn2O4 spinel nanospheres, a similar protocol was applied, except for 

the substitution of CuCl2ꞏ2H2O with Cu(acac)2 (21.4 mg).   

2.3 Characterizations 

X-ray diffraction (XRD) patterns were recorded from 25 to 80 degrees (2) using a scan rate

of 2° min−1 at a step size of 0.02° on a Rigaku Ultima IV Diffractometer. X-ray photoelectron 

spectroscopy (XPS) spectra were acquired on PHI 5000 Versaprobe equipment. Transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM) images were taken using JEOL 

JEM-2100F (Japan) operated at 200 kV. The TEM/HRTEM samples were prepared by drop-

casting the nanocrystal dispersions in hexane on amorphous carbon-coated Cu grids and drying 

under ambient conditions. Energy-dispersive X-ray spectroscopy (EDX) analysis together with 

partial STEM images was carried out in STEM mode on amorphous carbon-coated Au grids using 

an aberration-corrected JEOL 2200FS electron microscope equipped with a Bruker-AXS SDD 

detector and an FEI Talos 200X. The metal compositions in samples were analyzed using 

inductively coupled plasma-optical emission spectroscopy (ICP-OES, Optima 7000 DV). 

2.4 Working Electrode Preparation  

The CuMn2O4 spinel nano-octahedra and nanospheres were loaded on active carbon (Ketjen 

Black EC600JD). Briefly, the CuMn2O4 spinel nanocrystals (4.0 mg) and Ketjen Black (6.0 mg) 

were mixed with ethanol (5.0 mL) under ultrasonication for 4 h. The carbon-supported CuMn2O4 

spinel nanocrystals were then collected by centrifugation (9,000 rpm for 10 min). Subsequently, 

they were redispersed in an ethanol solution containing 0.1 M KOH and isolated by centrifugation 

thrice. The KOH-treated sample was further annealed in air at 300 °C for 12 h to help remove the 

surfactants absorbed on the surface of the nanocrystals. Next, the carbon-supported catalysts (5.0 
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mg, CuMn2O4 nano-octahedra/C or nanospheres/C) were redispersed in a mixture of DI water (0.6 

mL), isopropanol (0.4 mL), and 5% Nafion (10.0 μL) under ultrasonication for 1 h. The resultant 

ink (10.0 μL) was dropped cast on a pre-cleaned glassy carbon (GC) rotating disk electrode (RDE) 

(diameter: 5 mm) provided by Pine Research Instrumentation and dried at room temperature under 

ambient conditions. Similarly, the Pt/C catalyst containing 20 wt % Pt supported on Vulcan XC-

72R (from Fuel Cells Store) was used as a reference for comparison. The Pt/C catalyst ink was 

produced by dispersing the Pt/C catalysts (2.0 mg) in a mixture containing isopropanol (1.0 mL), 

DI water (1.0 mL), and 5% Nafion (20.0 μL) under ultrasonication for ~2 h. Then, the Pt/C catalyst 

ink (20.0 µL) was loaded on a pre-cleaned GC RDE, and dried in the same way. The mass loading 

of the commercial Pt/C catalysts is thus 20.0 µg/cm2. 

2.5 Electrochemical Measurements 

All electrochemical evaluations were conducted on an electrochemical workstation (Gamry, 

1000E) using a three-neck electrochemical cell at room temperature. The cell was pre-washed 

using aqua regia and then rinsed thoroughly using DI water to avoid any potential contamination. 

A GC RDE (geometric area: 0.196 cm2) loaded with catalysts was utilized as the working 

electrode. A Ag/AgCl in saturated KCl solution and a graphite rod were employed as the reference 

and counter electrodes, respectively. All potentials were converted to the reversible hydrogen 

electrode (RHE), or VRHE, using the following equation:  

E(RHE) = E(Ag/AgCl) + 1.0258 (V).  

