
1 

Sponge-like Porous Manganese(II,III) Oxide as a Highly Effi-
cient Cathode Material for Rechargeable Magnesium Ion Bat-
teries 

Lu Wang1, Karina Asheim1, Per Erik Vullum2, Ann Mari Svensson1 and Fride Vullum-Bruer1,* 

1 Department of Materials Science and Engineering, NTNU, Norwegian University of Science and Technology, NO-7491 

Trondheim, Norway 
2SINTEF Materials and Chemistry, NO-7491 Trondheim, Norway

ABSTRACT: Here, we are the first to report a spinel type Mn3O4 as cathode material for Mg-ion battery (MIB) with graphite foil 

(Gif) as current collector. High coulombic efficiency and good cyclic stability of Mn3O4 are demonstrated, and the process is en-

hanced by using Mn3O4 nanoparticles with a sponge-like morphology. The powder exhibits a network of interconnected mesopores 

with well-dispersed nanoparticles (~10 nm) and large specific surface area (102 m2 g-1). This structural configuration provides easy 

access for electrolyte penetration which markedly enhances the utilization of electroactive material, generates high ion flux across 

the electrode-electrolyte interface and provides more active sites for electrochemical reactions to occur. This study can possibly 

open the way for exploring other similar compounds with a spinel type structure for MIB. 

1. INTRODUCTION 

In the last decade great efforts have been made to develop new 

electrochemical energy storage devices with high power and 

energy density, which is able to replace current Li-ion battery 

technology. A large part of this increased effort can be at-

tributed to the high demand for large-scale applications, which 

has also triggered a closer attention to the safety and sustaina-

bility of using Li.1-3 In particular, MIB has been regarded as 

the most promising candidate owing to magnesium’s rich 

content in the  Earth’s crust (20,000 times more than Li), as 

well as its chemical stability.4 Compared to Li, Mg is inherent-

ly much safer due to higher stability in contact with air in 

addition to the absence of dendritic formation during electro-

chemical cycling.4,5 Also, compared to Li, Mg has a theoretical 

volumetric capacity of 3833 mAh cm-3, nearly twice that of Li 

(2061 mAh cm-3), indicating that MIB has a good potential for 

reaching a high volumetric energy density.6,7 The elementary 

components of MIB are similar to Li-ion batteries and include 

a Mg metal anode, a cathode capable of hosting Mg, electro-

lyte, current collector, and separator. Among these, electrolyte 

and cathode materials are the two components, which so far 

have greatly hindered MIB to be commercialized like Li bat-

teries.4,5,8 

    The limited selection of electrolytes which can accommo-

date reversible Mg deposition/stripping, offer anodic stability, 

provide high ionic conductivity and a wide electrochemical 

window, are the biggest obstacles that restrains the research 

and development of MIB.9-16  So far, there are several promis-

ing electrolytes developed for MIB. For example, the well-

known Mg organohaloaluminate electrolytes, Mg(AlCl2BuEt)2 

complex and all-phenyl-complex (APC, AlCl3-(PhMgCl)2) 

based electrolytes, were developed by Aurbach et al.;17-19 the 

non-corrosive closo- borane compounds based electrolyte and 

[Mg2(µ-Cl)3·6THF](HMDSAlCl3)/THF electrolyte (which is 

chemically compatible with an electrophilic sulphur cathode) 

were proposed by Toyota R&D;13,20 while the magnesium 

aluminum chloride complex (MACC) electrolyte without 

organic moiety was prepared by Doe et al.12 These electrolytes 

possess a wide electrochemical window, high conductivity, 

fast kinetics of Mg deposition/dissolution, and high anodic 

stability that can be regarded as the milestones in the devel-

opment history of MIB. However, even though these electro-

lytes perform remarkably well with the Mg anodes, most of 

them contain high concentrations of chloride anions which 

cause severe corrosion of most known current collectors made 

from metals.2,4,21 Some typical metals (Cu, Al, Ni and stainless 

steel) in these electrolytes are basically anodically unstable at 

potentials of 2.0 V vs. Mg,22-24 and thus result in high contact 

resistance between the active materials and the current collec-

tors during electrochemical measurements. This severely 

affects the battery performance of the cathode materials. The 

strong corrosive behaviour of electrolytes developed up to 

now for MIB gives rise to the strict requirements for the typi-

cal metal current collectors.3 So, to be able to study the effect 

of the host-structure and morphology features of the cathode 

on the battery performance, finding a suitable current collector 

with electrochemical stability over the entire potential range is 

extremely important. 

