
1

Supplementary information for

Faceted and defect-rich CuMn2O4 nanoparticles for efficient 

electrochemical water splitting

Balasubramanian Jansi Rania,b,†, Arumugam Sivananthama,c,†, Tatachari Santhanagopalan 

Shridharana,c, Tan Runfaa,c, and In Sun Cho a,c,*

a Department of Materials Science & Engineering, Ajou University, Suwon 16499, South Korea
 
b Engineering Research Institute, Ajou University, Suwon 16499, South Korea

c Department of Energy Systems Research, Ajou University, Suwon 16499, South Korea

 

 
 
† These authors contributed equally to this work.

 
 
 
 
*Corresponding Author email: insuncho@ajou.ac.kr (I.S.C)

 

 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2022



2

Experimental section

Deposition of CoOx nanoparticles on f-CMO-600 electrode

CoOx coating solution (0.5 M) was prepared by the sol-gel method. Briefly, 0.5 mmol of 

Co(NO3)2.6H2O (0.146 g) was dissolved in 10 mL of 2-methoxyethanol (2-ME) and sonicated for 

30 min to get a transparent pink color solution. Then f-CMO-600 coated Cu foam substrate was 

dip-coated with the prepared 0.5 M CoOx solution for 30 s, followed by 350 ℃ thermal annealing 

for 30 min to obtain CoOx/f-CMO-600 electrode. All the electrodes were finally subjected to UV 

epoxy to avoid the electrolyte uplifting through the Cu foam handles during the experiments.

Preparation of f-CMO pellets for Hall voltage measurements

The grounded f-CMO powders were pressed (without a binder) into a pellet (Ø = 15 mm, 

height = 2 mm) with a hydraulic press (DAEWHA, P-50t, South Korea) at a pressure of 900 MPa 

for 10 s and Zn-stearate was used as a lubricant to prevent fracturing at the die-wall.

Table S1. Inductively coupled plasma-optical emission spectrometry (ICP-OES) result of the f-

CMO-600 sample.
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Thus, the metal molar ratio is Cu: Mn = 1: 1.86.

Table S2. Comparison of electrocatalytic HER activity of faceted CuMn2O4 nanoparticles (f-

CMO) with other reported spinel oxides.
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Table S3. Summary of electrochemical impedance spectra (EIS) fitting: R1, R2 and R3 (applied 

bias: -0.1 V vs. RHE; Frequency range: 7 MHz to 1 mHz).

Table S4. Summary of electrochemical impedance spectra (EIS) fitting: R1, R2 and R3 (applied 

bias: 1.6 V vs. RHE; Frequency range: 7 MHz to 1 mHz).
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Fig. S1. Synthesis and slurry preparation of faceted CuMn2O4 nanoparticles (f-CMO): (a) 
Synthesis scheme. (b) Slurry preparation via ball milling.
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Fig. S2. Structural and morphological analyses: (a) XRD pattern of f-CMO before and after 
annealing at 600 ℃. (b) SEM image of f-CMO before annealing. (c,d) SEM-EDS line scan 
spectrum of f-CMO before annealing.
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Fig. S3. Structural and morphological analyses of non-f-CMOs: (a) XRD pattern. SEM images 
of (b) before annealing, and (c-e) after annealing.

Further, to examine the role of the hydrothermal treatment (HT) on the facet formation, 

CMO has been synthesized by using only co-precipitation (without HT) and named as non-f-CMO, 

as illustrated in Fig. S3. Here, the formation of the non-f-CMO was confirmed by the crystal planes 

such as (111), (220), (311), (222), (400), (422), (511), and (440), which correspond to the cubic 

crystal structure of CMO (JCPDS #84-0543), with some Mn3O4 impurities (Fig. S3a). Thus, the 

synthesis condition without HT had a negative influence on the formation of phase-pure CMO. 