The working electrodes were initially cycled between 0.10 and 1.42 V at a rate of 50 mV s-1 in Ar-

saturated 1 M KOH for 50 cycles to remove the remaining species from the catalyst surfaces and 

yield stable cyclic voltammetric (CV) profiles. The working electrodes were then scanned 

cathodically between 0.38 and 1.09 V at 5 mV s-1 and 1,600 rpm in O2-saturated 1 M KOH. Note 

that the capacitive background currents in CV curves, measured in Ar-saturated 1 M KOH solution 

were subtracted from the raw ORR data. All the current densities shown in CV and ORR profiles 

were worked out based on the electrode geometric area only. An accelerated durability test (ADT) 

was performed after potential cyclings from 0.6 V to 1.0 V at 100 mV s-1 in O2-saturated 1 M KOH 

electrolyte for a maximum of 10,000 cycles. To avoid potential contamination from metal species 
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in the solution, the ORR profiles after 10,000 cycles were obtained in a fresh O2-saturated 1 M 

KOH solution.  

3. RESULTS AND DISCUSSION

In the CuMn2O4 nanocrystal preparation,  we believe that OAm provides an alkalescent

environment for the synthesis and OA regulates the alkalinity of the reaction solution, whereas 

xylene serves as a non-polar solvent. Following the injection of water, the color of the reaction 

mixture immediately turned brick-red, indicating a prompt generation of bimetallic Cu-Mn 

hydroxides as reaction intermediates. Based on the well-known conversion mechanisms between 

the hydroxides and oxides of Cu27-29 and Mn,30 it is believed that these intermediate species could 

be further facilitated into the CuMn2O4 spinel in the following aging process. Figure 1a,b presents 

low-magnification TEM and high-angle annular dark-field scanning transmission electron 

microscopic (HAADF-STEM) images of the as-synthesized CuMn2O4 nano-octahedra, showing a 

narrow size distribution with an average edge length of 9.1 ± 0.9 nm (Figure S1) and a yield for 

octahedra of higher than 90%. The high-resolution TEM (HRTEM) images (Figure 1c,d) taken 

from a representative octahedron displayed high crystallinity with a continuous lattice extending 

across the entire facet. The tetragonal structure can be further identified from the corresponding 

FFT pattern taken from the yellow dashed square in Figure 1c. The lattice spacings were 

determined as 4.83 Å and 2.90 Å, matching the (101) and (200) planes, respectively. These 

observations further confirm that the as-synthesized octahedral nanocrystals are single-crystal 

structures terminated with pure {101} facets. The spatial dispersion of Mn and Cu in an octahedron 

was resolved by EDX elemental mapping and line scans, from which the uniform dispersion of 

Mn and Cu across the entire nanocrystal could be observed (Figure 1e). The Mn/Cu atomic ratio 

of a CuMn2O4 nano-octahedron was also analyzed by STEM-EDX (Figure 1f), yielding a value of 

1.95, which is consistent well with ICP-OES results (Mn/Cu atomic ratio = 1.97:1). These analyses 

suggest that the fraction of element Cu in the one-pot synthesized CuMn2O4 nano-octahedra is 

slightly higher than its spinel stoichiometric composition (vide infra). 
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Figure 1. (a) Low-magnification TEM and (b) HAADF-STEM images of the as-prepared 

CuMn2O4 nano-octahedra. (c, d) HRTEM images of a representative CuMn2O4 nano-octahedron. 

(e) STEM image, elemental mappings, and the corresponding normalized EDX line scan of a

representative CuMn2O4 nano-octahedron. (f) STEM-EDS spectrum of the CuMn2O4 nano-

octahedra. The inset in (a) displays the 3D model of the octahedral nanocrystals corresponding to 

the TEM image. The inset in (c) shows the corresponding FFT pattern taken from the yellow 

dashed square in (c). The inset in (f) shows the atomic percentage of the Mn and Cu elements in 

the CuMn2O4 nano-octahedra. 

