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ABSTRACT: Magnesium rechargeable batteries are potential successors to lithium-ion batteries owing to their low cost, superior 

safety, and high volumetric energy density. However, the development of high-energy and high-rate cathode materials remains chal-

lenging. Oxide-type cathodes, specifically spinels, have become a focus of attention due to their higher voltage operation capacity. 

Nevertheless, previous studies have predominantly centered on high-temperature operations on account of the sluggish diffusion of 

Mg ions in solids and low electrical conductivity. In this study, an electrically conductive CuMn2O4 ultrasmall (< 5 nm) spinel is 

fabricated using an alcohol reduction process. This ‘ultrananospinel’ shows a semi-reversible phase transition along with Mg inser-

tion/extraction and a dual-redox system involving copper and manganese ions, exhibiting the high voltage operation (>1.5 V) with a 

theoretical discharge capacity of 225 mAh g–1, and high-rate capability compared with other oxide-type cathodes. 
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INTRODUCTION 

The widely used lithium-ion batteries (LIBs) have a theoreti-

cal energy density limit.1 As we advance toward an increasingly 

electrified society, a significant enhancement in battery perfor-

mance is crucial for the successful adoption of electric vehicles 

and smart grids. Faced with current global economic instability, 

there is an increasing demand for batteries that utilize inexpen-

sive metals and are less susceptible to price fluctuations. Mag-

nesium rechargeable batteries (MRBs) are emerging as promis-

ing solutions to satisfy these increasingly stringent demands. 

They are projected to become the next-generation batteries, dis-

tinguished by their low cost, superior safety, and high volumet-

ric energy density.2-5 

A primary challenge for the successful implementation of 

MRBs is the development of high-energy cathode materials. In 

2000, Aurbach et al. reported the Chevrel-type Mo6S8 as the 

first prototype battery capable of room-temperature operation.6 

This pioneering work using sulfide cathode materials instigated 

the proposal of other promising cathode materials, including 

CuS7-9 and VS4.
10-11 Although these sulfide-based cathodes 

demonstrate impressive cyclability in full-cell batteries, they 

operate at low voltages (less than 1.2 V), which could poten-

tially result in decreased energy density, thereby inhibiting their 

commercial viability. In recent years, transition-metal oxide-

type cathodes have attracted significant interest owing to their 

higher operational voltages.12-13 Among the various oxide-type 

cathodes, including spinel-type,14-16 layered-type,17 and tunnel-

type,18 spinel-type oxides such as MgTM2O4 (TM: transition 

metal; Cr, Mn, Fe, Co, etc.) have exhibited the ability to either 

extract or accommodate significant amounts of Mg ions via a 

spinel-to-spinel transition or a spinel-to-rock salt transition. An 

example of a spinel-to-spinel transition is the MgCrMnO4 cath-

ode material.19-20 The spinel lattice structure was maintained 

during the removal of Mg2+ without any phase transformations 

in the intermediate temperature range. In comparison, 

MgTM2O4 can accommodate Mg ions at high voltage levels (> 

2.3 V), and achieve reversible phase transitions at 423 K.14  

While much of the research in this field has been focused on 

an elevated-temperature operation to address the slow diffusion 

of Mg ions in solid-state conditions, we have demonstrated the 

nanoparticulation of cathode materials for room-temperature 

MRB operation, as reducing the diffusion length of Mg ion.21-23 

As previously reported, we successfully synthesized ultrasmall 

and ultraporous MgMn2O4 (ultrananospinel; < 2.5 nm, 506 m2 

g–1), and the post-annealed material exhibited a theoretical dis-

charge capacity of 270 mAh g–1.24 Despite its superior cathode 

characteristics in the room-temperature MRB full-cell test, its 

current density was only 10 mA g–1; it is essential to improve 

rate capability for practical use. Very recently, Ingram et al. re-

ported that the Mg-based oxide cathodes have much lower elec-

trical conductivity (ca. 10–12 S cm–1 in MgCr2O4) compared with 

LIB cathodes,25 hence electrically conductive oxides, having 

more strongly correlated electron system, should be utilized. In 

addition, more specifically, the rock salt – fully discharged 

phase – is electrochemically irreversible; the Mg-ion diffusion 

coefficient of rock salt is 1025 times higher than that of spinel 

phase.24 Therefore, coherent redox reactions operated at room 

temperature is challenging. Given these circumstances, devel-

opment of electrically conductive, and crystallographically and 

electrochemically stable nanospinels must be required for ad-

vancing MRB cathode technology. 