Moreover, the larger aggregation of undefined nanoparticles (before annealing) resulted from the 

uncontrolled growth (Fig. S3b). After annealing, the size of non-f-CMOs are almost ten times 

greater than f-CMO (Fig. S3c-e). Therefore, this result confirms that co-precipitation without a 

controlled atmosphere (optimum HT temperature and reaction time) fails to produce the phase-

pure and size-controlled f-CMO. 
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Fig. S4. X-ray diffraction (XRD) patterns of the f-CMO-400, f-CMO-600 and f-CMO-800.
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Fig. S5. Elemental mapping and EDX spectral analysis of f-CMO: (a) f-CMO-400. (b) f-CMO-
600. (c) f-CMO-800.
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Fig. S6. Scanning electron microscope (SEM) images of (a) f-CMO-800 slurry after 50 h ball 
milling. (b) f-CMO-800 electrode.

The SEM analysis of f-CMO-800 catalyst after the 50 h ball milling process was performed 

to check the structure changes. Notably, even after the long-term ball milling, the structure of the 

catalyst exhibits the same faceted morphology without any noticeable changes, confirming the 

structure stability of f-CMO. Our intention to use the ball milling to prepare electrodes was the 

employment of an inexpensive, facile and scalable method to obtain a well-dispersed and high-

quality slurry for the conformal coating of catalyst on the substrate1.

Reference:

1. A. Kraytsberg, and Y. Ein‐Eli, Adv. Energy Mater., 2016,  6, 1600655.
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Fig. S7. Surface analysis of f-CMO electrodes: SEM images. (a-c) Low magnification. (d-f) 
High magnification (image insets are at 500 nm). Red color arrow points out the cracks on the f-
CMO electrode surface. 
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Fig. S8. Linear sweep voltammograms (LSVs) of the control samples: (a) HER. (b) OER. (c) 
Comparison of the overpotential values.
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Fig. S9. Redox behavior of f-CMO electrodes via cyclic voltammograms (CVs) at 5 mV/s in 1 M 
KOH alkaline electrolyte.
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Fig. S10. Zoom-in EIS spectra of the f-CMO electrodes, obtained at (a) -0.1 V vs. RHE. (b) 1.6 
V vs. RHE.
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Fig. S11. Electrochemical active surface area analysis of f-CMO electrodes: Cyclic 
voltammograms (CVs) of (a) f-CMO-400. (b) f-CMO-600. (c) f-CMO-800 at different scan rates 
(10, 20, 30, 40 and 50 mV/s).



20

Fig. S12. Intrinsic catalytic activity:  Linear sweep voltammograms (current density) of f-CMO 
electrodes normalized by ECSA.
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Fig. S13. Electrocatalytic OER activity of f-CMO and CoOx/f-CMO-600 electrodes for water 
splitting in 1 M KOH: (a) Linear sweep voltammograms (LSVs). (b) Corresponding Tafel plots. 
(c) Nyquist plot at 1.6 V vs. RHE. (d) Chronoamperometry (CA) stability test of f-CMO-600 at 
1.665 V vs. RHE for 10 h. (e) Linear sweep voltammogram (LSV) before and after stability. (f) 
Electrochemical surface area (ECSA), and cyclic voltammogram (CV) of CoOx/f-CMO-600 (inset 
image).
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Fig. S14. Structural and morphological analyses of CoOx/f-CMO-600 electrode: (a) XRD 
pattern. (b) SEM image. (c) SEM-EDS elemental mapping. (d) SEM-EDS microanalysis results.

The XRD, SEM and EDS mapping results of the CoOx/f-CMO-600 electrode are given 

Fig. S14. The XRD result (Fig. S14a) confirms the formation of the CoOx coating from the 

diffraction peaks of the crystal planes (111), (200) and (220), which coincide with hexagonal CoO 

(JCPDS #78-0421)2. The SEM image (Fig. S14b) shows the faceted morphology of the CoOx/f-

CMO-600 electrode. Furthermore, Fig. S14c,d shows uniform distribution and existence of Co, 

Cu, Mn and O in the CoOx/f-CMO-600. Therefore, the formation of CoOx coated f-CMO-600 is 

confirmed from XRD, SEM and EDS results.