Until now, the reported specific capacities, cycling stability 

and coulombic efficiencies of cathode materials for MIBs are 

insufficient to obtain performances comparable to that of Li-

ion batteries. The major problem with cathode materials for 

MIB comes from the slow solid-state diffusion of Mg2+ ions in 

most of the common transition metal compounds during the 

charge/discharge process.4 This sluggish diffusion of Mg2+ 

compared to Li+ is presumed to be due to the strong Mg inter-
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actions with the anions and the cations of the hosts, giving rise 

to a low Mg intercalation level and a large difference between 

the charge and discharge potentials. The reasons behind the 

sluggish diffusion of Mg in spinel materials were recently 

further studied by Ceder et al. and Persson et al.25,26 In order to 

improve this issue, reducing the particle size of the electrode 

material has been widely used, which significantly shortens 

the diffusion lengths of ions and electrons within the particles, 

resulting in more efficient and rapid access of the active cati-

ons.27 Moreover, increased surface area ensures better contact 

between the electrolyte and active material. This leads to a 

higher overall ion flux across the electrode-electrolyte inter-

face and accelerated electron migration within the particles.28 

In an effort to search for potential cathode materials for 

MIB, manganese-containing compounds have been investigat-

ed as attractive materials because of their low cost, environ-

mental friendliness and high natural abundance.29-31 Among 

them, MnO2 is perhaps the most extensively studied electrode 

material in many kinds of batteries.32-34 Several polymorphs of 

MnO2 have also been investigated as possible MIB cathodes,35-

39 especially α-MnO2. It showed a high specific capacity of 

~280 mAh g-1 in the initial discharge, but poor cyclic perfor-

mance (retained ∼50 mAh g-1 after just five cycles).35 Similar 

rapid attenuation of specific capacity of MnO2 was also ob-

served by other groups.35,40 Another manganese oxide, Mn3O4, 

shows a stable spinel structure, in which Mn2+ cations are in 

the tetrahedral sites (8a) and Mn3+ cations are in the octahedral 

sites (16d). Oxides with the spinel structure are another family 

of materials, which have recently been studied as potential 

MIB cathodes because of their success in Li-ion batteries. 

Their favorable properties are attributed to fast ion diffusion 

resulting from the 3D layered structure, high operating volt-

age, and structural stability.41,42 Several studies have claimed 

intercalation of Mg2+ ions into spinel-structured Mn2O4 (λ-

MnO2) in aqueous environments.43,44 Kim et al. recently veri-

fied that Mg2+ ions could be reversibly inserted into spinel 

structure hosts based on the study of Mn2O4.
43 Cao et al. 

showed that Mg2+ can intercalate/deintercalate into Mn2O4 

with a retained capacity of 155 mAh g-1 after 300 cycles.44 

However, to date, there is no report on spinel type Mn3O4 as 

cathode material in MIB, which could provide a maximum 

theoretical capacity of 233 mAh g-1 based on one Mg2+ inter-

calation per formula unit (similar to MgMn2O4
43). However, 

according to the equation mentioned by Gregory et al.,45,46 

Mn3O4 as cathode material for MIB could host about 0.66 Mg 

ions per formula unit, corresponding to the theoretical capacity 

of 154 mAh g-1. Thus, in this work, 1C = 154 mA g-1. 

     The purpose of this work was first to identify an appropri-

ate current collector that have necessary anodic stability in 

electrolytes for MIB. The materials examined were graphite 

foil (Gif), Cu foil (Cuf), Ni foil (Nif) and stainless steel foil 

(SSf). Our results explicitly indicate that Gif is a good candi-

date as current collector for MIB due to its excellent electro-

chemical stability over the entire testing potential range in the 

presence of APC electrolyte. Furthermore, in order to prepare 

the nanosized Mn3O4 particles with high surface area, we 

provide a facile ultrasonic-assisted method at room tempera-

ture without any additional surfactant or template. The as-

synthesized Mn3O4 nanoparticles with diameters of ~10 nm 

and high specific surface area of 102 m2 g-1, exhibit near 100% 

coulombic efficiencies at different charge rates and good cy-

cling stability (93 % retention after 1000 cycles) as cathode 

material for MIB. The result is promising as it suggests that 

the spinel type Mn3O4 can be the new candidate for cathode in 

MIB systems with a Mg metal anode. 

 

2. EXPERIMENTAL SECTION 

2.1 Synthesis of Mn3O4 nanoparticles 

The synthesis of Mn3O4 nanoparticles have been reported in 

previous work.47 Briefly, 12 mmol MnCl2·4H2O (2.4 g, Al-

drich, 99%) and 100 mL ethanol amine (ETA, Aldrich, 99%) 

were loaded into a beaker, and then placed in a Branson digital 

sonifier (Danbury, USA). After ultrasonic processing for 10 

min, 200 mL of distilled water was added into the resulting 

colloid solution. The mixture was subsequently stirred over-

night at ambient temperature. The clear brown mixture turned 

to a dark brown suspension. The suspension was centrifuged at 

8000 rpm for 5 min and washed repeatedly with distilled water 

to remove the residual ETA until the pH of the filtrate was 

neutral. The Mn3O4 nanoparticles were dried at 80 oC in vacu-

um, and collected as a dark brown powder. The as-synthesized 

product obtained through the ultrasonic-assisted method was 

named U-Mn3O4 (where U is for ultrasonic). Commercially 

available Mn3O4 (Erachem Comilog), which was named C-

Mn3O4 (where C is for commercial), was used without further 

treatment to study the effect of particle size and surface area 

on the battery performance of Mn3O4 as MIB cathode material. 