In this study, we focus on replacing the Mg element in 

MgMn2O4 ‘ultrananospinel’ with transition metals, such as Cu 

and Co, having a correlated electron system that can exhibit 

higher electric conductivity compared with Mg. We fabricated 

and investigated various ‘ultrananospinels’, Mg-Mn, Co-Mn, 

and Cu-Mn spinels composed of approximately 5 nm-sized pri-

mary particles, for room temperature MRB cathodes. The Cu-

Mn ultrananospinel (CuMn2O4) exhibited a significantly higher 

electrical conductivity, demonstrating the high energy density 

and high rate capability, achieving a discharge capacity twice 

that of the other spinels in a room-temperature MRB full-cell 

operation. 

RESULTS AND DISCUSSION 

Ultrasmall A-Mn spinels, referred to as MgMO, CoMO, and 

CuMO, with “A” being Mg, Co, and Cu, respectively, were de-

veloped using a modified alcohol reduction process,21, 26 as il-

lustrated in Figure 1. Initially, Mn7+ from n-Bu4NMnO4 was re-

duced by methanol and promptly reacted with other metals to 

form Mn binary oxides. With the addition of H2O, a dark brown 

precipitate was formed, and after subsequent washing and dry-

ing, Mn binary spinels were successfully obtained. 

 

Figure 1. Schematic illustration of synthesizing AMO (A=Mg, Co, 

and Cu). 

The synthesized Mn binary oxides presented markedly broad 

XRD patterns, suggesting the formation of nanocrystals (Figure 

2a). As stated in our previous reports, these synthesized Mn-

binary oxides, including the newly synthesized ultrasmall Cu-

Mn oxides, were attributed to a single phase of cubic spinel with 

the Fd–3m space group by Rietveld analysis.27 As illustrated in 

Figure 2b and S1b, the diffraction patterns of CuMO and 

MgMO correspond to the XRD results, indicating the formation 

of spinels. The selected area electron diffraction (SAED) anal-

ysis of CoMO shown in Figure S1a not only reveals the diffrac-

tion rings correlating to the obtained XRD pattern but also re-

veals a diffraction ring corresponding to 111 diffraction, indi-

cating the formation of Co-Mn spinel, note that the 111 diffrac-

tion at 18° of CoMO is too faint and broad to detect. As listed 

in Table S1, the chemical compositions of the obtained samples 

were determined using scanning electron microscopy-energy 

dispersive X-ray analysis (SEM-EDX). The results indicate that 

MgMO and CuMO exhibit an atomic ratio of Mg (or Cu) to Mn 

of approximately 1/2, which is also supported by the ICP-AES 

result (Cu/Mn =0.48), suggesting the formation of MgMn2O4 

and CuMn2O4 spinels. In contrast, CoMO shows a high atomic 

ratio of Co to Mn (Co/Mn = 0.69), which differs from a previous 

report.26 This discrepancy may be attributed to the use of differ-

ent solvents because the choice of solvent can affect the behav-

ior of the Mn redox reaction with other cations. In this study, 

we utilized MeOH, which has a lower oxidation potential than 

the previously used i-PrOH.28 Figure 2c shows SEM images of 

CuMO. The images reveal that CuMO is characterized by a po-

rous structure formed by secondary particles ranging from tens 

to hundreds of nanometers in size. This finding suggests effec-

tive suppression of particle aggregation. Indeed, according to 

BET analysis, the specific surface area of CuMO is 295 m2 g–1, 

which is comparable to CoMO (284 m2 g–1). MgMO has a larger 

specific surface area (436 m2 g–1), which stems from its higher 

porous structure. 

Figure 2d and Figure S2 display high-resolution transmission 

electron microscopy (HR-TEM) images of each sample. Ap-

proximately 5 nm-sized primary particles were aggregated to 

form secondary particles. Figure 2e illustrates the Fourier-trans-

form infrared spectroscopy (FT-IR) spectra of the spinels. As 

shown in the figure, the signals at 600 cm–1, 1400 cm–1, 1600 

cm–1, and 3200 cm–1 are attributed to the Mn-O-Mn lattice mode, 

OH bending, Mn-OH bending, and OH stretching, respectively. 