As a comparative study, CuMn2O4 nanospheres were also synthesized using the same protocol 

using Cu(acac)2 instead of CuCl2•2H2O as an alternative Cu-precursor. As shown in Figure 
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S2(a,b), the as-synthesized CuMn2O4 nanospheres displayed a narrow size distribution with an 

average size of 7.8 ± 1.1 nm. The explicit lattice fringes with a spacing of 4.85 Å, as revealed in 

Figure S2c, can be assigned to the (101) plane of tetragonal CuMn2O4. In contrast to the octahedral 

case, the Mn/Cu atomic ratios in the nanospheres determined from both the STEM-EDX (Figure 

S2d) and ICP-OES were 2.02 and 2.07, respectively, showing a slightly lower Cu-fraction when 

compared with its spinel stoichiometric proportion. We attribute the different Cu-contents in both 

types of products to the diverse conversion rates of the Cu-precursors. It is well-known that the bi-

dentate acetylacetonate ligand from the input precursor (in this work, Cu(acac)2) binds the cations 

more strongly than the mono-dentate ligands do31 (in this work, the chloride). The formation of 

octahedral CuMn2O4 nanocrystals is benefited from the relatively fast release of cupric ions 

followed by a synergistic growth with the manganese lattices, whereas the sluggish delivery of 

cupric ions due to the stronger binding effect from the acetylacetonate ligand delayed the supply 

of sufficient cupric ions to the development of shape-controlled nanocrystals. Consequently, we 

elucidate that the morphologies (octahedron vs sphere) of CuMn2O4 nanocrystals mainly originate 

from the reactivity of the Cu-precursors, and this can be partially supported by the different Cu 

fractions in both products when the molar proportion and equivalent quantity of the input 

precursors were the same in both cases. 

Both the CuMn2O4 samples were subsequently loaded onto carbon and annealed in air at 300 

oC for 12 h to receive CuMn2O4 nano-octahedra/C and CuMn2O4 nanospheres/C catalysts, 

respectively. These carbon-supported samples were analyzed using XRD to confirm their crystal 

structures. The annealing treatment in air could further improve the crystallinity of these catalysts 

and effectively remove the surfactants adsorbed on their surfaces, thereby facilitating the ORR 

catalytic reaction.32-34 As presented in Figure 2a, all the characteristic peaks in the XRD patterns 
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of both samples displayed well-resolved diffraction peaks, matching the standard lines of 

tetragonal CuMn2O4 well (JCPDS no. 34-1322). This confirms the existence of the tetragonal 

phase with high crystallinity. To identify the valence states of Mn, Cu, and O as well as the surface 

composition of these nanocrystals supported on carbon, XPS measurements were carried out. As 

revealed in Figure S3, the XPS survey spectrum of the CuMn2O4 nano-octahedra/C suggests the 

copresence of Mn, Cu, and O, in which the molar ratio between Mn and Cu was determined as 

1.98:1. This is almost same to the STEM-EDX and ICP-OES results, indicating the uniform 

composition dispersion throughout the entire nanocrystal. The Mn 2p spectra of CuMn2O4 nano-

octahedra/C and nanospheres/C (Figure 2b) were best fitted to three spin-orbit doublet 

characteristics of Mn2+ (640.4 and 651.6 eV), Mn3+ (641.6 and 652.8 eV) and Mn4+ (643.2 and 

654.4 eV), in which the surfaces of these CuMn2O4 nanocrystals were mainly dominated by Mn3+ 