2.2 Preparation of electrolyte 

The APC electrolyte solution for MIB was synthesized accord-

ing to a previously described procedure.5  Typically, alumini-

um trichloride (AlCl3, Aldrich, 99.999%) was first mixed with 

anhydrous tetrahydrofuran (THF, Aldrich) under magnetic 

stirring to form a transparent solution. Then, phenylmagnesi-

um chloride in THF (PhMgCl in THF, Aldrich, 99%) solution 

was introduced. The obtained solution was stirred at least 24 

hours prior to use. In this work, the molar ratio between 

PhMgCl and AlCl3 is 2:1, and the concentration was 0.4 mol 

L-1. All activities were performed in an Ar-filled glove box 

(<0.1 ppm of water and oxygen), since the electrolyte is mois-

ture sensitive. 

2.3 Material Characterization 

The powders were analyzed by powder X-ray diffraction 

(XRD) using Cu Kα radiation (Bruker AXS D8 FOCUS dif-

fractometer with a LynxEye PSD). The samples for ex-situ 

XRD characterization were prepared inside an Ar-filled glove 

box. Cycled coin cells were disassembled and the active mate-

rial was carefully removed from the current collector using a 

scalpel. The electrodes were washed with THF in order to 

remove the residual electrolyte and dried overnight at room 

temperature under vacuum. The nitrogen adsorption-

desorption isotherms and pore size distribution were analyzed 

by nitrogen adsorption measurements (Tristar 3000 Micromet-

rics). Before the measurements, the sample was degassed at 

120 C under vacuum overnight to eliminate adsorbed water, 

and the specific surface area was calculated by the Brunauer-

Emmett-Teller (BET) method. The morphology of the prod-

ucts was studied using field emission scanning electron mi-

croscopy (FESEM, Zeiss Ultra, 55 limited Edition), and 

transmission electron microscopy (TEM). TEM was per-

formed with a double Cs corrected, coldFEG JEOL 

ARM200CF, operated at 200 kV. The sample powders were 

dispersed in ethanol and a droplet was transferred to a holey 

carbon coated Cu TEM grid. A Kelvin bridge was used for the 

electrical conductivity measurements.48 The measurement 
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range used was 0.01 µΩ to 1000 Ω, and the effective conduc-

tivity of the sample powder (σE) was calculated from the elec-

trical resistance (Rmeasured) using the following equation: 

σE = [Rmeasured 
𝑆

𝐻
]-1 

H is the height of the powder column, S is its cross section. 

2.4 Electrochemical Measurements 

The cathode was prepared by mixing 80 wt% of the as-

synthesized sample, 10 wt% of Super-P carbon black and 10 

wt% of polyvinylidene difluoride (PVDF, Kynar, reagent 

grade) in the presence of N-methyl pyrrolidinone (NMP, Al-

drich, >99%). The slurry was made by ball milling, followed 

by tape casting onto different current collectors (Gif, Cuf, Nif 

and SSf). The electrodes were dried at 120 ºC under vacuum 

for 10 hours. After that, the dried film was punched into discs 

with 16 mm diameter. The loading density is about 0.6 mg cm-

2.  The electrochemical performance of the samples was stud-

ied via CR2016 coin cells with a Mg ribbon counter electrode, 

glass microfiber separator (Whatman), and 0.4 mol L-1 APC 

electrolyte. Before use, the Mg ribbon was polished on both 

sides with SiC paper, followed by etching in chromic acid for 

2 mins, then washed clean with THF and dried overnight 

under vacuum. Polishing of the Mg ribbon as well as the coin 

cell assembly was performed inside an Ar-filled glove box. 

Galvanostatic charge/discharge testing was performed at am-

bient temperature on an Arbin BT2043 (Texas, USA) battery 

testing system with the cut-off  

 

Figure 1. The formation of sponge-like porous Mn3O4 nanoparti-

cles. 

voltage of 2.1/0.2V vs. Mg.  The current rate varied from 0.1C 

to 10C (1C = 154 mA g-1). 

The electrochemical impedance spectra (EIS) and cyclic 

voltammetry (CV) of the cathodes on different current collec-

tors were assessed, using a 3-electrode cell (EL-CELL) with 

Mg ribbon as both reference- and counter el ectrode, by a 

Gamry Reference 600 instrument (Pennsylvania, USA). CV 

data of the cathodes were collected at potentials between 0.2 

and 2.1 V vs. Mg with a scanning rate of 0.2 mV s-1. EIS were 

measured in the frequency range of 0.01 Hz-10 kHz using 5 

mV of AC perturbation, and the collected EIS data were fitted 

using ZView software. 

 

3. RESULTS AND DISCUSSION 

As described in a previous study,47 the ultrasonic treatment in 

the synthesis of Mn3O4 nanoparticles accelerated the formation 

of the Mn2+-ETA complex due to the alkaline properties of 

ETA. The complex was hydrolyzed to Mn(OH)2 when the 

distilled water was introduced. Due to the instability of 

Mn(OH)2 in air, it was quickly oxidized to MnOOH, and fur-

ther oxidized to sponge-like porous Mn3O4 nanoparticles, 

which were well dispersed due to the ultrasonication (Figure 

1).  