Of these signals, only the Mn-OH bending signal should origi-

nate from the surface OH groups, as the other OH signals are 

likely to be influenced by absorbed H2O. To further examine 

the relative quantities of surface OH, we summarize the peak 

area ratio of Mn-OH to Mn-O-Mn in Figure 2f. Thus, MgMO 

possesses the highest surface-OH quantity, whereas CuMO has 

the lowest. A potential explanation for this variation could be 

the difference in electronegativity: Mg-O (2.13), Co-O (1.56), 

and Cu-O (1.54).29 There appears to be a positive correlation 

between these values and the amount of surface OH. 

 

Figure 2. (a) XRD patterns with fitting curve by Rietveld refine-

ment. (b) SAED pattern of CuMO. (c) SEM image of freeze-dried 

CuMO. (d) HR-TEM image of CuMO. (e) FT-IR spectra. (f) Sum-

mary of FT-IR peak area ratio (Mn-OH/Mn-O-Mn). 

Figure 3a shows the voltage curves of each type of spinel. In 

the charge/discharge test, the upper cut-off voltage is set to 3.5 

V considering the oxidative stability of electrolyte.30 During the 

discharge process, the CoMO and MgMO cathodes display a 

capacity of approximately 100 mAh g–1, which is less than half 

the theoretical capacity. Importantly, the MgMO synthesized in 

this study demonstrates a different discharge capacity than that 

reported in previous research.24 This discrepancy could poten-

tially be ascribed to variations in the primary particle size: ap-

proximately 5 nm in this study versus 2.1 nm in the prior work. 



These variations in size may have originated from the differ-

ences in the solvents used in the respective synthesis systems. 

In contrast, CuMO demonstrates a capacity of 225 mAh g–1, ex-

actly matching the theoretical expectation. Furthermore, CuMO 

exhibits the lowest overpotential during the charging process 

among the three types. However, only approximately 70% of 

the discharge capacity was recharged. This discrepancy can be 

attributed to the fact that the charged phase, specifically the 

rock-salt phase, is more stable than the spinel phase, which can 

hinder the extraction of Mg ions.24 Regarding the cyclability 

shown in Figure S3, the discharge capacity decreases over the 

cycles, eventually stabilizing at approximately 70 mAh g–1. In 

contrast, CoMO exhibits a plateau-like curve from 3.2 V. As 

stated in previous reports,31-32 cobalt and manganese-containing 

spinels tend to have a higher valence band maximum than other 

spinels, which causes a continuous electron-withdrawal reac-

tion through the cathode from the electrolyte. This suggests that 

the spinel oxides, which have high oxidative catalytic activity, 

can reduce the oxidative decomposition potential of the electro-

lyte. In addition, the DFT calculation revealed that the decom-

position potential of the electrolyte is originated from the sol-

vent. Taking monoglyme as an example, during the charging 

process, monoglyme in contact with spinel oxides undergoes 

fragmentation, transitioning from monoglyme to CH3 + 

CH3OCH2OCH2.
33 Figure 3b illustrates the voltage curves of 

CuMO at varying rates. Even though operation voltage was de-

creased as operation rate increased, CuMO exhibits specific dis-

charge capacities of 225, 200, 153, and 130 mAh g–1 at 10, 20, 

50, and 100 mA g–1, respectively. These capacities are still su-

perior to those of MgMO and CoMO at 10 mA g–1, signifying 

that CuMO can sustain high-rate operations effectively. How-

ever, due to the difficulty of Mg ions extraction at charge state, 

as current density is increased, charge capacity decreases sig-

nificantly. The Ragone plot, as presented in Figure 3c, provides 

a comparative assessment with oxide-type cathodes operating 

at room temperature. The developed ultra-small Cu-Mn spinel 

demonstrated high energy density coupled with high power 

density. This positions it as one of the highest-performing cath-

odes, setting it apart from other cathode materials.17, 19, 24, 34-41 

To investigate the charge/discharge behavior, Galvanostatic 

Intermittent Titration Technique (GITT) measurements were 

performed, and the Mg2+ diffusion coefficient was calculated, 

as shown in Figure 3d and 3e. During the discharge process of 

CuMO, the IR drop value, which represents the overpotential 

inclusive of both the anode and cathode, progressively increases. 