(Mn4+/Mn3+/Mn2+ = 16/76/8). Notably, all the peaks of CuMn2O4 nano-octahedra/C exhibited 

slightly positive shifts compared to the peak positions of CuMn2O4 nanospheres/C, indicating an 

appreciable change in the electronic structure of Mn in CuMn2O4 nano-octahedra/C. More 

importantly, the Mn3+ content in CuMn2O4 nano-octahedra/C was determined to be 76%, which is 

much higher than that in CuMn2O4 nanospheres/C (Mn3+ = 58%). The high content of Mn3+ might 

be more beneficial to boosting the ORR performance. This result is consistent with the previous 

reports in which the ORR activity is strongly associated with the surface Mn valence states of Mn-

based spinel oxides.6, 35 For the Cu 2p spectra illustrated in Figure 2c, the peaks positioned at 933.5 

and 954.0 eV in CuMn2O4 nano-octahedra/C can be assigned to the Cu2+, which are more positive 

than those in CuMn2O4 nanospheres/C, confirming a clear change of the electronic structure of Cu 

in CuMn2O4 nano-octahedra/C as well. It was previously reported that the presence of Cu+ affects 

the long-range cation ordering in spinels and thus lowers the crystal symmetry.36-38 In Figure 2c, 
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no Cu+ peaks were observed in CuMn2O4 nano-octahedra/C, further implying the much stronger 

structural stability in nano-octahedra relative to nanospheres. Moreover, the deconvoluted O 1s 

spectra in Figure 2d, which were fitted by two components assigned as lattice oxygen located at 

529.3 eV and oxygen-containing species adsorbed on the surface, located at 531.3 eV, 

respectively, suggest a larger number of lattice oxygens on CuMn2O4 nano-octahedra/C than that 

on CuMn2O4 nanospheres/C. It should be pointed out that the large presence of lattice oxygen 

significantly contributes to the O2 binding, thus greatly improving the ORR performance in 

alkaline media.39-40 Taking together, these results reveal that the CuMn2O4 nano-octahedra/C 

exhibited enhanced electronic interactions (between Cu and Mn centers), high chemical/structural 

stability, and improved ability of O2 adsorption when compared with the CuMn2O4 nanospheres/C. 

These features should potentially improve the performance of nano-octahedra/C toward the ORR 

in alkaline media. 
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Figure 2. (a) XRD patterns of carbon-supported CuMn2O4 nano-octahedra and nanospheres after 

heating in air at 300 oC for 12 h. (b-d) XPS spectra of Mn 2p (b), Cu 2p (c) and O 1s (d) for carbon-

supported CuMn2O4 nano-octahedra and nanospheres after heating in air at 300 oC for 12 h. 

Relative ratios of element states: for nano-octahedra, Mn2+/Mn3+/Mn4+ = 8:76:16; Cu2+/Cu+ = 

100:0; for nanospheres, Mn2+/Mn3+/Mn4+ = 14:58:28; Cu2+/Cu+ = 93:7. 
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The electrocatalytic performance of the CuMn2O4 nano-octahedra/C, nanospheres/C, and 

commercial Pt/C for ORR was comparatively investigated in 1 M KOH solution using an RDE. 

Figure 3a shows the positive-going ORR polarization curves determined from the CuMn2O4 nano-

octahedra/C, CuMn2O4 nanospheres/C, and commercial Pt/C catalysts. In Figure 3a, the CuMn2O4

nano-octahedra/C showed an E1/2 value of 0.881 V vs. RHE, which is 17 mV higher than the 

CuMn2O4 nanospheres/C, indicating higher ORR catalytic activity of the CuMn2O4 nano-

octahedra/C catalyst compared with the CuMn2O4 nanospheres/C. More importantly, the ORR 

polarization profiles of both CuMn2O4 samples revealed a diffusion-limited current density of −3.6 

mA/cm2, similar to the case of the commercial Pt/C, indicating a dominant 4e− reduction process 

accompanied by the complete conversion of O2 into H2O.  