    As shown in Figure 2a, all diffraction lines of U-Mn3O4 and 

C-Mn3O4 are in good agreement with the tetragonal Mn3O4 

crystal phase (JCPDS: 04-007-1841). No additional diffraction 

lines from other phases can be detected, indicating high purity 

of both the commercial and the as-synthesized Mn3O4. The 

XRD patterns of U-Mn3O4 prepared via the ultrasonic-assisted 

process present much broader diffraction peak shapes com-

pared to the commercial sample C-Mn3O4. This can be at-

tributed to the smaller grain size of the Mn3O4 synthesized via 

the ultrasonic-assisted process. The small grain size is also 

confirmed by FESEM (Figure 3a and 3b) and TEM images 

(Figure 4a-4c) of U-Mn3O4. When the solution is exposed 

 

Figure 2. (a)  XRD patterns of U-Mn3O4, C-Mn3O4 and the stand-

ard data of Mn3O4 from JCPDS card no. 04-007-1841. (b) Nitro-

gen adsorption/desorption isotherms for U-Mn3O4 and C-Mn3O4. 

The inset shows the pore-size distribution for U-Mn3O4 and C-

Mn3O4. 

to ultrasonic waves,  acoustic cavities form in the liquid, 

which instantly raise the temperatures to 5000 K and pressures 



4 

over 1800 atm in localized area.49-52 The instant energy of the 

bubbles generated by ultrasonication results in good dispersi-

bility of the Mn2+-complex precursors. This is beneficial for 

the following formation of the well-dispersed Mn3O4 nanopar-

ticles when the water was introduced. Additionally, the lower 

crystallinity of U-Mn3O4 in contrast with that of C-Mn3O4 is 

due to the ambient temperature synthesis. 

The resulting well-dispersed nano-sized particles of U-

Mn3O4 provided a much higher specific surface area (102 m2 

g-1) than that of C-Mn3O4 (9.6 m2 g-1), which was calculated 

by the Brunauer-Emmett-Teller (BET) method. The isotherms 

of U-Mn3O4 (Figure 2b) are of IV classification with a clear 

H1-type hysteresis loop. Combined with the sharp peak cen-

tered at around 10 nm in its pore size distribution, this verifies 

the mesoporous characteristic of the synthesized U-Mn3O4. On 

the other hand, the pore size distribution of C-Mn3O4 shows a 

very weak and broad peak at ~80 nm, and there is no H1 hys-

teresis loop between the relative pressures of P/P0 = 0.5 and 

0.8, indi- 

 

Figure 3. SEM images of (a, b) U-Mn3O4 and (c, d) C-Mn3O4 with 

various magnifications. 

 

Figure 4. (a-c) TEM micrographs and (d) selected area electron 

diffraction (SAED) patterns of U-Mn3O4 nanoparticles. 

cating a nearly non-porous structure of C-Mn3O4. Moreover, 

the high content of external surface area (96%, (Smesoporous + 

Smacroporous)/Stotal) of U-Mn3O4 allows for easy penetration of the 

electrolyte in order to utilize all the active surface area and 

facilitate faster migration of the Mg2+ ions. The favoured mass 

transport of solvated ions from the larger pores to the smaller 

pores lowers the transport limitation.53 The nano-scaled host 

structure shortens the diffusion path for electrons and ions, 

which results in faster kinetics.28 This structural configuration 

of high external surface area with nanosized particles is espe-

cially important when the electronic and ionic conductivities 

of the active material are low. Notably, the MIB performance 

of Mn3O4 strongly depend on the surface area and particle size 

of the materials, which are discussed in the following sections. 

    The FESEM images of U-Mn3O4 obtained via ultrasoni-

cation (Figure 3a and 3b) exhibit the sponge-like frame- 

 

Figure 5. Typical cyclic voltammograms of Mg deposition-

stripping in 0.4 M APC electrolyte. Experiments are conducted on 

a Gif (a) and Pt (b), at a scan rate of 10 mV s-1 and room tempera-

ture with a Mg metal as reference- and counter electrode. The 

insets show the enlargements of the area between 2.1 and 3V. 

SEM images of Gif electrode before (c) and after (d) CV scan 

between -0.8 V and 3.0 V vs. Mg in 0.4 M APC electrolyte. 

work of interconnected pores with well dispersed nanoparti-

cles. This can be more clearly seen in the TEM images. As 

shown in Figure 4a-4c, U-Mn3O4 presents a homogeneous 

particle size (~10 nm) and good dispersibility. A large amount 

of mesopores with the size of ~10 nm (which is in accordance 

with the isotherm and pore size distribution of U-Mn3O4 in 

Figure 2b) can be observed between the aggregated U-Mn3O4 

nanoparticles. This sponge-like morphology feature is benefi-

cial for the mass transport of solvated Mg ions, as this affords 

large contact surface area and high utilization of electroactive 

material, also shown by the BET results. Coupled with a high-

er electronic conductivity (4.18 · 10-5 S m-1), U-Mn3O4 exhib-

its faster kinetics during electrochemical cycling than C-

Mn3O4 (6.21 · 10-6 S m-1), which consists of larger (~150 nm) 

and severely agglomerated particles (see Figure 3c and 3d). 