Given the constant Mg dissolution resistance of the anode, the 

cathodic resistance increases as the voltage decreases. Based on 

a prior report,42 this behavior can be attributed to the formation 

of a cathode electrolyte interphase (CEI) resulting from electro-

lyte reductive decompositions. Furthermore, SEM-EDX analy-

sis of the electrode indirectly implies a side reaction. While the 

theoretical ratio of Mg insertion to Cu is 1.0, the observed ratio 

is 0.71, suggesting that the capacity, apart from Mg insertion, 

may originate from side reactions. Furthermore, MgMO and 

CoMO have higher Mg2+ diffusion coefficients than CuMO. 

The small Mg2+ diffusion coefficient of CuMO stems from the 

discrepancy of the crystalline phase. As shown in Figure 2b and 

Figure S1, CuMO has a smaller number of diffraction rings of 

SAED, indicating that the crystallinity of CuMO is lower than 

other spinels. This low crystallinity could be one of the factors 

to have higher diffusion barrier of Mg ions than those of other 

spinels. This result suggests that the superior discharge capacity 

of CuMO is not related to the Mg2+ diffusion coefficient. During 

the charging process, all spinels demonstrate considerably 

lower Mg2+ diffusion coefficients compared to those in the dis-

charge process, as indicated by the large IR drop value for 

CuMO shown in Figure 3d. Although this can arise from a crys-

tallographically stable phase, i.e., the rock-salt phase, the diffu-

sion coefficient values, ranging from 10–12 to 10–14 cm2 S–1, are 

substantially lower than the previously calculated value of 10–

40 cm2 S–1 for Mg2Mn2O4.
24 This discrepancy may be due to the 

nanoparticulation of the cathode material, which is character-

ized by a metastable and low-crystallinity structure. This struc-

ture enhanced the Mg-ion kinetics during the charging process. 

The electrical conductivity of each spinel was investigated 

using EIS measurements (Figure 3f). Out of the three, CuMO 

exhibited the lowest bulk resistance, and its electrical conduc-

tivity was found to be approximately 130 times greater than that 

Figure 3. (a) Voltage curves of freeze-dried spinels. (b) Voltage curves with different rate capabilities of CuMO. (c) Ragone plot 

of the oxide-type cathodes. (d) GITT profiles and corresponding calculated Mg2+ diffusion coefficient of CuMO. (e) Calculated 

Mg2+ diffusion coefficient of each spinel. (f) Electrochemical impedance spectroscopy (EIS) spectra of each spinel.  



of MgMO. This observed trend is largely in agreement with a 

previous report,38 considering that these cathode materials are 

porous and exhibit high grain boundary resistance. Thus far, our 

research has revealed that while CuMO has low Mg-ion con-

ductivity, it possesses 100 times higher electrical conductivity 

than other spinels, which is a crucial factor influencing its high 

discharge capacity. Then, CuMO exhibits the high voltage op-

eration (>1.5 V) with the theoretical discharge capacity of 225 

mAh g–1. To effectively operate an MRB at room temperature, 

the electrical conductivity of the cathode material is one of the 

most crucial considerations.  

To confirm the redox species and their behavior in CuMO, 

we performed an X-ray absorption near-edge structure 

(XANES) analysis, as shown in Figure 4a. At the pristine state, 

the Mn K-edge position of CuMO overlaps with that of Mn2O3, 

indicating Mn3+; as for Cu K-edge, a pre-edge peak around 8981 

eV, a notable peak in Cu2O, is not observed, suggesting Cu2+. 