Reference

2. K. Deori, and S. Deka, Cryst Eng Comm., 2013, 15, 8465-8474.
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Fig. S15. Electrochemical performance of the two-electrode cell for overall water splitting: 
(a) Schematic representation of two-electrode cell. (b) Linear sweep voltammograms (LSVs). (c) 
Chronoamperometry (CA) at a cell voltage of 1.90 and 1.65 V for CoOx/f-CMO//f-CMO and 
RuO2//Pt/C respectively, in 1 M KOH.
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Fig. S16. Gas-product collected after HER activity for 3 h (at -0.283 V vs. RHE) of f-CMO-
600 electrode: (a) H2 evolution. (b) Faradaic efficiency (%).

The hydrogen evolution was measured by using a gas chromatograph (YL6500GC, Young 

In Chromass, South Korea) connected with a pulsed discharge detector (PDD) and a 5 Å zeolite 

molecular sieve column, from the chronoamperometry test (at -0.283 V vs. RHE) for 3 h. Initially, 

the electrolyte was adequately purged with helium (He) gas to remove residual gases from the 

electrochemical cell. Faradaic efficiency (FE) was calculated (Fig. S16) using the following 

equation: 

𝐹𝑎𝑟𝑎𝑑𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐹𝐸) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2

𝐽 × 𝐴 × 𝑡 𝑛 × 𝑒 × 𝑁𝐴

where J is the current density (A cm-2), A is the area (cm2), t is the time (s), e is the elementary 

charge (1.602 × 10−19 C), n = 2 for H2, and NA is Avogadro’s number (6.02 × 1023 mol-1).
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Fig. S17. X-ray photoelectron spectroscopy (XPS) analysis of f-CMO: Survey spectra of f-
CMO-400, f-CMO-600 and f-CMO-800.
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Fig. S18. Oxygen vacancies analysis: Electron paramagnetic resonance (EPR) spectra of f-CMO-
400, f-CMO-600 and f-CMO-800.
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Fig. S19. Hall voltage measurement and surface analysis of f-CMO (pellet): (a) I–V curves in 
the applied static current range of -10 to 10 μA @room temperature. (Inset image shows the 
schematic representation of Hall measurement circuit). (b) Comparison of room-temperature 
resistivity. The applied magnetic field (B) is 0.545 T. (c-e) SEM images of the pellet. (Inset image 
shows high magnification).



28

Fig. S20. Structural and morphological analyses of f-CMO-600 electrode after 50 h of HER 
activity in 1 M KOH: (a) XRD pattern. (b) SEM image. (c) SEM-EDS elemental mapping. (d) 
SEM-EDS microanalysis results.
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Fig. S21. XPS survey scan of f-CMO-600 before and after 50 h HER stability.
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Fig. S22. X-ray photoelectron spectroscopy (XPS) analysis of f-CMO-600 electrode before 
and after 50 h of HER activity in 1 M KOH: High-resolution XPS spectra of (a) Cu 2p. (b) O 
1s. (c) Mn 2p. The relative percentage of (d) Cu1+ (from Cu 2p3/2). (e) OV. (f) Mn2+ (from Mn 
2p3/2). 
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Fig. S23. Structural and morphological analyses of CoOx/f-CMO-600 electrode after 10 h of 
OER activity in 1 M KOH: (a) XRD pattern. (b) SEM image. (c) SEM-EDS elemental mapping. 
(d) SEM-EDS microanalysis results.
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Fig. S24. XPS survey scan of CoOx/f-CMO-600 before and after 10 h OER stability.
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Fig. S25. X-ray photoelectron spectroscopy (XPS) analysis of CoOx/f-CMO-600 electrode 
before and after 10 h of OER activity in 1 M KOH: High-resolution XPS spectra of (a) Cu 2p. 
(b) O 1s. (c) Mn 2p. (d) Co 2p. The relative percentage of (e) Cu2+ (from Cu 2p3/2).  (f) OV. (g) 
Mn3+ (from Cu 2p3/2). (h) Co3+ (from Cu 2p3/2). 
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Fig. S26. (a) Chronopotentiometry (CP) of f-CMO-600 at -20 mA/cm2 for 10 h. (b) XPS survey 
scan after CP test. (c) High-resolution XPS spectrum of Pt 4f.
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Fig. S27. Impact of facets on the electrochemical active surface area (ECSA) of CMO: Cyclic 
voltammograms (CVs) of (a) f-CMO. (b) Non-f-CMO at different scan rates (10, 20, 30, 40 and 
50 mV/s).