Moreover, Figure 4c and 4d reveal the extremely small and 

narrow particle size distribution of the synthesized U-Mn3O4. 

All the Mn3O4 diffraction rings indexed in the electron diffrac-

tion pattern can be identified in the corresponding XRD pat-

tern from the same sample powders (Figure 2a).   

As reported in previous studies,22-24 the common metal cur-

rent collectors such as Nif, Cuf and SSf exhibited limited 

anodic stability in APC electrolyte. For example, the stable 
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anodic range of SSf is limited to voltages below 1.2 V, and an 

obvious anodic peak of Cuf appeared at around 1.7 V, which 

can also be seen in Figure 6a.22 In a chloride-rich environment, 

the severe corrosion behavior on the surface of these metals 

due to the reactions with chloride anions greatly hinder their 

development as current collectors for MIB.9 One obvious 

concern in this regard is the potential corrosion of the stainless 

steel casing utilized for the coin cells. In order to exclude any 

influence on the electrochemical results by corrosion of the 

casing, CV curves were acquired using the coin cell assembly. 

In addition, coin cells which were exposed to 1000 cycles 

were disassembled and inspected. Voltammograms and photo-

graphs of the stainless steel casing are presented in the sup-

plementary material, Figure S1 and S2 respectively. The col-

lected data suggests that there is no evident corrosion of the 

casing, indicating no leakage of the electrolyte from the elec-

trodes or the separator. We can therefore be confident that our 

results are not affected by any corrosion of the stainless steel 

coin cell casing.  

To characterize the anodic stability of Gif in APC electro-

lyte, it was first examined by CV using a 3-electrode setup 

over a potential range of -0.8-3.0 V vs. Mg with 10 mV s-1 

inside an Argon-filled glove box at room temperature. The 

cleansed Gif was used as the working electrode. Two pieces of 

Mg ribbon were used as the counter and reference electrodes 

after polishing and THF washing. The typical result is shown 

in Figure 5a. The obvious anodic and cathodic peaks with 

onsets around 0 V correspond to Mg deposition and dissolu-

tion. The shape of Gif´s CV curve is almost identical to that of 

Pt (see Figure 5b), which is rarely used due to its expensive 

price. Significant anodic currents due to oxidative decomposi-

tion of the APC electrolyte were only observed beyond 2.8 

V.19 The surface morphology of Gif was inspected by SEM 

before and after dozens of CV cycles, and the obtained images 

are compared in Figure 5c (before) and Figure 5d (after). 

Apparently, there is no clear change in surface morphology, 

which nicely comply with its electrochemical stability in the 

APC electrolyte. Similar work with Cuf and SSf done by Li et 

al.3 showed that the initially smooth surface of the metals were 

damaged during the CV scan, which agree well with other 

studies.22,23 In contrast to the metallic materials (Cuf, Nif and 

SSf), the undoubted advantage of using Gif as current collec-

tor in a MIB system is further confirmed in the following 

discussion. 

As shown in Figure 6a and 6b, all measured curves of U-

Mn3O4 with different metallic current collectors (Nif, Cuf and 

SSf) exhibit pseudocapacitor-like behavior, i.e. there are no 

redox peaks in the CV curves (except for a small peak in the 

Cuf case) and obvious plateaus in the charge/discharge pro-

files. The corrosion behavior of the metallic materials caused 

by the APC solution largely increased the contact resistances 

between the active materials and the current collector, and can 

even result in some part of the active materials detaching from 

the current collector. This in turn largely hinders the redox 

reactions during the electrochemical measurements, which 

leads to very low specific capacity (~10 mA h g-1) at 0.1C, as 
shown in Figure 6b. The inclined shape of the CV curve is 

also an indication of high internal resistance in the electrode. 

Notably, the cut-off voltages of U-Mn3O4-Cuf are 2.0/0.2 V, 

slightly narrower than that of Nif or SSf (2.1/0.2 V).  This was 

selected based on the high currents in the CV curve of U-

Mn3O4-Cuf at 2.1 V (Figure 6a). However, there was signifi-

cant improvement of the specific capacity of U-Mn3O4 (~100 

mA h g-1, Figure 6c) when Gif was used as current collector. 

In addition, the specific capacity of pure Gif is only around 0.5 

mA h g-1 at 20 mA g-1 (see Figure S3), which means the im-

proved specific capacity of U-
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Figure 6. (a) CV curves of U-Mn3O4 with different metallic current collectors at the scan rate of 0.2 mV s-1. (b) Galvanostatic 

charge/discharge profiles of U-Mn3O4 (5th cycle) with different metallic current collectors at 0.1C. (c) Cyclic stability of U-Mn3O4 with 

different current collectors at 0.1C. (d) CV curve of U-Mn3O4 at the scan rate of 0.2 mV s-1 compared with C-Mn3O4. 