During discharge, the Mn K-edge spectrum shifted to a lower-

energy region, indicating a reduction in Mn. Concurrently, the 

Cu K-edge spectrum also showed signs of reduction, as evi-

denced by the emergence of a pre-edge peak at approximately 

8980 eV, which is characteristic of Cu+. With respect to the 

charging process, although both the Mn K-edge and Cu K-edge 

spectra did not completely revert to their pristine states, we ob-

served a partial reoxidation of Mn and Cu. This dual-redox sys-

tem distinguishes CuMO from MgMO and CoMO. Specifically, 

by examining the CoMO redox, as indicated in Figures S4c and 

S4d, the Co K-edge spectra, and its derivative plots, we found 

that Co has little involvement in the redox processes. In addition, 

both CuMO and CoMO displayed partial reoxidation capabili-

ties, whereas MgMO did not exhibit this characteristic. This ob-

servation can be attributed to the oxidative decomposition of the 

electrolyte, which was confirmed by XPS analysis.43 

The dQ/dV plot of CuMO during discharge features two 

broad peaks around 1.7 V and 1.3 V. The former peak is also 

observed in MgMO, suggesting the reduction of Mn. On the 

other hand, the latter peak is unique in CuMO, indicating the 

reduction of Cu. Similarly, a peak at around 3.0 V in CuMO 

during charge can be attributed to the Cu oxidation. The Cu re-

dox reaction of CuMO occurring on the lower-potential side has 

also been reported in a zinc-ion battery system.44  

To trace changes in the crystalline phase, we performed elec-

trode XRD measurements and SEM-EDX analysis, as shown in 

Figure 4b. During discharge, a peak emerged at approximately 

34°, indicative of a rock-salt phase, whereas the 36° peak, sig-

nifying a spinel phase, diminished. In addition, in the charged 

state, an inverse reaction was observed between these peaks. 

This indicates that the spinel–rock-salt transition can occur not 

only in a high-temperature test,14 but at room temperature. Ow-

ing to these changes in the crystalline phase, Mg insertion and 

extraction occurred. Specifically, in the charged state, approxi-

mately 0.29 of Mg was ejected, accounting for 82% of the the-

oretical charge capacity. This Mg extraction ability is markedly 

superior to those of MgMO and CuMO, which are known to 

struggle with electrolyte decomposition problems, as previ-

ously discussed. 

 

 

Figure 4. (a) Mn and Cu K-edge spectra of CuMO. (b) XRD pat-

terns of CuMO electrode. 

CONCLUSION 

In this study, we developed an ultrasmall Cu-Mn spinel using 

an alcohol reduction process. This cathode material exhibits an 

exceptionally high voltage (>1.5 V) and a high capacity (225 

mAh g–1; theoretical capacity), distinguishing its performance 

from those of ultrasmall spinels. This superior cathodic perfor-

mance stems from its high electrical conductivity, a crucial fac-

tor in cathode design. Moreover, our detailed analysis revealed 

that the ultrasmall Cu-Mn spinel is semi-reversible in terms of 

electrochemical phase transition and Mg insertion/extraction 

capability, which cannot be achieved by other spinels. With re-

finements in the material composition and the development of 

an electrolyte that can facilitate a broader electrochemical win-

dow, our synthesis strategy, which emphasizes both electrical 

conductivity and nanoparticulation, can establish a new stand-

ard for cathode materials in magnesium rechargeable batteries. 

EXPERIMENTAL SECTION  

Material synthesis. Ultrasmall A-Mn Oxides (A = Mg, Co, 

or Cu), denoted as MgMO, CoMO, and CuMO respectively, 

were synthesized using a modified alcohol reduction process 

(Figure 1). Initially, n-Bu4NMnO4, a Mn precursor, was synthe-

sized by following a previously reported procedure.26 In this 

process, a n-Bu4NBr deionized water solution was slowly added 

dropwise into a KMnO4 deionized water solution under vigor-

ous stirring for an hour. The resulting precipitate: n-Bu4NMnO4 

was washed with deionized water multiple times and dried un-

der a vacuum overnight. As for the synthesis of MgMO and 

CoMO, the obtained n-Bu4NMnO4 (2 mmol) was added to a 

mixture of dehydrated MgCl2 or CoCl2 solution with methanol 

and ethylene glycol dimethyl ether solution (0.04 M, 50 mL, 1 

to 1 volume ratio) under vigorous stirring for one hour. Regard-

ing synthesis of CuMO, n-Bu4NMnO4 (2 mmol) was added to a 

methanol solution containing Cu(CH3COO)2•H2O (0.02 M, 50 

mL) under vigorous stirring for one hour. Subsequently, 10 mL 



of deionized water was slowly added to each of the three brown 

colloidal solutions. The precipitate was washed with ethanol 

five times and heat-dried at 343 K under a vacuum overnight or 

freeze-dried from tert-butyl alcohol dispersion. 