Unlike Pt or other transition metal electrocatalysts, for which the electrochemically 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.41-43 For comparison, we 

adopt a general approach to roughly estimate the ECSAs of the CuMn2O4 nano-octahedra and 

nanospheres on the basis of the CV curves in the capacitive region in N2-saturated 1 M KOH. The 

ECSA value of the CuMn2O4 nano-octahedra/C was calculated as 72.6 m2/g, which is about 1.5 

folds as high as that of the CuMn2O4 nanospheres/C (48.4 m2/g). Note that a reference capacitance 

value of 40 uF/cm2 was assumed. As exemplified in the recent literature,2, 44-47 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 further assessably evaluate the activity, the MA at 0.85 V 

(used as a metric value) was calculated based on the Levich equation and further normalized 

against the mass loading of metal oxides on the electrode. As summarized in Figure 3b, the MA at 
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0.85 V of the CuMn2O4 nano-octahedra/C (37.6 A/g) was about 1.62 times as high as that of the 

CuMn2O4 nanospheres/C (23.2 A/g). Assuming that the carbon-supported annealing at 300 oC 

wouldn’t change the particle size much, the possible size effect on this ORR performance of both 

the CuMn2O4 nanocatalysts can be ruled out based on the estimation of their specific surface areas 

(refer to the discussion in SI). Relative to the CuMn2O4 nanospheres/C catalyst, the enhanced MA 

of the CuMn2O4 nano-octahedra/C catalyst can thus be mainly attributed to the exclusively exposed 

{101} facets on the catalyst surface and higher Mn3+ content. The corresponding Koutecky–Levich

(K–L) plots (J-1 vs. ω-1/2) derived from the RDE voltammograms (Figure S4a and S4b) at 0.85 V 

are presented in Figure 3c. The K–L plots show good linearity and parallelism for the CuMn2O4

nano-octahedra/C and CuMn2O4 nanospheres/C catalysts, revealing the first-order reaction 

kinetics for ORR as a function of the concentration of dissolved oxygen. In addition, the electron 

transfer numbers (n) at +0.85 V were determined to be ~3.9 for the CuMn2O4 nano-octahedra/C 

catalyst and ~3.6 for the CuMn2O4 nanospheres/C catalyst, respectively, further verifying their 

excellent ORR activity. 
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Figure 3. (a) ORR polarization profiles of CuMn2O4 nano-octahedra/C, CuMn2O4 nanospheres/C 

and the commercial Pt/C, in O2-saturated 1 M KOH at a scan rate of 5 mV/s at 1,600 rpm. Mass 

loading of CuMn2O4 and Pt: 100 µg/cm2 and 20 µg/cm2, respectively.  (b) Mass activities of 

CuMn2O4 nano-octahedra/C and CuMn2O4 nanospheres/C at 0.85 V vs. RHE, which was 

calculated by normalizing the kinetic current to the mass loading of metal oxide on the electrode. 

(c) The Koutecky-Levich plots (J-1 vs. ω-1/2) of CuMn2O4 nano-octahedra/C and CuMn2O4

nanospheres/C derived from the RDE voltammograms at 0.85 V. (d) Mass activities of CuMn2O4 

nano-octahedra/C and CuMn2O4 nanospheres/C before and after the accelerated durability tests in 
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O2-saturated 1 M KOH at 0.85 V vs. RHE. Note that all the current densities in (a) and (c) are 

based on the electrode geometric area.    

The durability of the CuMn2O4 nano-octahedra/C catalyst was evaluated via ADT, 

demonstrating a remarkable enhancement in stability when compared to the CuMn2O4 

nanospheres/C and Pt/C catalysts. As exhibited in Figure S5a, the CuMn2O4 nano-octahedra/C 

catalyst showed an activity decay with a ΔE1/2 value of 10 mV after 5,000 cycles and 24 mV after 

10,000 cycles, which is superior to the CuMn2O4 nanospheres/C with a ΔE1/2 value of 33 mV 

(Figure S5b) and the commercial Pt/C with a ΔE1/2 value of 51 mV after 10,000 cycles (Figure 

S5c). The MA of the CuMn2O4 nano-octahedra/C catalyst at 0.85 V decreased from 37.6 A/g to 