Mn3O4-Gif can be attributed to higher electrochemical activity 

in the active material, and not in the Gif. An excellent cyclic 

performance and high coulombic efficiency (~105%, the ratio 

of the charge capacities to the discharge capacities) were also 

observed (Figure 6c) during the 20 cycles. The slightly larger 

charge capacities compared to the discharge capacities may be 

due to some irreversible redox reactions occurring during 

cycling. The electrochemical stability of the graphite conduc-

tive substrate provides good contact with the active material 

during battery testing, and assures the continued magne-

siation/de-magnesiation. The CV scans of U- and C-Mn3O4 on 

Gif, shown in Figure 6d, confirm the electrochemical activity 

of the two materials. For U-Mn3O4-Gif, two anodic peaks a´ 

(0.59 V), b´ (0.85 V) and one cathodic peak c´ (0.52 V) can be 

distinguished, attributed to the expected feature of the reversi-

ble redox reactions. In contrast to C-Mn3O4-Gif, U-Mn3O4-Gif 

shows a higher current response and considerably smaller 

potential difference between oxidation and reduction, reveal-

ing a higher specific capacity and lower polarization during 

charge/discharge. The reason for this difference is owed to the 

fast kinetics and high contact surface area of the U-Mn3O4 

nanoparticles prepared through the ultrasonication-assisted 

method. 

    Based on the above discussion, Gif is demonstrated to be a 

very promising current collector for MIB. The natural chemi-

cal inert property of graphite ensures the electrochemical 

stability of Gif in contact with APC electrolyte, which solution 

causes severe corrosion of current collectors made from metal-

lic materials. Further studies of U-Mn3O4 and C-Mn3O4 cath-

odes with different morphological features were performed 

based on Gif as the chosen current collector. 

The charge/discharge curves of U-Mn3O4 and C-Mn3O4 cy-

cled between 2.1 and 0.2 V vs. Mg at 0.1 C are shown in Fig-

ure 7a and 7b, respectively. U-Mn3O4 shows significant capac-

ity loss between the first discharge (190 mAh g-1) and second 

charge (103 mAh g-1). C-Mn3O4 also shows similar behavior 

in Figure 7b. The initial capacity loss may be caused in part by 

the electrolyte decomposition and the irreversible redox reac-

tions occurring at the electrode-electrolyte interphase which is 

caused by the multiple complexes in the APC electrolyte.19 

More probably, the irreversible conversion between Mg and 

MgO might be an important factor. However, this not con-

firmed. Lately, Ling et al. proved that the discharge product 

was composed of a core-shell like morphology when they 

applied MnO2 as cathode material for MIB. The shell was 

identi- 
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Figure 7. (a,b) Galvanostatic charge/discharge profiles of U-Mn3O4 and C-Mn3O4 at 0.1C. (c) The voltage difference between charge and 

discharge plateau at 0.1C. (d) Cyclic stability of U-Mn3O4 and C-Mn3O4 at 0.1C. 

fied as amorphous magnesium oxide mixed with reduced 

manganese oxide, while the core remains crystalline.54,55 The 

thermodynamic driving force for this conversion reaction is 

attributed to the high stability of MgO. 

Except for the first cycle (the initial discharge), a charge ca-

pacity of 103 mAh g-1 and discharge capacity of 102 mAh g-1 

in the second cycle (see Figure 7a) result in a coulombic effi-

ciency close to 100%, which remained nearly unchanged in 

the following cycles. Furthermore, two voltage plateaus are 

observed during charging, one obvious at about 0.64 V and 

another barely visible at about 0.90 V. During discharge only 

one plateau can be observed, at about 0.57 V. In contrast to the 

CV peaks in Figure 6d, a slight shift of ~0.05 V between the 

charge/discharge plateaus and anodic/cathodic peaks can be 

observed. This might be due to the different measuring mech-

anisms between galvanostatic charge/discharge and cyclic 

voltammetry, and also due to the different cell systems used 

(two electrode coin cell for charge/discharge measurement and 

three electrode EL-cell for CV scanning). After the second 

cycle, the discharge plateau increases slightly, while the 

charge plateau shows a slight decrease, thus the voltage differ-

ence between charge and discharge (Vch - Vdis) becomes 

smaller with cycling (see Figure 7c). This illustrates improved 

kinetics of U-Mn3O4. The lower this difference, the closer the 

electrode is to the equilibrium potential, and the lower the 

kinetic limitations. It is especially noted that the U-Mn3O4 

nanoparticles have smaller electrochemical polarization than 

C-Mn3O4, which perfectly match the above CV results in 

Figure 6d. The short term cycling shown in Figure 7d further 

verify the prominent improvement in the electrochemical 

response of the systems by the use of sponge-like Mn3O4 

nanoparticles as the cathode for MIB. U-Mn3O4 exhibits much 

higher specific capacity than C-Mn3O4. The reversible specific 

capacity of U-Mn3O4 remains at a value of ~100 mAh g-1 for 

all of the cycles, demonstrating good cycling stability. The 

particle size and surface area are critical for obtaining high 

reversible capacity for transition metal oxides with low elec-

trical conductivity. Herein, the sponge-like porous morpholo-

gy with well dispersed and uniform nanoparticles obtained via 

the ultrasonication-assisted method is absolutely vital in order 

for Mn3O4 to achieve good battery performance. As shown in 

Figure 8a, the electrolyte can penetrate into every part of the 

U-Mn3O4 through the interconnected mesopores, which en-

sures the fast approaching of Mg cations from the electrolyte 

to the active sites in the host 
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Figure 8. Comparsion of the magnesiation process between (a) U-Mn3O4 and (b) C-Mn3O4 cathodes for MIB. 