Material characterization. Powder X-ray diffraction 

(XRD) measurements were conducted using a Burker D2 

PHASER 2ndGen instrument and SmartLab 3G insturument 

with Cu Kα radiation. The Rietveld refinement was performed 

using the RIETAN-FP program.27 X-ray absorption spectros-

copy (XAS) measurements were performed via the transmis-

sion method at the BL5S1 beamline of the Aichi Synchrotron 

Radiation Center. To ensure sample integrity, the samples were 

enclosed in an Al-laminated packaging film and affixed to a 

sample holder using Mn foil. The X-ray absorption near edge 

structure (XANES) analysis was carried out using the Athena 

program.45 Transmission electron microscopy (TEM) images 

and scanning electron microscopy (SEM) were obtained using 

EM-002B and JSM-6010LA respectively. Elemental analysis 

was performed using inductively coupled plasma atomic emis-

sion spectroscopy (ICP-AES) on an Optima 3300XL (Perki-

nElmer) and SEM-EDX. Fourier Transform Infrared (FT-IR) 

spectra were obtained using Brunauer–Emmett–Teller (BET) 

surface areas of the sample were measured by N2 adsorption at 

77 K (BELSORP MAX G). 

Electrochemical Measurements. The active material 

(MgMO, CoMO, or CuMO; 140 mg) was thoroughly mixed 

with acetylene black (AB; 40 mg) using a mortar for 10 minutes. 

Subsequently, the resulting mixture was added to a solution of 

N-methyl-pyrrolidone (NMP; 400 μL) containing polyvinyl-

idenedifluoride (PVDF; 20 mg) and blended for 30 minutes. 

The resulting slurry, consisting of the active material, AB, and 

PVDF in a weight ratio of 70/20/10, was then pasted onto an Al 

foil and dried at 353 K for 2 hours. The dried electrode was 

shaped into a 7 mm-diameter disk with a mass loading of ap-

proximately 1.9 mg cm–2. This prepared electrode was further 

dried at 343 K under vacuum for 12 hours and transferred to an 

Ar-filled glove box. For the anode material, Mg ribbon was cut 

to a length of 1 cm and polished using a metal file to remove 

any Mg oxide films. The cathode, anode, and electrolyte (0.3 M 

Mg[B(HFIP)4]2 / triglyme: G3, 150 μL) were assembled in a 

2032-type coin cell with two glass-fiber separators (15 cm di-

ameter, GA-55). Charge-discharge tests were conducted at 

25 °C using a battery test system (HJ-1001SD8, Hokuto Denko 

Corp.) in constant-current (CC) mode. 

GITT (galvanostatic intermittent titration technique) meas-

urements were performed by alternating between a two-hour 

constant current impression and a five-hour rest period. The dif-

fusion coefficient of Mg2+ was determined using the following 

equation: 

𝑫𝐌𝐠𝟐+ =
𝟒

𝝅𝝉
(

𝒏𝑴𝑽𝑴

𝑺
)

𝟐

(
∆𝑬𝑺

∆𝑬𝒕
)

𝟐

      (𝝉 ≪
𝑳𝟐

𝑫
𝐌𝐠𝟐+

) (1) 

τ, nM, VM, and S represent rest time, molar quantity, molar 

volume, and electrode area respectively. ΔEs and ΔEt are the 

voltage differences. Note that L stands for the thickness of the 

electrode. 

Electrochemical impedance spectroscopy (EIS) to measure 

bulk resistance was performed in a frequency range from 1 

MHz to 0.1 Hz. 60 mg of sample powder was pressed at 200 

MPa for 2 min using 10 mm-diameter dice to form a pellet. The 

obtained pellet was sandwiched with a 15 mm-diameter 

SUS316L disk and assembled in a 2032-type coin cell. Then, 

the bulk resistance was measured. Note that each sample was 

calcined at 573 K before the measurements in order to reduce 

grain boundary resistance by removing the surface OH group. 
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