33.0 A/g after 5,000 cycles, equivalent to a loss of 12% relative to the pristine MA (Figure 3d). 

After 10,000 cycles, the CuMn2O4 nano-octahedra/C catalyst retained 65.2% of its original MA 

value, while the CuMn2O4 nanospheres/C catalyst only retained 50% of its initial value (Figure 

3d). Remarkably, the MA of the CuMn2O4 nano-octahedra/C catalyst after 10,000 cycles was about 

2 times as high as that of the CuMn2O4 nanospheres/C catalyst. Based on the CV measurement 

before and after the ADT (Figure S6a-c), the CuMn2O4 nano-octahedra/C, CuMn2O4

nanospheres/C, and Pt/C catalysts displayed a continuous decrease in the ECSA, mainly due to the 

nanoparticle aggregation/sintering and the loss of active components during the ADT progress. To 

probe the origin of the catalytic activity decline after the ADT, TEM (Figure S7a), HAADF-STEM 

(Figure S7b), and HRTEM characterizations (Figure S7c) were further performed to examine the 

size, morphology, and crystal phase changes for the CuMn2O4 nano-octahedra/C catalyst. 

Impressively, after the ADT the CuMn2O4 nano-octahedra/C catalyst retained its pristine structural 

parameters. The uniform elemental distribution in a representative carbon-supported CuMn2O4 
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nano-octahedron, after the ADT, was further confirmed by EDX mapping and a corresponding 

normalized EDX line scan (Figure S7d), in which the ratio of Mn/Cu was determined to be 2.2:1. 

Meanwhile, the XPS characterization (Figure S8) was carried out to determine the valence states 

of Mn and Cu on the catalyst surface after the 10,000-cycle ADT, in which the ratio of Mn/Cu was 

determined to be 2.3:1, nearly consistent with the EDS results. Especially, the content of Mn3+ 

(Figure S8a) shows a significant diminution from 76% (before the ADT) to 58% (after the 10,000-

cycle ADT), illustrating the intrinsic nature of the ORR activity decline. Further XPS analysis of 

the Cu 2p spectrum (Figure S8b) revealed the appearance of Cu+ peaks although Cu2+ was still the 

dominant state of Cu atoms in the CuMn2O4 nano-octahedra/C catalyst after the ADT. The 

presence of Cu+ may also contribute to an effect on the cation ordering, leading to a degradation 

in the structural stability and ORR activity of the catalyst, as reported in previous studies.36, 38 As 

a result, we posit that the ORR activity decline in the CuMn2O4 nano-octahedra/C catalyst after 

the ADT could arise, at least in part, from a decrease in the surface Mn3+ content and the 

appearance of Cu+. Taken together, the aforementioned results demonstrate that the CuMn2O4 

nano-octahedra/C catalyst show enhanced ORR performance than its spherical counterpart with 

both enhanced mass activity and durable stability. The determined mass activity is also superior to 

the values from most of the recently reported spinel electrocatalysts (Table S1). 

4. CONCLUSIONS

We demonstrate a facile, colloidal approach for a rational synthesis of uniform CuMn2O4 spinel 

nanocrystals with well-defined morphology and size, as well as specific Mn3+/Mn2+ and Cu2+/Cu+ 

ratios on the surface. We uncovered that the type of Cu precursor plays a pivotal role in 

facilitating/controlling the formation of CuMn2O4 nanocrystals with distinct morphologies. More 
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importantly, the as-synthesized CuMn2O4 spinel nano-octahedra exhibited improved 

electrocatalytic activity and stability toward the ORR in alkaline media when compared with their 

nano-spherical counterparts. It was found that the ORR activity decay may be due to a decrease in 

the Mn3+ content and the existence of the Cu+ on the surface of the CuMn2O4 nano-octahedral 

catalyst. This work provides a new strategy in crystal facet-controlled synthesis of CuMn2O4 

nanocrystals with substantially enhanced ORR performance. The facet-tailored nanocatalysts with 

distinctive surface valence states could provide a unique platform for an in-depth understanding 

of their surface lattice- and valence-state-dependent catalytic properties. 
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