 

Figure 9. Ex-situ XRD patterns of the U-Mn3O4 electrodes at 

different cell states under 0.1C. The graphite peak is caused by the 

residual from Gif. 

structure, providing high utilization of the active material. For 

the agglomerated C-Mn3O4 particles, the low utilization during 

magnesiation is illustrated in Figure 8b, only the outer surface 

of the particles were utilized. This results in poor battery per-

formance of the C-Mn3O4 (see Figure 7). 

Up to now, several studies have claimed intercalation of 

Mg2+ into spinel-structured Mn2O4 (λ-MnO2) in aqueousenvi-

ronments,43,56 but the mechanism of the Mg insertion reaction 

into spinel-type Mn3O4 have not been ascertained. The results 

of Cabana et al.43 provided direct visu-  

 

Figure 10. (a) Rate cyclic performance of U-Mn3O4. (b) Long 

cycle life of U-Mn3O4 at 2C. 
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Figure 11. The equivalent circuits of (a) U-Mn3O4 and (d) C-Mn3O4. The Nyquist plots of (b, c) U-Mn3O4 and (e, f) C-Mn3O4 electrodes at 

different cell states under the current density of 0.1 C in the frequency range of 104 Hz to 0.01 Hz. The left insets in Figure 11b, 11c, 11e 

and 11f show the high-frequency region of the Nyquist plot of U/C-Mn3O4, and the right insets illustrate the states of samples after dis-

charge or charge measurements. 

alization of Mg2+ inserting into the tetrahedral sites of the 

spinel-host Mn2O4 in an aqueous electrolyte. The rever-sibility 

of this intercalation was verified. Interestingly, Ichitsubo et 

al.56 demonstrated that the Mg insertion into spinel lattices 

occurs via an “intercalation and push-out” process. The Mg2+ 

cation is inserted into an octahedral site-16c, and the original 

cation located in the neighboring tetrahedral site-8a migrates 

to an adjacent 16c site due to the repulsion between the cati-

ons. Although the results presented are contradictory, they can 

still be a good guidance for further research on spinel-type 

Mn3O4. In this work, ex-situ XRD characterization of U-

Mn3O4 electrodes cycled at 0.1C was performed in order to 

investigate charge/discharge mechanisms. The XRD pattern of 

the pristine electrode in Figure 9 shows a set of broad diffrac-

tion peaks corresponding to the tetragonal Mn3O4 crystal phase 

(JCPDS 04-007-1841). What can quite clearly be observed is 

that the intensity of the peaks changes during cycling. Upon 

the first discharge the peak intensities were reduced dramati-

cally. When the battery was charged again (2nd charge), the 

intensity of the peaks recovered. This same trend was also 

observed on the following cycles, and you see a periodic 

change in XRD peak intensities. On the other hand, no clear 

peak shifts or new Bragg reflections were observed, indicating 

that no new phases were formed during charge/discharge. This 

observation excludes the possibility of intercalation in the 

Mn3O4-APC system, at least to any significant extent. Th- 
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Figure 12. The plots of the real part of impedance as a function of 

the inverse square root of angular frequency at different stages in 

the Warburg region for U-Mn3O4. 

ere is a possibility that Mg could go into the outer surface 

layer of the particles. However, this would most likely be 

below the detection limit for conventional XRD. Moreover, 

the CV curve of U-Mn3O4 shows the same shape with that of 

Gif (see Figure S4). This means that Mn3O4 was not involved 

in the reactions occurring during the charge and discharge 

process. The charge/discharge mechanism of the Mn3O4 cath-

ode shows more resemblance to a pseudocapacitor. Here, the 

total stored charge can be divided into two parts: pseudocapac-

itance (contributed from surface redox reactions) and double 

layer capacitance which contributes about ~ 90% (which can 

be confirmed from the CV curve in Figure 6d). Spongy-like 

Mn3O4 nanoparticles with large surface area provide numerous 

active sites for storing Mg cations, and produce a large double 

layer capacitance. The active species are identified to be RMg+ 

(MgCl+ or Mg2Cl3
+) coordinated by THF, according to the 

research of Canepa et. al.16 Recently, Aurbach et al. revealed 

that the activity and composition of the MACC electrolyte (the 

magnesium aluminum chloride complex electrolyte, similar 

composition with APC electrolyte) varies with cycling.57 Fur-

thermore, the work done by Gewirth et al. showed that the 

coordinated THF molecules (which with RMg+ species formed 

at the surface of electrode) are more easily oxidized to GBL 

(γ-butyrolactone) due to the presence of Lewis acidity of 

RMg+, compared with the uncoordinated THF molecules.14,58 

This reaction is irreversible and THF molecules are continu-

ously consumed during cycling. However, it does not affect 

the cycling stability due to the large content of THF molecules 

present in the APC electrolyte. There are probably other side 

reactions going on as well. However, they are not yet under-

stood. The redox peaks appearing in the CV curves may be 

due to these side reactions which produce a small amount of 

pseudocapacitance. Therefore, similar with the case in a pseu-

docapacitor, preparation of nano-structured materials with 

large surface area can be a very efficient method to enhance 

the electrochemical performance. 

    Rate performances for U-Mn3O4 nanoparticles at various 

current densities from 0.1C to 10C are shown in Figure 10a. 

The specific capacity of U-Mn3O4 gradually decreases with the 

increasing current densities, but after the initial irreversible 

capacity loss at 0.1C, the capacity remains quite stable and the 

coulombic efficiency is near 100% at each current rate. After 

galvanostatic charge/discharge cycles at current densities from 

0.1C to 10C, the capacity fully returns back to the initial value 

when the battery is cycled at 0.2C again. Long cycling per-

formance is a key factor in determining the suitability of the 

battery electrodes for practical applications. As shown in 

Figure 10b, the cycling tests for 1000 cycles were carried out 

at 2C. 94% of the initial capacity of U-Mn3O4 was retained 

after 1000 cycles. Moreover, the high coulombic efficiency at 

2C unambiguously demonstrates that the Mn3O4-APC system 

is quite stable and the spinel-type Mn3O4 is a very promising 

cathode candidate for MIB, especially with nano-sized parti-

cles and high surface area. 

    In order to understand why U-Mn3O4 exhibits much better 

electrochemical performance than C-Mn3O4, EIS studies were 

performed on the freshly prepared Mn3O4 electrode as well as 

cycled Mn3O4 electrode at different stages. The suggested 

equivalent circuits are given in Figures 11a and 11d. Although 

the detailed charge/discharge mechanism for  the Mn3O4 cath-

ode has not been ascertained yet, the frequency dispersion and 

impedance shape indicates that Rb is the total resistance con-

tribution from  the electrolyte, separator, and electrodes; Re 

and CPEe are the resistance and capacitance due to the electron 

transfer through the Mn3O4 electrode/APC electrolyte inter-

face, which correspond to the first semicircle at high frequen-

cies (HFS); Ri and CPEi in the low frequency semi-circle 

(LFS) region can be attributed to Mg-ion trapping in the cath-

ode host (Ri);
59 a straight line in the low-frequency range 

(Warburg behavior) is typically associated with the solid state 

diffusion of Mg2+ ions in the bulk Mn3O4. 

    Markedly, from the Nyquist plots of U-Mn3O4 in Figures 

11b and 11c, a clear decrease of Re can be observed during 

both the de-magnesiation process (2nd charge and 6th charge in 

Figure 11b) and the magnesiation process (1st discharge, 2nd 

discharge and 6th discharge in Figure 11c). The value of Re, 

around 5 Ω, is much lower than those of the general MIB,60-63 

which is a benefit from the sponge-like morphology features 

of the U-Mn3O4 nanoparticles. The same tendency in Re also 

appeared in LFS of the Nyquist plots of U-Mn3O4. The de-

crease in both Re and Ri signifies the low polarization of U-

Mn3O4 during cycling, which is consistent with the result from 

the galvanostatic charge/discharge measurements. Meanwhile, 

for all cycles there is a 45° slope in the Warburg range, typi-

cally attributed to diffusion limitations. The Warburg coeffi-

cient (σW) at different stages can be obtained from the slope of 

Z’ vs. ω−1/2 plots (ω is the angular frequency) in the Warburg 

region (Figure 12). σW remained almost unchanged during the 

charge/discharge process. This means the stable host structure 

of the synthesized U-Mn3O4 provides a near constant diffusion 

rate of Mg ions in the bulk Mn3O4, which ensures the good 

cyclic stability shown in Figure 10b. On the other hand, the C-

Mn3O4 agglomerates show larger and irregular values for Re, 

and a very large LFS (two orders of magnitude larger than that 

of U-Mn3O4) without the linear Warburg response (see Figure 

11e and 11f). These results can also explain the poor electro-

chemical performance of C-Mn3O4 in Figure 7. 

 

4 CONCLUSIONS 

It has been demonstrated that Gif is a better choice as current 

collector for MIB due to its higher electrochemical stability 

compared to the typical metals, which have severe corrosion 

problems in APC electrolyte. Using Gif as the current collec-

tor, a spinel-type Mn3O4 has been investigated as cathode 

material for MIB, and the effect of particle size and surface 
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area of Mn3O4 on electrochemical performance have been 

studied. The synthesized sponge-like U-Mn3O4 with high 

content of interconnected mesopores and well-dispersed nano-

particles (~10 nm) presents a remarkable enhancement in the 

performance as cathode for MIB, i.e. high coulombic efficien-

cy and good cyclic stability. The result is promising as it sug-

gests that a spinel-Mn3O4 cathode can be the new candidate for 

MIB. We strongly believe that this study will open the way for 

exploring more spinel-structured compounds for MIB. 
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